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Abstract

Over the past few decades, a new class of plasmonic metamaterials has arisen for

its lucrative functionality. Even the traditional metals like gold and silver have been

successfully tailored at the nanoscale to show large variations in optical response when

compared to the bulk, hence leading to wide range of applications in sensing, non-linear

optics, and imaging to name just a few.

It is known that the resonances of surface plasmons crucially depend on the permittivities

of the metal and the dielectric, so, when the traditional noble metals gold or silver

are combined with dielectrics of moderate refractive index, then these surface plasmon

resonances usually appear within the visible spectral range. However, to use the plasmonic

effects in conjunction with silicon photonics the frequency range of the surface plasmon

resonances has to be shifted into the near IR to photon energies < 1.1 eV . This is

the motivation of this thesis and it specifically focuses on the possibility to tailor the

dispersion relation of the surface plasmon polariton (SPP) by using different structures

supporting either propagating surface plasmon resonance (SPR) or localized surface

plasmon resonance (LSPR).

The first part of this work focuses to gain control over the SPP dispersion relation

by the introduction of (ordered and disordered) porosity in gold films using etching

and dealloying methods. The SPPs propagating on these nanoporous structures are

investigated by using reflection spectroscopy in Kretchmann configuration (KC) and

leakage radiation microscopy (LRM). The data show a clear red shift (up to0.85 eV ) in

the dispersion relation with increasing porosity.

The second part of the thesis deals with the possibility to tailor plasmonic nanoantennas

and to shift their localized surface plasmon resonance towards the near infra red in far

field using transmission microscopy technique. The nanoantennas fabricated using e-beam
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lithography show a red shift in the single particle spectra (from 800nm to 1050nm) for

increasing sizes and/or increasing aspect ratios. The similar red shift has been observed

around 1400nm in emission peaks, during the micro-photoluminescence measurement,

when nanoparticles with the same resonance frequency as the nanoantennas are placed in

their vicinity. Finally, an emission enhancement ratio of upto 3.4 times has been observed

for the gold nanoantennas.

The final results from all the samples of this thesis show great potential for tailor-made

SPPs that will enable optical engineers to easily design plasmonic devices, that employ

optical antenna structures for wave guiding and enhanced photo-emission in the near

infra red regime.
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1. Introduction

Rapid developments in nanotechnology with structuring, tailoring and recording on the
nanometer scale [1–4] has lead to the rejuvenation of many fields including plasmonics
[5–8]. Nanostructured metals have shown very special optical properties by supporting
surface plasmons (electronic oscillations propagating at metal-dielectric interface [9]).
Surface plasmons have shown strong field confinement at metal-dielectric interface which
in-turn enhance non-linear effects at the interface. Furthermore, the surface plasmons
can exhibit small group velocities, i.e. large photonic density of states which have been
used for enhancement in light emission. These special properties of surface plasmons are
being used in many nanophotonic applications like waveguides [10–16], ring resonators
[17], lasers and LEDs [18], optical-electronic circuits in lab on a chip systems [19, 20],
super resolution lenses [21–23], sensors [24, 25], etc. Okamoto et al. specifically reported
the enhancement of luminescence of GaN-quantum wells in contact with rough Ag-layers.
An analysis of the dispersion relation of the surface plasmons at the GaN/Ag interface
revealed that this was actually caused by the Purcell effect: For the material combination
GaN/Ag the spectral range of low group velocity/high photonic density of surface plasmon
states close to the limiting frequency ωsp just coincided with the emission range of the
GaN-quantum well.

To harvest the possibilities of plasmonics for silicon photonics, requires a frequency shift
of the plasmonic resonances towards the near IR (photon energies < 1.1 eV ), where Si
is transparent and Si-photonics operates. This frequency shifting can be done in two
ways, either by searching for new plasmonic materials or by bringing morphological
changes in the existing noble metals on the nanoscale. Recently under the first approach,
several new plasmonic materials (e.g. TiN, Al: ZnO) have been introduced which show a
less negative dielectric constant but similar low losses [ 26–29] as the traditional metals.
While, in the second approach the morphology of conventional plasmonic metals (Ag
and Au) have also been tailored on nanoscale by creating voids, inclusions, nanopores or
surface topographies [30–33] to increase their existing functionality. Both approaches
have received a lot of interest over the past decade. However, this thesis focuses on the
latter of the two methods with gold being the plasmonic metal under consideration.
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1. Introduction

The aim of this thesis is to gain control over the SP dispersion relation changing the
metal morphology and using metal nanostructures. This will be applied to shift surface
plasmon resonances to the Near-Infra Red (NIR) regime. As an example of the obtained
functionality the luminescence enhancement in the NIR will be investigated. Conceptually,
this approach is inspired by the creation of designer plasmons. The formation of collective
designer surface plasmons [34–36] on metal surfaces, which are deliberately structured
on the sub- wavelength scale. However, they have been investigated experimentally only
in the microwave region up to now.

This thesis is divided into two parts, based on the types of surface plasmons (SPs)
supported by the structures created. Part one deals with the propagating surface
plasmons on continuous nanoporous films. Here, the nanoporous films form an effective
media (so called “meta-metals”), whose effective permittivity can be controlled by
changing its porosity. Part two describes the investigation of periodic nanoantenna arrays.
Special interest is paid to the diffractive coupling of the local particle plasmons on these
arrays which results in the appearance of sharp surface lattice resonances. Finally, the
characteristics, advantages and disadvantages of both strategies are summarized and an
outlook on possible future topics of investigation concludes the work.
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PART I

Propagating surface plasmons at solid and nanoporous
metal-air interface
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2. Propagating Surface Plasmons at Solid
and Nanoporous Metal-Air Interface

Surface plasmons (SPs) or Surface plasmons polaritons (SPPs) are electromagnetic
oscillations propagating and confined at metal (εm) - dielectric (εd) interface [8, 9, 37].
They exist in the spectral region where εm < 0 which is the case occurring below plasma
frequency (ωp) as shown in figure 2.1(a) [7, 38]. These surface waves originate from the
coupling of the electromagnetic fields with the oscillations of an electron plasma and
are confined to the surface of a translational invariant layer (at least in one dimension).
The field of the SPPs decay evanescently along the propagation direction at the surface
due to ohmic losses within the metal and/or also possible due to scattering at surface
roughnesses. Propagating SP has a well-defined ω - k (or E - k) relation which is studied
in this part of the thesis.

2.1. Theoretical background

Dispersion relation of surface plasmons follows directly from the solution of Maxwell
equations at metal-dielectric interfaces shown in Appendix A. Some important properties
which show the effect of wave propagation direction and metal thickness on SP propagation
are discussed in this chapter.

2.1.1. Surface plasmon solutions

2.1.1.1. Solid metal interface

First a single, infinite and flat interface between non-absorbing dielectric half space
(having a real and positive εd > 0 for z>0) and conducting metal (having a complex
dielectric function εm(ω) for z<0 ), is considered as shown in figure 2.1(b).

Let us consider a transverse magnetic (TM or p-polarized) wave that propagates in
x-direction. In this polarization, the magnetic vector is perpendicular to the plane of
incidence (the plane defined by the direction of propagation and the normal to the surface).

4



2.1. Theoretical background

(a) General dielectric constant behavior
[38]

(b) Interface geometry with SP propagating along
x-direction [9, 39]

Figure 2.1.: Schematic of surface plasmons at metal-dielectric interface

A SP is formed that propagates at the interface and whose field decays exponentially
perpendicular to z-direction. From the continuity of Hy and Ex at the interface, the
dispersion relation of SPs at the interface follows as [9]:

kx = ω

c

√
εm ∗ εd
εm + εd

= 2π E
h c

√
εm ∗ εd
εm + εd

. (2.1)

where, εm is permittivity of the metal which is, for example given as εm(ω) = 1 − ω2
p

ω2

and shown in figure 2.1(a). The above defined equation 2.1 is valid for all metals, that is,
even for complex permittivity εm = Re(εm) + Im(εm).

The dispersion of the dielectric constants of some metals can be explained reasonably
well by using only the real part of permittivity εm (i.e. Im(εm) = 0) i.e. a simple Drude
model. Substituting the value of εm(ω) in equation 2.1, the following relation is derived
[40]:

kx = ksp = ω

c

√
(ω2 − ω2

p) ∗ εd
(1 + εd)ω2 − ω2

p

(2.2)

From this equation, it is clear that the wave propagation in a medium defined by the
Drude model assumes distinct behavior below and above ωp [7]. Hence, the SPs can be
explained by different modes [7, 8] in a ω - Re(kx) graph, i.e. the dispersion relation (as
in figure 2.2(a)):Bound modes (BM) occur for all ω ≤ ωsp. These bound modes define
the usual surface plasmons that occur at the interface, especially when the Re (εm) < −εd,
and when kx is completely real. This spectral band is also called the plasmonic band.
The next of the modes which lies in the region ωsp < ω < ωp is the Quasi-bound mode

5



2. Propagating Surface Plasmons at Solid and Nanoporous Metal-Air Interface

(a) Schematic showing dispersion relation of SPs for Drude
Model and the different modes [7]

(b) Theoretically calculated SP dispersion relation at Gold-air
interface using real part of εm (blue) and using both real and
imaginary parts of εm (red)

Figure 2.2.: Dispersion relation of surface plasmons at metal-dielectric in-
terface

(QBM). It is the frequency gap region with purely imaginary kx and −εd < Re (εm) < 0.
Hence, prohibiting the propagation of SPs i.e. the wave decays exponentially with
distance inside the metal and therefore, called as the forbidden band [7]. Finally, the last
of the three modes is the Radiative mode (RM), where ω > ωp, and occur for all the
Re (εm) > 0 and the real kx. The wave propagates through the metal without any decay
i.e. the metal is transparent to the electromagnetic wave (transparent band). Summing
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2.1. Theoretical background

up, the Drude model states that for frequencies above plasma frequency metals should
become transparent to electromagnetic radiation.

Now, taking a closer look at the dispersion relation (figure 2.2(a)) and looking specifically
at the boundaries of the bound mode. The origin of the dispersion relation happens
when ω value is very small, i.e. ω → 0 then εm → −∞ to get the value kx = ω

c

√
εd.

When, the dispersion relation flattens, ω → ωsp, εm → −εd, then kx →∞, which gives
ω → ωsp = ωp√

1+εd
. This shows a better confinement of the SPP at the interface but small

propagation length (i.e. increased damping).

Furthermore, this flattening of dispersion relation also gives the tendency of the group
velocity which is defined as [7–9]:

νg = ∂ω/∂k → 0 (2.3)

i.e. the slope of the tangent to the curve goes to zero. This mode hence acquires an
electrostatic character i.e. a bound surface plasmon.

In real metals, Im(εm) 6= 0 i.e. εm = Re(εm) + Im(εm). Now, the modes mentioned for
the Drude Model are still existent with the same names but show different behavior. To
show this comparison a calculated dispersion relation of bulk Au is plotted by using only
the real part of εm (which follows Drude Model) and is shown as a blue curve in figure
2.2(b). This blue curve flattens at ωsp. But, when the same calculation is done using
both the real and imaginary parts of εm the curve no longer flattens but proceeds as the
red curve in figure 2.2(b). The quasi bound mode, which gave no real solutions in the
Drude model, now results in a complex mode with Im(kx), this results in a propagating
component even in the forbidden band by incorporating the Im(εm) and also involves
lot of absorption into the metal due to the imaginary part.

This Im(εm) causes Ohmic damping of the conduction electrons by intraband and
interband damping in the metal. Such an complex permittivity in equation 2.1 results in
a complex kx = Re(kx) + Im(kx), where Re(kx) defines the wavelength of the SPPs and
the Im(kx) defines the propagation length of the SPs. This complex propagation constant,
also results in the damping term exp(−Im (kxx)) which leads to the well known surface
plasmon propagation length which is defined as Lspp = 1

2 Im (kx) [9, 41, 42]. Furthermore,
the Im(εm) is a material parameter and does not include other scattering factors that
come into play from structuring of the materials. Like, there are many topographical
losses, for e.g. surface roughness scattering, electron scattering from microstructural

7



2. Propagating Surface Plasmons at Solid and Nanoporous Metal-Air Interface

Figure 2.3.: Dispersion relation of gold by hypothetically increasing porosity
[εAu (bulk black), 0.5 εAu (50% porous blue) and 0.3 εAu (80% porous red)]
i.e. increasing εeff (less negative value) of nanoporous gold. Showing a red
shift with increasing porosity.

grain size, etc. All these scattering factors have to be considered along with the Im(εm)
to define the total extinction from the metal.

All the lucrative properties arising from the flattening of dispersion relation, i.e. small
group velocities and strong field confinement at metal dielectric interface of SPs is the
motivation of this thesis.

2.1.1.2. Porous metal interface

The wave vector given in equation 2.1, is usually controlled by varying the external
dielectric constant εd or εm. Here, εm is changed by introducing porosity into the
metal. Porosity is a mixture of air in metal i.e. sub-wavelength structure sizes of air
compartments in the metal matrix. Such mixtures are seen by the incident light wave as
an effective material. The properties of such an effective medium are defined by its content
(fill fraction, permittivity) and shape of its components. Details of defining the value
of εeff of such porous metals using effective medium approximations will be described
in the following sections. Introducing porosity increases the effective permittivity of
the metal (εeff is less negative) with respect to its solid counterpart. This will have
an impact on the dispersion relation of SPs. An effective dielectric constant is used for
calculating dispersion relation of such porous films and is given as:

kx = ω

c

√
εeff ∗ εd
εeff + εd

; (2.4)

8



2.1. Theoretical background

The impact of a hypothetical change of the dielectric of metal is shown in figure 2.3. As
an example, the SP on air-gold interface is assumed (black line). Shifting the dielectric
from εAu to 0.5 εAu (blue) or 0.3 εAu (red) by introduction of a large porosity will lower
the dispersion relation, where, the ω (or in other words energy) is red shifted and kx
shifts to larger values. This effect of increasing the porosity (i.e. increasing εeff ) on
dispersion relation of porous gold is shown in this thesis. Porous structures are fabricated
and characterized optically to analyze the predicted red shift of the dispersion relation in
the following sections of the thesis.

2.1.2. Effective medium theory

Homogeneity has been debated over decades and it is just a matter of scale to see even
a very homogeneous mixture as heterogeneous [40]. The properties of heterogeneous
mixtures are highly variable and hence, defining the very basic parameters like the
dielectric constant becomes difficult. So, effective medium theories have been introduced
to make it simpler to define parameters pertaining to heterogeneity. The classic and the
most well known of the EMTs are the Maxwell-Garnett(MG) [43] and Bruggeman (BG)
[44] theories [40, 45, 46].

The main difference between MG and BG theory is the topology of the random effective
medium [47]. While, MG theory considers isolated spheres embedded in a material with
different dielectric constant, the BG theory starts from a symmetric arrangement of lumps
of both materials. As a consequence, BG theory leads to an expression for dielectric
constant that is symmetric upon interchanging the two dielectric constants as well as
their respective filling fractions. In contrast, MG theory leads to a formula that does not
exhibit this symmetry. In the following subsections, we derive both for two component
systems and show their direct application for our samples.

2.1.2.1. Bruggeman Model

When the matrix and inclusions are inseparable and intertwined, a clear line between
matrix and inclusions is missing. So, Bruggeman treated the two parts (matrix and
inclusion) in a symmetrical fashion [40, 45, 46]. The electrodynamics treatment is given
twice, once to inclusion (εi, ηi) embedded in effective material and then to the matrix
(εm, ηm) embedded in effective material. Both these cases when superimposed, as shown
in figure 2.4(a), should give an effective medium. Consider the inclusion of radius a and a

9



2. Propagating Surface Plasmons at Solid and Nanoporous Metal-Air Interface

(a) Bruggeman unit cell (b) Maxwell-Garnett unit cell

Figure 2.4.: Effective-medium theories basic unit cell [40, 46]

constant external electric field E0 along the z-direction and far from the inclusion which
is defined in spherical coordinate system (r, θ) as shown in figure 2.5.

From basic electrostatics, the electric field outside and inside a sphere are given as [46]:

Eoutside = (E0 + 2C1
r3 ) cos θ r̂ + (−E0 + C1

r3 ) sin θ θ̂ (2.5)

Einside = −A1 cos θ r̂ +A1 sin θ θ̂ (2.6)

where, r̂ and θ̂ are the radial and polar unit vectors of spherical coordinate system.

Furthermore, C1 and A1 are equivalent dipole moments generating the fields Eoutside and
Einside of the spheres, resp. and are given as [46]:

C1 = εi − εeff
εi + 2εeff

a3E0; (2.7a)

A1 = − 3εeff
εi + 2εeff

E0; (2.7b)

The total electric flux deviation (Dlocal−Deff ) due to polarization of inclusion in a plane
perpendicular to the z-axis (parallel to E0, i.e. θ = π/2) and inside the sphere is given as:

∆φi = 2π(
a∫

0

Dlocal rdr −
a∫

0

Deff︷ ︸︸ ︷
εeff E0 rdr) (2.8)

= 2π a2 εeff E0
εi − εeff
εi + 2εeff

. (2.9)

10



2.1. Theoretical background

Figure 2.5.: Bruggeman flux deviation through inclusion [46]

where, i is either the dielectric or the metal sphere.

BG provides the hypothesis that there should be a zero average flux deviation, which
reduces the calculation to [46]:

ηd∆φd + ηm∆φm = 0; (2.10)

where, ηd(= f) and ηm(= 1 − f) is the volume fraction of the inclusions and matrix,
respectively.

This gives us the well known BG formula as [46]:

f ∗
εm − εeff
εm + 2εeff

+ (1− f) ∗ εd − εeff
εd + 2εeff

= 0; (2.11)

For highly porous, interlinked, spongy structures, this formula would be used for the
calculations of effective dielectric constant in the forthcoming results. But for well
separated medium, MG formula derived in the following subsection will be used.

2.1.2.2. Maxwell-Garnett Model

In Maxwell-Garnett model, a clear separation between matrix and the inclusion is
assumed. For simplicity, Hashin et al. [48] assumed a shell model. Where, an inclusion
(εi) embedded in the matrix εm, and both are embedded together in an effective dielectric
medium εeff are considered as shown in figure 2.4(b). We proceed as in BG case from
electrostatics of concentric spheres.

11



2. Propagating Surface Plasmons at Solid and Nanoporous Metal-Air Interface

The field in the innermost sphere of inclusion, for 0 < r < a, is given as:

Ea = −Ca cos θ r̂ + Ca sin θ θ̂ (2.12)

The next immediate area to this inclusion is a concentric shell of the matrix, (a < r < b)
the field in the matrix region is given as:

Eb = (Cb + 2C
′
b

r3 ) cos θ r̂ + (−Cb + C ′b
r3 ) sin θ θ̂ (2.13)

The above two system of inclusion in a matrix should be replaced by an effective medium
which exits from b < r <∞. So, the field in the effective medium is given as:

Eeff = E0 cos θ r̂ − E0 sin θ θ̂ (2.14)

Boundary conditions: the continuity of D⊥ and E‖ for the interfaces r = a [40]

Ca − Cb + C ′b
a3 = 0; (2.15a)

εiCa − εmCb + 2εm
C ′b
a3 = 0; (2.15b)

and r = b

Cb + C ′b
b3 − E0 = 0; (2.16a)

εmCb − 2εm
C ′b
b3 − εeff E0 = 0; (2.16b)

These equations can be solved for C when the determinant of the coefficients vanishes
[40].

∣∣∣∣∣∣∣∣∣∣∣∣∣∣

−1 1 a
b

3 0

−εeff −εm −2εeff (ab )3 0

0 1 1 −1

0 εm −2εm −εi

∣∣∣∣∣∣∣∣∣∣∣∣∣∣
= 0; (2.17)

this gives us the Maxwell-Garnett formula, which is valid for 3D spheres:

12



2.1. Theoretical background

Figure 2.6.: 2D Maxwell-Garnett model for a columnar structure showing
the directions of ε⊥ and ε‖

εeff − εm
εeff + 2 εm

= f
εi − εm
εi + 2 εm

; (2.18)

where, f = (ab )3 is the volume fraction of the inclusion.

This equation can also be re-written as [47]:

εeff = εm
1 + 2f∆
1− f∆ ; where ∆ = 1

εm

εi − εm
εi + 2 εm

(2.19)

2.1.2.2.1. MG for uni-axial columnar effective medium: The above section is valid
for all 3D spheres but when there is a 2D symmetric case, a simpler uniaxial column
formula can be derived. The same Maxwell s equations defined in the above 3D case are
used.

This case is valid for solid metal wires or air pores which are parallel and embedded
in a dielectric or metal matrix. In this thesis, MG 2D model is considered for effective
medium with parallel air pores in gold matrix. Such an effective medium has two principle
dielectric constants. One with ε‖ and other perpendicular ε⊥, as shown in figure 2.6.
The effective dielectric constant is given as a tensor of the form:

~D =


ε⊥ 0 0

0 ε⊥ 0

0 0 ε‖


︸ ︷︷ ︸

εeff

~E (2.20)

13



2. Propagating Surface Plasmons at Solid and Nanoporous Metal-Air Interface

To determine the ε‖eff , the E field parallel to the wires or pores, i.e. the optical axis is
considered and is given by equation 2.21a. This field is insensitive to directionality of
pores, and is given as a simple volume averaged dielectric constant as defined by Newton
[40].

Whereas, to determine the ε⊥eff i.e. in the perpendicular case. The Maxwell- Garnett
theory as shown in equation 2.19 is used, except that the value of ∆ is changed a little
and is calculated by Kirchner et. al. [49] for the 2D case, is given as: ∆ = 1

εm

εi− εm
εi + εm

.
The final equation for air pores in gold matrix is inspired by [43, 50] who have derived
MG 2D for inclusion (metal rods) embedded in dielectric matrix (air). For this thesis,
the equation for air rods embedded in metal matrix are given as:

ε‖eff = f εa + (1− f) εAu (2.21a)

ε⊥eff = εAu
(1 + f) εa + (1− f) εAu
(1− f) εa + (1 + f) εAu

(2.21b)

where, εa and εAu are the dielectric constants for air rods and gold metal matrix,
respectively. To use these formule, need to input the air fraction f for each sample.

The possibility of exchange of the dielectric constants depending on the mixing criteria
(metal in air or air in metal) to give different effective permittivity shows the versatility
of the MG model which will be used in both parts of this thesis.
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2.2. Experimental details

In this section, fabrication details of porous structures are described. Afterwards, the
basic optical characterization techniques that were used to study the fabricated samples
and determine the SP dispersion are presented.

2.2.1. Fabrication and structural characterization of nanoporous Au films

Samples with two different kinds of porous structures are fabricated in two different ways
which are discussed in this section. First one, is a random porous gold structure which
has a bi-continuous and interlinked porosity. The second structure is a continuous gold
film and contains well ordered holes which are isolated from each other. A simple clear
boundary exists between air pores and gold metal.

2.2.1.1. Films with random nanopores

Spongy and random nanoporous gold was produced by dealloying technique. It is a
process of selective corrosion or leaching, in which a less noble metal or a metal lower in
electrochemical potential is selectively removed form its noble counterpart [31, 51, 52].
The higher the difference between the metals placed in the galvanic series, the easier
it is to dealloy. For this sample, dealloying was carried out for white Au (50wt% Au-
50wt% Ag). As both, Au and Ag, have similar lattice constants and crystallize in the
face centered cubic structure, gold and silver atoms are homogeneously distributed [53]
within the white gold alloy, so dealloying would leave homogeneously random porosity.
Sample fabrication is carried out using 12-carat white gold leaves which were purchased
from Dukatshop (Germany) and are ca. 180nm thick. These leafs are floated on 65%
conc.HNO3 for 10mins, 30mins and 60mins similar as reported by Ding et. al. [31].
After this, the leafs are floated on water to rinse the residual acid and finally the films are
placed on a glass slide (BK7) and the water is allowed to evaporate at room temperature.

Dealloying of 12 carat gold is carried out for different times. As time passes more
Ag dissolves in HNO3 and gold atoms remain and aggregate due to surface diffusion
(spinodal decomposition) into two-dimensional worm like clusters at the metal-electrolyte
interface [51, 54]. The resulting nanoporous gold film has a sponge-type appearance. As
the leaching time increases from 10mins to 60mins, the average pore diameter varies
from 12nm to 30nm (figure 2.7(a) and 2.7(b)), respectively. In parallel to the removal of
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2. Propagating Surface Plasmons at Solid and Nanoporous Metal-Air Interface

(a) 12 carat gold dealloyed in conc.HNO3 for
10mins

(b) 12 carat gold dealloyed in conc.HNO3 for
60mins

(c) Cross section of 12 carat gold dealloyed
in conc.HNO3 for 60mins

Figure 2.7.: SEM images of the dealloyed nanoporous gold samples. All
structure sizes are considerably smaller than the wavelength of visible light

Table 2.1.: Effect of dealloying times on percentage of gold
Sample Weight percent of Gold Atomic percent of Gold

Au-Ag (12 carat foil) 50.5 35.8
10 min dealloying in HNO3 89.1 81.8
30 min dealloying in HNO3 96.1 93.1
60 min dealloying in HNO3 100 100

Ag atoms, the surface area continuously increases and a coarser gold skeleton structure
is formed. The cross section prepared by FIB shows the interconnected porosity for all
samples forming a bi-continuous network of air pores and gold veins (figure 2.7(c)).
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To determine the stoichiometric composition of the nanoporous films after leaching, energy
dispersive X-ray spectroscopy (EDX) measurements were carried out. The percentage of
Au and Ag left after a certain dealloying time is shown in table 2.1. As the dealloying
time increases, more and more silver dissolves. The concentration of Au in the Au-Ag
dealloyed samples rises. After 60mins of dealloying, all the silver of the original 180nm
thick white gold leaf is dissolved in the acid and the film consisting of pure porous gold
is left floating on the surface of the acid. For all the following investigations, only the
60min dealloyed film, is considered. In this way, any possible influence of silver remnants,
which could also influence the effective dielectric constant of the porous film and impact
the surface plasmon dispersion is avoided.

Fill fraction determination: For the 60min dealloyed gold, the fill fraction is cal-
culated using the volume loss of the film. The overall volume loss of the film can be
determined by considering the complete loss of (64.2 atomic% = 50weight%) silver from
the original 12 carat white gold film due to the dealloying. However, very small change in
the outer dimensions of the film is observed. The area of the film stays constant during
the dealloying but the average thickness of the film reduces by one-third from 180nm
to about 120nm. The remaining volume loss appears in the form of porosity of the
remaining nanoporous gold film and the metal fill factor of the nanoporous gold film is
determined as:

f ∗ TotalAt.wt.of12caratgold
initialthickness

= At.wt.ofAg

finalthickness
(2.22a)

f ∗ 305
180 = 108

120 =⇒ f ' 0.5 (2.22b)

This c.a. f = 0.5 is in agreement with the estimates for f obtained by evaluating the
various SEM images of the film. For reference and comparison bulk gold sample is also
considered. A 60nm thick non-porous solid gold film, which has been deposited on a
glass slide by thermal evaporation is considered as the reference bulk gold. This has a fill
fraction of f = 1.
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(a) (b)

Figure 2.8.: Real and imaginary parts of the dielectric constant of the deal-
loyed nanoporous gold film (red) and of the evaporated bulk gold film (black)
determined by spectroscopic ellipsometric measurements.

2.2.1.1.1. Dielectric constant determination: Ellipsometry is an elegant experimental
technique to measure the dielectric constants of the thin films.

A dealloyed nanoporous gold and bulk gold sample on glass substrate were used for
ellipsometry. The spectral evolution of the ellipsometric angles is fit with a model of
single smooth metallic layer with a complex refractive index on a glass substrate which
results in the effective dielectric constants of the metal films.

The real (εeff ) and imaginary (εeff ) parts of nanoporous gold and bulk gold are shown
in figure 2.8. The surface and interface roughness influence (e.g. scattering losses)
is incorporated in the fitted optical constants of the single metal layer only but not
included specifically as an additional layer(/s) in the model. For layer thickness >
100nm the results for εeff saturated and are not affected anymore by changes in the
layer thickness. This insensitivity towards the layer thickness demonstrates that the
ellipsometric measurements mainly probe the surface of the metal film and the contribution
from the buried metal - glass interface is negligible too for these thicker films.

The condition εm < − 1 (εair = 1) must be true in order to support surface plasmons
at the metal-air interface (as defined in section 2.1.1.1). From figure 2.8, this condition
is applicable for λ > 356nm, in the case of the bulk gold film while only valid at
λ > 610nm for the nanoporous gold film. The imaginary part of the ε of the nanoporous
gold layers is lower in the near IR and for λ < 500nm. However, Im(ε) of the nanoporous
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(a) (b)

Figure 2.9.: Comparison of the dielectric constants determined by ellipsom-
etry from figure. 2.8 with calculated values using the Bruggeman theory (a)
Real part of the dielectric constant of the nanoporous gold and bulk gold film
as received from ellipsometric data (red solid line and dash-dot black line,
respectively) and calculated using Bruggeman effective medium model (green
dashed line and blue dotted line, respectively) and corresponding (b) imaginary
part of dielectric constant.

films is approximately a factor 2 larger than for the bulk gold film in the spectral range
900nm > λ > 500nm resulting in a larger extinction for the nanoporous film.

2.2.1.1.2. Comparison of permittivities obtained from ellipsometry and theoretical
calculations: As discussed in the theory part, the structural assumptions of the Brugge-
man (BG) effective medium model fit well to the dealloyed nanoporous gold film. BG
model is used to determine the dielectric constants of dealloyed nanoporous gold. The
real parts of the permittivities (Re(εeff )), which were determined by ellipsometry in
previous section and the ones calculated via the Bruggeman theory are compared and
shown in figure 2.9(a). The match for the dealloyed nanoporous gold film is even better
than for the evaporated bulk gold film. However, comparing the imaginary parts of the
permittivities (Im (εeff )), clear differences of the absolute values are observed (figure
2.9(b)). The values determined by ellipsometry are about a factor 8 larger than the
tabulated values for bulk gold or the calculated Bruggeman values. The spectral trend of
Im (εm) is on the other hand comparable: Im (εm) of the nanoporous gold increases at
about 1.5 eV and has a minimum at 2.5 eV for both ellipsometric data and Bruggeman
calculation. Similarly, for the bulk gold layer: the minimum of Im (εm) appears at 1.9 eV
for both ellipsometric data and Bruggeman data. The main reason for the large values
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of Im (εm) of the samples, are probably, the scattering losses due to surface roughness
of the porous films. Since, the ellipsometric model used only a single plane film as a
representation of the bulk as well as the nanoporous gold films, all the scattering losses
of the samples are included in the imaginary part Im (εm) of the film. Furthermore
the chance of impingement of the oscillating electrons at the internal nanostructured
surfaces increased due to the porosity leading to increased electron scattering and decay
of coherent plasmonic oscillation.

2.2.1.2. Films with regular nanopore arrays

In order to compare the nanoporous films comprising of random nanopores with a more
regular arrangement of the porous network, the fabrication of ordered porous films, which
is based on self-ordered nanoporous alumina templates is described in this section.

Hexagonally ordered porous alumina with pore sizes 30 ± 2nm, 55 ± 2nm and 70 ± 2nm
are received from Smart Membranes GmbH. These porous templates are coated with
Au by the process of thermal evaporation to get a uniform thick film with a thickness
of 60 ± 3nm. These samples are then placed in 50wt.%KOH solution for 20mins to
etch away the alumina templates. After this, the leaves are floated on water to rinse the
residual alkali and finally the hexagonally ordered films are placed on a glass slide (BK7)
and the water is allowed to evaporate at room temperature.

The pore diameter of the template, and that of the, finally achieved hexaporous Au
layer, have the same order of pore sizes, especially for smaller sizes. Therefore, the final
hexaporous Au films with pore sizes of approx. 30nm, 55nm and 63nm are achieved.
When the template pore size is increased to 70nm the gold film becomes very fragile.
During the final etching in KOH several pieces of the hexaporous Au film break off
and deposit as a lot of debris on the sample (figure 2.10(c)). These debris result in
increased surface roughness and a strongly increased light scattering, hence, an optical
excitation of surface plasmons can not be observed anymore. Therefore, this structure is
not considered in the thesis any further.

The pore size of the hexaporous samples is obtained directly from the SEM images by
using the ImageJ software. First, the SEM image is converted into (black and white)
binary format and then the area fraction of pores (black) is analyzed. By this procedure,
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(a) 30nm hexaporous gold (b) 55nm hexaporous gold

(c) 70nm hexaporous gold

Figure 2.10.: SEM images of the hexaporous gold samples. All structure
sizes are considerably smaller than the wavelength of visible light

f = 0.2 and 0.3 is obtained for nanoporous gold with pore sizes of 30nm and 55nm,
respectively1.

EDX was performed on hexaporous gold films, the results of which show no residual
aluminum from the template. Hence, any result that will follow from such structures, is
solely from ordered gold. Furthermore, the film thickness of the individual hexaporous
samples was measured by X-ray reflectometry (XRR), which confirmed a ca. 60nm thick
hexaporous gold layer.

1From now onwards, the gold with hexagonally organized pores will be named with their final pore
sizes, like 30nm hexaporous gold and 55nm hexaporous gold. They should not be confused with the
thickness. The thickness for all hexaporous gold films is always 60nm.
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Table 2.2.: Overview of all the continuous film samples that are used for
study of propagating surface plasmons

S.No. Sample Porosity
(%) LOM/SEM Image

1 Bulk Gold 0

2 Dealloyed nanoporous
Gold 54

3 30 nm Hexaporous Gold 20

4 55 nm Hexaporous Gold 30

No ellipsometric measurements were attempted for ordered nanoporous gold, as the more
complex, effective medium models for the uniaxial materials (hexaporous Au films) were
not readily available in the software of the ellipsometer setup.

2.2.1.3. Summary of samples

Besides the described random and ordered nanoporous samples, a bulk gold sample was
fabricated for reference. It consisted of 60nm thick solid gold film, which was deposited
on a glass slide by thermal evaporation.

So, overall a total of 4 samples are considered for a comparative study - namely bulk
gold (f = 0), spongy-dealloyed gold (f = 0.5), 30nm (f = 0.2) and 55nm (f = 0.3)
hexaporous gold. All these samples are shown in table 2.2. These samples are optically
characterized by using Kretschmann configuration and leakage radiation microscopy
which are discussed in the following section.

2.2.2. Experimental setups for optical excitation of SPs

The fabricated disordered and ordered nanoporous gold samples are optically characterized
using angle resolved reflection spectroscopy in Kretschmann configuration and leakage
radiation microscopy. These characterization methods allow the excitation of SPs and
the experimental determination of their wave vector and frequency - delivering the
SP dispersion relation. The two techniques and their specific experimental setups are
discussed in this section.
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Figure 2.11.: Schematic of wave vectors and their components at Au-air
interface inside a prism

2.2.2.1. Reflection spectroscopy by prism coupling

Since the SP wave vector at the air/gold surface is larger than the wave vector of light
in air, the surface plasmons at Au-air interface cannot be exited directly by shining
light on Au-air interface from air. However, light passing through dielectric with higher
refractive index acquires a lateral wave vector which can excite SPs. Experimentally,
this is realized by prism coupling (figure 2.11) and the change of incidence angle, which
allows the matching of kx in glass with the SP-kx. The lateral wave vector component
inside the prism, which is parallel to the ground plane of the prism and the metal film, is
given as [9, 55]:

kxdielectric = ndielectric ∗ k0 ∗ sinθ; where ni = √εi. (2.23)

Under this condition, the Au-air SP is exited and the reflected light is reduced, since a
large part of the energy traveling in the SP is gradually absorbed within the metal. This
leads to a dip in reflection. There are two strategies to find the excitation condition for
SP excitation in reflection, one is fixing the wavelength and varying the angle in which
the surface plasmons [56] are excited for a single frequency. The second method2 is by
fixing the angle and doing a spectroscopic measurement and hence, investigating the
surface plasmon dispersion over a large range of frequencies from the near infrared to the
visible [57].

2The suitability of both these methods are compared theoretically in section 2.3.2.1.

23



2. Propagating Surface Plasmons at Solid and Nanoporous Metal-Air Interface

(a) (b)

Figure 2.12.: (a) Kretschmann configuration; (b) Probing of dispersion
relation by altering angle of incidence in Kretschmann configuration

In this thesis, the latter of the two methods is used hand in hand with the prism
coupling method. Prism coupling can be achieved in either Kretschmann or Otto
configuration. Experimentally, Otto configuration can be achieved only by introducing a
very even vertical slit between prism and the metal, which has alignment problems for
experimentation, so, we use Kretschmann configuration.

In the Kretschmann configuration (KC) (shown in figure 2.12(a)), the glass slide carrying
the metal film is pressed against a right angled prism (BK7 glass, εglass = 2.25) and a
drop of L4085 AGAR immersion oil (εoil = 2.3) from Plano labs (Germany) is applied
between glass slide and prism. The surface tension of the oil ensures a close contact
between sample and prism. Furthermore, undesired reflections at the glass interfaces
are avoided due to the matching refractive indices of glass slide, oil and prism. In this
configuration the light with higher kxdielectric coming from the dielectric has to tunnel
through the Au film to excite the Au-air SP at the opposite free surface.

This Kretschmann configuration with prism and sample is mounted on a rotating stage,
which is a part of a larger setup shown in figure 2.13. In this set-up, a beam of light
from a halogen lamp (200 W) passing through a series of lenses and a birefringent crystal
polarizer is incident on one of the prism side facets. The light which is reflected from
the sample at the base of the prism exits via the opposite prism side facet and is picked
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Figure 2.13.: Schematic (top view) of setup for angle resolved spectroscopy
measurements

up by a fiber bundle guiding it to a grating spectrometer which is equipped with single
channel photodiode detectors for the near IR and the visible wavelengths.3

By rotating the prism and the detecting fiber bundle with a relation of θ− 2θ, this setup
allowed the measurement of angular resolved reflection spectra with incidence angles in
the range of 450 < θ < 680 inside the glass (as defined in figure 2.12(a)) which corresponds
to 00 < β < 800 in air. Each angle of measurement gives an experimental data point
which corresponds to a point in dispersion relation. The point of intersection of each
angle of measurement with the dispersion curve (shown in figure 2.12(b)) corresponds to
the dip in reflection measurements which will be discussed in detail in the results section
2.3.1.

2.2.2.2. Leakage radiation microscopy

For leakage radiation microscopy, SPs on air-metal interface are launched by illumination
of a slit which is 100nm wide and 50µm long and was prepared by FIB (Focused ion

3The full divergence angle of the incoming beam of light is determined from the setup distances and
spot sizes. It is approx. α = 1.14◦ . The angle of divergence could partly influence the widening of
the dips discussed in section 2.3.1.
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Figure 2.14.: FIB milled slit on bulk gold as seen with the CCD.

Figure 2.15.: Schematic showing the contact layers of FIB milled sample,
which mounted on the immersion oil objective. It shows the leaked radiation
for LRM.

beam) milling (figure 2.14). The glass slide carrying the FIB milled metal film is placed
in the focus of the immersion microscope objective lens and a droplet of index matching
oil is applied between sample and objective (figure 2.15). This setup is a part of a larger
4f leakage radiation microscopy (LRM) setup shown in figure 2.16. This setup allows the
imaging of sample and the back focal plane of the objective lens L1.

In this set-up, the laser (λ = 780nm) is incident from the air slit interface. SPs
propagating along the air-metal interface leak through the thin metal film and reach
glass, where, it is radiated off as leakage radiation. Using an oil immersion objective
(100×, Numerical aperture (NA) = 1.4, Zeiss), the leakage radiation is collected and can
be analyzed by arranging a set of lenses behind the objective. This can either image the
real plane or the back focal plane of the objective, by focusing leaked radiation onto the
CCD (ABS Jena) camera.

The real image of the sample is imaged by the setup shown in figure 2.16(a) (the red ray
diagram in the middle). The sample attached to the immersion objective is at its focal
distance, and hence could form a image at infinity, represented by the red parallel rays
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Figure 2.16.: Leakage radiation microscopy setup: (a) Real plane imaging
and (b) Fourier plane imaging.

after L1. Using another lens L2 at a distance equal to its focal length from the CCD, a
real image of the sample surface including the slit is formed on the CCD as shown in
figure 2.14.

Furthermore, the parallel leakage radiation emitted at a specific angle from SP is focused
at the back focal plane (FP) of the immersion objective L1. Now, to achieve an directional
analysis i.e. angle at which the SPs are leaking, one needs to image the back focal plane
of the immersion objective. To achieve this, another lens L3 is introduced in the beam
path as shown in figure 2.16(b) and the gray ray diagram. An image of this FP is then
created on CCD camera by the combination of lenses L2 and L3.
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This setup allows to switch between imaging of the back focal plane and the real image
plane (IP) onto the CCD camera, by just introducing and / or eliminating the third lens
L3. The back focal plane corresponds to the Fourier plane (FP) of the image which allows
access to the angle at which the leakage radiation is emitted. From this, the lateral wave
vector component kx is determined [41, 42].
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2.3. Results and discussions on propagating surface plasmons
on nanoporous metal films

The wave vectors of surface plasmons on bulk gold, dealloyed gold, 30nm and 55nm
hexaporous gold samples are experimentally determined using the angle resolved reflection
spectroscopy in Kretschmann configuration (KC) and leakage radiation microscopy. In the
first part, the results from the KC-measurements are shown which are also compared with
the results predicted from theoretical effective medium models applying the Bruggeman
model for dealloyed gold and Maxwell-Garnett model for hexaporous gold using the
dielectric constants from Johnson & Christie [58, 59] data. Furthermore the dielectric
constants of bulk gold and nanoporous dealloyed gold determined by ellipsometry are used
to calculate and compare the SP dispersion relation. The final data is then confirmed
with the experimental results. In the second section of optical results, the analysis of
the SP wave vectors and the SP decay lengths is carried out using the leakage radiation
microscopy. Finally, in the end of this section, all the results are compared and discussed
together in a dispersion relation graph.

2.3.1. Angle resolved spectroscopy

Angle resolved spectroscopy is carried out in Kretschmann configuration (figure 2.12(a))
as discussed in previous section. The measured reflection spectra for p- and s-polarized
light for the bulk, the dealloyed gold sample and hexaporous gold samples are shown
in figures 2.17 and 2.18, respectively. In figures 2.17, the spectra are normalized by
the p-polarized total reflection of a bare glass slide, and in figures 2.18, the spectra are
normalized by the s-polarized total reflection of a bare glass slide, while the ratio of
p-polarized reflection/s-polarized reflection is shown in figures 2.19. A characteristic dip
in reflectivity is only observed for p-polarized light, which shifts to the shorter wavelengths
with increasing angle of incidence. These dips are more clearly visible in the figures 2.19.
Here, the overall dropping slope of the reflectivity, which is common to both p- and
s-polarized light, is diminished by plotting the ratio of p- and s-polarized spectra. The
overall drop in reflection towards shorter wavelengths is caused by the starting interband
absorption in gold and by dividing the spectra with the s-polarized spectra, its effect on
the SP dip position can be reduced, hence resulting in clear dip minima.

However, for λ < 900nm, the dips in reflectivity observed for the SP on nanoporous
gold layers widen considerably, and it would be difficult to assign a clear single minimum.
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Figure 2.17.: Angular resolved reflectivity spectra in Kretschmann configura-
tion. The plotted curves represent the ratio of p-polarized reflection for (a) bulk
gold film (b) dealloyed nanoporous gold film (c) 30nm hexaporous gold and
(d) 55nm hexaporous gold normalized with p-polarized glass background. The
values of the angles of incidence in the glass are the same for all curves. A dip
in reflection occurs, which shifts to shorter wavelengths with increasing angle
of incidence (marked by the crosses). This indicates the resonant excitation
of propagating surface plasmons.

This limits the experimental mapping of the dispersion relation of the nanoporous gold
layers. The shift of the dip in p-polarized reflectivity is characteristic for the excitation
of a propagating surface plasmon at the metal-air interface. The frequency ω and the
in-plane wave vector kx of the reflection dip are determined to map the dispersion relation
of the SPs given as:
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Figure 2.18.: Angular resolved reflectivity spectra in Kretschmann configu-
ration. The plotted curves represent the ratio of s-polarized reflection for (a)
bulk gold film (b) dealloyed nanoporous gold film (c) 30nm hexaporous gold
and (d) 55nm hexaporous gold normalized with s-polarized glass background.
The values of the angles of incidence in the glass are the same for all curves.
No change in dip position is observed

kx = √εg
ωdip
c

sin θ (2.24)

where, εg is dielectric constant of glass and θ is the angle of incidence within the glass at
the base of the prism [9].

Generally, SPs can be excited for θ > 41.83◦ (critical angle for glass/air). In figure 2.20,
the experimentally determined data points (kx, ω) are indicated by the symbols (squares,
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Figure 2.19.: Angular resolved reflectivity spectra in Kretschmann configura-
tion. The plotted curves represent the ratio of p-polarized/s-polarized reflection
for (a) bulk gold film (b) dealloyed nanoporous gold film (c) 30nm hexaporous
gold and (d) 55nm hexaporous gold. The values of the angles of incidence in
the glass are the same for all curves. A dip in reflection occurs, which shifts to
shorter wavelengths with increasing angle of incidence (marked by the crosses).
This indicates the resonant excitation of propagating surface plasmons.

triangles, etc.) and represent the experimentally mapped SP dispersion relation. A red
shift of the surface plasmons at the same wave vector kx or a corresponding increase of
kx at fixed surface plasmon frequency ω was clearly observed.

Comparing the reflection curves for a fixed angle e.g. 45◦, one observes that the dips for
the dealloyed nanoporous gold (f = 0.5)- air interface are red shifted by 0.85 eV with
respect to bulk gold-air interface. However, for lesser fill fractions of f = 0.2 and 0.3
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Figure 2.20.: Dispersion relation of bulk gold, dealloyed nanoporous gold,
hexaporous 30nm and 55nm gold. The symbols show the experimental data
and the continuous lines show the theoretically calculated data using effective
medium theories. (Bruggeman model for bulk and dealloyed nanoporous gold
and Maxwell-Garnett model for hexaporous gold).

for hexaporous gold, the shift is just around 0.2 eV . This confirms that by introducing
nanoscopic porosity in the metal film, the SPs can be spectrally shifted towards longer
wavelengths i.e. the near infrared region. To shift the SP on nanoporous gold-air interfaces
even further to the near IR would require even larger porosities. However, this causes
structural problems since it was already observed that for larger porosities (70nm wide
regular pores) the metal film partly disintegrates. In the next section these experimental
data will be compared with effective medium calculations.

2.3.2. Theoretically derived SP dispersion relation from EMTs

The experimental shift in the dispersion relation (DR) is compared with theoretical
calculations using effective dielectric constants for the nanoporous gold films. The
dielectric constant of the nanoporous gold films is calculated using the tabulated optical
constants for bulk gold from Johnson and Christie [58, 59]. First of all, for the calculation
of the effective dielectric constant of nanoporous dealloyed gold, the Bruggeman (BG)
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effective medium theory was applied [44] as the dealloyed gold film is a random mixture
of air pores in metal matrix. Afterwards, a thin film reflection model is setup up for
d = 120nm thickness. Finally, by inserting the values of fill fraction f = 0.5 for dealloyed
nanoporous and operating the incident angle from 42◦ to 60◦ with a step size of 1◦. The
reflection modeling is carried out using MATLAB to plot the reflection curves for all
angles of incidence. The code used here is given in appendix B.

To view the comparative trends of the reflection curves achieved from the dealloyed
nanoporous gold theoretically are plotted in figure 2.21(a), which are compared with
experimentally received reflectivity in figure 2.17. Both of the reflectivities show moving
of dips towards higher energies with increasing angle of incidence. Furthermore, these
theoretical dips are sharper for long wavelengths and lower angles of incidence, which
weakens out for larger angles like in experiments.

Finally, for calculation of dispersion relation, the dips in the theoretical reflection curves
are located and the corresponding kx wave vector is plotted in the dispersion relation
curve using the equation 2.24.

Similarly, for the highly ordered pores Maxwell-Garnett Model is used. Hexaporous
gold films with pore sizes 30nm and 55nm, i.e. f = 0.2 and 0.3 is inserted into the
Maxwell-Garnett Model. A finite thickness of 60nm is fixed to get the reflection curves
(appendix B). Just as above, locating and plotting the calculated kx wave vector by
equation 2.24 is carried out to derive the final dispersion relation.

The theoretical dispersion relation for bulk gold is achieved by insertingf = 0 in any of
the above two models. Theoretically, both the Bruggeman model and Maxwell-Garnett
model give same values of dispersion relation curve for bulk gold. The dispersion relation
attained from theoretical calculations for bulk gold and all the nanoporous gold samples
is shown in figure 2.20 as solid lines. These theoretical derived dispersion curves shows
a good agreement with the experimentally determined dispersion data values shown as
symbols in the figure.4

4The data obtained from experiments and theory is from dips in reflection curves. The smearing out i.e.
flattening of the dips after certain angles for theoretical data aswell limits the plotting of data for
dispersion relation curve.
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(a) (b)

Figure 2.21.: Theoretically calculated reflectivity by two different methods:
(a) Reflectivity vs wavelength graph for 45◦, 54◦, 57◦ and 60◦ angles of
incidence and (b) Reflectivity vs theta at the wavelength minima obtained from
graph (a).

2.3.2.1. Theoretically comparing reflectivity Vs. lambda (or energy) and reflectivity
Vs. angle

There are two methods to determine the dispersion relation, the reflectivity vs theta and
reflectivity vs lambda (or energy). As the former of the two is much widely used technique
for fixed wavelengths of incoming light, so it is necessary to compare these two methods.
Furthermore, the surface plasmons on metal/dielectric composite layers were already
observed by Shi et al. [56] who have studied evaporated gold films of different grade of
agglomeration. However, in their work, the surface plasmons were only excited for a
single frequency and showed reflectivity vs theta graphs, while, this thesis, investigates
the surface plasmon dispersion over a large range of frequencies from the near infrared
to the visible using reflectivity vs energy (or lambda) graphs (figure 2.19). Therefore,
a comparison between the two methods is necessary and feasible theoretically only. A
comparison was made for dealloyed nanoporous gold under reflectivity vs lambda (or
energy) and reflectivity vs theta.

The graphs shown in figure 2.21, represent theoretically calculated reflectivity curves for
both methods. In figure 2.21(a), the angle is a fixed parameter and the reflectivity is
calculated vs energy (like in the experiments). In figure 2.21(b), the wavelength is fixed
(corresponding to the wavelengths of the minima in figure 2.21(a)) and the reflectivity for
different angles is plotted. In figure 2.21(a), dips are seen for 45◦, 54◦, 57◦ (unclear wide
dips) while for 60◦ no dips are visible. The wavelengths of the minima are at: 1074nm
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for 45◦, 828nm for 54◦, and approximately 800nm for 57◦. For higher angles no minima
is observed. Similarly, clear dips are seen for reflectivity vs theta graphs at lower angle
of incidence, which eventually become wider and flattens for higher angles.

Indeed, for long wavelengths and small angles (corresponding to low losses) a very good
correspondence between, both measurement techniques can be found (dip for 45◦ yields
1074nm in figure 2.21(a) and 1074nm gives minimum at 45.02 deg in figure 2.21(b)).
For higher angles and shorter wavelengths, the methods are indeed not completely
interchangeable any more (dip for 54◦ yields a minimum at 828nm in figure 2.21(a) while
828nm gives a minimum at 52.01◦). However, since the experimental evaluation was
stopped, anyway, in the spectral range of flattening dips, the basis for the investigation
of dispersion relation is only from the clearly visible minima. Due to this, the discussed
range of measurement is well in the limits of correspondence of the two methods.

2.3.2.2. Comparison of dispersion relation obtained from experiments, theory and
ellipsometry:

As we have the values of dielectric constants of bulk and dealloyed nanoporous gold, they
(from figure 2.8) are used to calculate the reflectivity of the glass/film/air multilayer
system for the different incidence angles. This method is used as a rechecking experimental
tool for dispersion relation by inputting the dielectric constants received from section
2.2.1.1.1 in the MATLAB program in appendix B.

The theoretical SP dispersion is mapped from the resonance dips of the calculated
reflection curves using the MATLAB program in appendix B and steps similar to as
defined in section 2.3.2. This is the same way as the experimentally determined SP-
dispersion was obtained. In this way, possible shifts due to the finite metal layer thickness
are taken into account and the similar data evaluation (using the calculated reflection
dips) ensures a good correspondence between the experimental, and theoretical results.
Figure 2.22 shows the good agreement between the experimentally mapped dispersion
(squares/triangles) and the theoretical data (lines) using the ellipsometric εm is quite
good for the bulk gold film and still reasonable for the nanoporous gold film.

The dispersion relation determined by ellipsometric dielectric constants using MATLAB,
the spectral range is limited to about 1000nm > λ > 800nm for the theoretical
dispersion curve of the nanoporous gold (solid red line in figure 2.22(a)). On one side,
the effective index values from ellipsometry measurements are limited to the range
1000nm > λ > 372nm which limits the calculations in the IR regime. On the other side,
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(a) (b)

Figure 2.22.: Dispersion relation of propagating surface plasmons at the bulk
gold film (black) and the dealloyed nanoporous gold film (red). Experimentally
determined data are shown as symbols (squares or triangles), while dispersion
curves determined from theoretical calculations are shown as lines. (a) For
the theoretical calculations, the dielectric constants from the ellipsometric
measurements are used from figure 2.8. (b) The theoretical calculations are
based on effective dielectric constants determined by the Bruggeman formula.

the obtained reflection curves show a similar widening of the dips like the experimentally
determined ones at higher angles (shorter wavelengths) (figure 2.17), inhibiting the
determination of the theoretical dispersion curves for λ < 800nm.

It was already discussed that the ellipsometric data are almost independent of the thickness
of the gold film when it surpasses 100nm mark while comparing to experimental and
theoretical data. Therefore, the contributions from the reflections at the buried gold-
glass interface have a negligible impact on the dielectric constants of the gold layers
determined by ellipsometry. However, the light has to penetrate the gold film coming
from the glass side for the SP excitation. Direct impact on the efficiency of the surface
plasmon excitation was observed with the scattering losses at the glass-gold interface and
fluctuations in the film thickness (which appear in the original white gold leaves). These
scattering losses and thickness variations can contribute considerably to a widening and
flattening of the resonance dips [60] making it more difficult for the determination of an
accurate minimum (especially for visible wavelengths). A rough surface (nanoporous gold
films of this study) leads to a direct shift in the wave vector of the SP besides increased
scattering [60] which can explain the remaining difference between the experimental and
the theoretically derived SP dispersion.
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2.3.3. Leakage radiation microscopy

The reflection measurements in Kretschmann configuration give only the dispersion
relation of surface plasmons, which is determined by the real part of the SP wave vector
Re(kx) and the frequency ω of the SPs. However, no information about the imaginary
part of the SP wave vector (Im(kx)) is obtained. To experimentally determine this
and also determine the propagation length of surface plasmons the leakage radiation
microscopy setup as defined in section 2.2.2.2 is used. The propagation length of the
SPP can be determined in two different ways by using the results from leakage radiation
microscopy (LRM): firstly, by fitting an exponential decay to the SPP-intensity trail in
the real image plane (IP), or secondly, by evaluating the width of the crescents in the
Fourier plane (FP) which are the focus areas of the leakage radiation of the SPs.

2.3.3.1. Real image plane

Firstly, the setup for the real image plane (IP) as shown in figure 2.16a is considered.
The FIB milled sample is placed and a 780nm laser is incident through it. The CCD
camera records the real image as shown in figure 2.23(a). Intensity profiles along the
central horizontal line are taken as a starting point i.e. at the central bright stripe,
which indicates the excitation point of the SP at the slit. This profile is represented by
the thin curves with the small markers in figure 2.23(a). An exponential decay fitting
is used for each sample intensity profile. From these the decay lengths of the SPs are
determined and yield Lspp = 9.0µm, 5.6µm, 3.7µm and 4.5µm for bulk gold, 30nm,
55nm hexaporous gold, and dealloyed gold, respectively. The faster decay of the SPPs
at the nanoporous gold surfaces is clearly connected with the larger losses for these SPs.
These can mainly be assigned to increased radiative scattering losses due to surface
roughness. Furthermore, the electronic oscillatory motion might already be damped by
increased surface scattering of the electrons within the thin gold veins, increasing the
ohmic losses of the nanoporous material which corresponds to the Im(εm).
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(a)

(b)

Figure 2.23.: Leakage radiation microscopy a) Real plane image and its data
(symbols) fitted with exponential decay profiles (solid line) b) Fourier plane
image and its corresponding intensity profile (symbol) fit with a system of
Lorentzian peaks (solid lines).
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2.3.3.2. Back focal plane or Fourier plane

As previously mentioned, the leakage radiation of the SPP forms crescents in the Fourier
plane (FP). They are positioned on a circle with radius ((kx)r) and their intensity profile
can be fitted by a Lorentzian curve [9, 41] given as:

I = const.

(Kx − (kx)r)2 + (kx)2
i

(2.25)

Here, the imaginary part of the surface plasmon wave vector ((kx)i) determines the full
width at half maximum of the Lorentzian δ(kx)r=2 (kx)i. Therefore, one can obtain:

Lspp = 1/δ(kx)r (2.26a)
Lspp = 1/2(kx)i (2.26b)

Several smaller peaks are also observed in the intensity profile of the FP apart from the
main Lorentzian peak of the crescent. These small peaks seem to be further artifacts
of the measurements as their strength and appearance is influenced by the focusing of
the laser on the slit. However, to obtain an accurate fit of the major peak, the overlap
with the smaller peaks has been taken into consideration. Therefore, multiple Lorentzian
were fitted to all the peaks, resulting in a unbiased representation of the experimental
profile and obtained following values,Lspp = 8.8µm, 5.2µm, 3.5µm and 4.4µm for bulk
gold, 30nm, 55nm hexaporous gold, and dealloyed gold, respectively from the full width
at half maximum. A reasonable similarity to the results obtained from the exponential
decays in the IP is observed (Table 2.3). The slight difference which is still present
might be attributed due to the background scattered light. The radiative losses due
to scattering on the surface roughness results in a considerable radiation background
and lead to an overall increase in the observed radiation in the image plane. This can
actually be seen as the strong halo of light around the beam block in figure 2.23(b). This
radiation background can easily lead to a perceived longer decay (longer Lspp) in the
image plane. However, in the Fourier plane, the scattered radiation and the SPP light
are separated, so that more realistic and true values for the SPP-decay length can be
calculated using the FP profiles and fitting the Lorentzian peaks.

Finally, the real part of the SPP wave vector ((kx)r) can be determined from the
position of the maximum of the SPP signature in the FP. The positions of the cres-
cents are obtained from the center values of the fitted Lorentzian peaks. Figure
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Table 2.3.: Values of Lspp from LRM
Image Plane Bulk Au Dealloyed Au 30nm Hex Au 55nm Hex Au

Real 9.0µm 4.5µm 5.6µm 3.7µm
Back Focal 8.8µm 4.4µm 5.2µm 3.5µm

Table 2.4.: Values of (kx)r from LRM and theoretical calculations
Type Bulk Au Dealloyed Au 30nm Hex Au 55nm Hex Au

LRM FP 8.3µm−1 10.1µm−1 8.6µm−1 8.7µm−1

EMT’s 8.2µm−1 9.03µm−1 8.4µm−1 8.4µm−1

2.23(b) yields (kx)r = 8.3µm−1, 8.6µm−1, 8.7µm−1 and 10.1µm−1 for the SPP wave
vectors of the bulk gold, 30nm, 55nm hexaporous gold, and dealloyed gold, respec-
tively. Although, a straight forward comparison with experimental data of the reflec-
tion measurements in Kretschmann configuration is impossible because reflection dips
have not been recorded at the wavelength of 780nm. But, theoretical SPP-wave vec-
tors of 8.2µm−1, 8.4µm−1, 8.4µm−1 and 9.03µm−1 were obtained for the bulk gold,
30nm, 55nm hexaporous gold, and dealloyed gold, respectively, at λ = 780nm by
applying effective medium theory (Table 2.4). The theoretically determined dispersion
curves show a good agreement with both, the reflection data and the specific LRM
measurements at 780nm for the bulk and ordered hexaporous gold samples. These
results demonstrate clearly how the structure of the nanoporous gold and the level of
porosity influence the SPP dispersion and propagation length.

Besides the overall exponential decay of the SP intensity during the porpagation in
figure 2.23(a), one can observe periodic intensity oscillations. These appear on top of the
exponential decay and become more obvious in a detailed magnified section of the real
images in figure 2.24. The cause of these oscillations is the interference of the SPP leakage
radiation and the homogeneously scattered light which is collected by the numerical
aperture (NA) of the objective. The possible oscillation periods for our microscope
objective with a numerical aperture of 1.4 is calculated as Λl and Λs and are given as
[61]:
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Figure 2.24.: Leakage radiation microscopy: Real plane image magnified view,
(a) The magnified view of the intensity profile image and the corresponding (b)
magnified exponential decay profile of bulk gold revealing the long and short
range oscillations Λl,s.

Table 2.5.: Comparison of oscillation period with respect to Hohenau et al.
[61]

Periodicity Experimental fitting Hohenau et al. [61]
Λl 2.069µm 2.01µm
Λs 0.3219µm 0.33µm

Λl = 2π
NAk0 − kspp

= 2.069µm (2.27a)

Λs = 2π
NAk0 + kspp

= 0.3219µm (2.27b)

One can clearly observe Λl from figure 2.23(a), while to observe Λs, a magnified view is
required, shown in figure 2.24(a). When these values are compared with the oscillation
periods for bulk gold values of 2.01µm and 0.33µm as determined in [61] for the similar
wavelength of 785nm, they show a good agreement (as shown in table 2.5) with the
equation 2.27. This confirms the interference effects as suggested by Hohenau et al. [61].

42



2.3. Results and discussions on propagating surface plasmons on nanoporous metal films

Figure 2.25.: Dispersion relation of dealloyed nanoporous gold from results
of Kretschmann configuration (green squares), theoretical values (green line)
and Leakage radiation microscopy (red point) value. The light line (41.83◦)
and (45◦, 50◦, 57◦ and 60◦) angle lines are also shown. The gray area depicts
the full width at half maxima of theoretically determined values of the dip.

2.3.4. Comparison of wave vectors by two different experimental methods

Now, comparing the two experimental methods used for determination of wave vectors
in this part, angular dependent reflection spectroscopy and leakage radiation microscopy
(LRM). The LRM showed several advantages, as both the real and imaginary part of
the SPP wave vector can be determined very precisely using the Fourier plane (FP)
images. Furthermore, the observed FP features are reasonably sharp and it was possible
to compare the results to that received from the real image, this allows a quick check for
reliability of the method.

However, LRM has been used only for one specific laser wavelength, while a spectroscopic
measurement covering a wide wavelength regime would require other light or tunable
laser sources. This is the strength of the applied reflection spectroscopy in Kretschmann
configuration which can be used to map the SPP dispersion relation (DR) within the
whole near IR and visible spectral region. But the dips are very wide for spectra taken at
fixed angular positions, which complicates the determination of the exact SPP resonances
especially for SPPs experiencing higher losses i.e. wider resonances.
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Figure 2.26.: Dispersion relation of bulk gold, dealloyed nanoporous gold,
hexaporous 30nm and 55nm gold with LRM values (shown as crosses). It
shows good correspondence between the two different experimental methods.

Now, zooming in the dispersion relation data of Kretschmann configuration from figure
2.20 and viewing only the dealloyed gold (figure 2.25) and also inserting the LRM data
point (10.1µm, 1.59 eV ) shown as a red point in figure 2.25. The gray area in this figure
is defined from the width of the reflectivity curves and plotting the values at the half
width points on the both sides of the dips. The extended width of the dips is caused
by the nature of the measurement and measuring the wavelength at a fixed angle ( 45◦,
50◦, 57◦ and 60◦), meaning that one follows an inclined line similar to the light line and
passing through the dispersion diagram, as shown in figure 2.25. This measuring line
(blue dotted line at approx. 57◦) intersects the SPP dispersion curve under a small angle
resulting in a long way through the resonance valley 5.

The situation is different for the LRM which operates at a fixed frequency and basically
cuts the dispersion curve along a horizontal line (1.59 eV ) leading to a sharper, better
defined resonance in the FP. Both these methods have their own limitations, but the

5The full width at half maximum of the dips similar to those shown in (figure 2.21(a)) are taken as
values to plot the gray shaded area around the theoretically determined dispersion relation (green
line). This gray shaded area shows the resonance valley of surface plasmons in figure 2.25. The
resonance valley calculation is also limited by the flattening of the dips for higher angles and lower
wavelengths, plus the range of calculation.
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comparison can be successfully concluded by showing that both the methods lie well
within the resonance valley of measurement, where one method follows an inclined line
(blue dotted line at approx. 57◦) and other follows the horizontal line (at 1.59 eV ). Both
these lines intersect, hence the experimental data points lie well within a limited range of
±20% to each other.

Furthermore, the figure 2.26 also shows a good match between all the experimental
results received from the Kretschmann configuration (shown as symbols) in section 2.3.1,
theoretical results (shown as lines) in section 2.3.2 and finally from section 2.3.3 (shown as
crosses on line 1.59 eV ). With all these results at hand, the next step of experimentation
is to see the effect of plasmonic resonance on the luminescence of silicon.
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(a) Sample, PL detection
through Au or nanoporous Au

(b) PL setup

Figure 2.27.: Sample detection through gold and PL setup

2.3.5. Photoluminescence characterization

As a trial for viable Silicon applications, the samples produced by dealloying are used in
contact with Si to see if any enhancement of luminescence of Si is achieved. This is a
simple detection of Si photoluminescence through metal layer (figure 2.27(a)), where the
incident laser comes through the gold onto the Si and the emission of Si passes through
the metal layer for the detection.

2.3.5.1. PL setup

An Ar-laser (488nm) is used as the exciting laser for the Si samples. The laser falls on to
the sample attached to a xyz-translation stage. A spot size of approx. 1mm is focused
onto the area of interest. The area can be viewed on a CCD camera when a halogen lamp
light is incident onto the sample. When only the laser is incident, the light emitted from
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Figure 2.28.: PL for Si, Au on Si and dealloyed nanoporous Au on Si.

the sample propagates through a series of parabolic mirrors, lenses and apertures and
enters the monochromator SP2558 from Princeton Instruments. The detected intensity
is finally plotted with respect to the wavelength.

The dealloyed nanoporous gold films were prepared in the similar way as explained in
section 2.2.1 but in the final step, instead of lifting the sample on a glass substrate
they are lifted by a two side polished 500µm thick silicon substrate and left to dry at
room temperature. For comparison a 60nm solid gold film was deposited by thermal
evaporation on the same kind of Si-sample. For these experiments, only bulk gold and
dealloyed gold are considered, as the dispersion relation of dealloyed gold flattens around
1.5 eV which is nearest to the Si luminescence region. These samples are analyzed for Si
photoluminescence (PL) and the results obtained are shown in figure 2.28.

The bulk silicon shown as a black curve, which has 25 times more PL intensity than Si
with Au or 60min dealloyed gold. But on a close inspection of the range of the PL curve,
it is observed that the range of PL intensity of Si, which is from 1050nm to 1250nm,
now increases to a range of 800nm to 1300nm, for Si with nanoporous dealloyed gold.
One of the reasons for not seeing a discrete PL enhancement is surely the measurement
of the PL through the gold layer. This layer absorbs a large part of the incoming laser
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Figure 2.29.: Theoretically calculated simple first order transmission data
of emission of Si passing through Au (blue) or dealloyed Au (red) into air.

(a) (b)

Figure 2.30.: (a) Theoretical dispersion relation for semi infinite layer of
dealloyed nanoporous gold on Si, glass and air (b) Experimental PL result for
Si, Bulk Au on Si and dealloyed nanoporous Au on Si. This shows a comparison
between theoretical dispersion relation of SPs on dealloyed nanoporous Au on
Si (red) with the experimental PL of dealloyed nanoporous Gold on Si (red).

light before it reaches the underlying silicon and also absorbs part of the Si emission
lowering the overall detected PL intensity.

48



2.3. Results and discussions on propagating surface plasmons on nanoporous metal films

There are two noteworthy points which can be observed in the PL data (inset in figure
2.28):
1. The PL intensity through dealloyed Au on Si is higher than that of Au on Si.
2. There are two peaks for emission of Si through Dealloyed Au on Si but only one peak
for the bulk Au on Si.

To investigate the possible reasons for these observations a transmission calculation for
both gold layers is performed (figure 2.29). For bulk Au, the theoretical calculation is
shown as a blue curve in figure 2.29 and that for dealloyed porous gold layer is shown as
a red curve. The comparison shows a higher transmission through delloyed gold with
respect to the bulk gold. This can be expected due to the overall porous nature of
the dealloyed film and it explains the overall higher transmission of the detected PL
signal from the dealloyed Au/Si sample compared with the bulk Au/Si samples as seen
experimentally in the inset of figure 2.28.

Now, to consider the effect of a possible SP- mediated luminescence enhancement from
the bulk Au - Si and dealloyed Au - Si interface, the theoretically determined dispersion
curves for the SPs at the two different interfaces (figure 2.30(a)) will be compared with
the PL spectra in (figure 2.30(b)). The dispersion of the SP on the bulk Au - Si interface
shows the usual SP dispersion within the whole range of the Si luminescence. Its limiting
frequency ωsp appears at 1.9 eV and a considerable flattening of the bulk Au - Si SP
dispersion only happens for energies above 1.7 eV . This means that in the range of the
Si luminescence the photonic density of states of these SPs is still small and an enhanced
emission is not expected. From this perspective it is surprising that around 1.3 eV the
luminescence of the bulk Au - Si sample is larger than the usual luminescence from an
uncovered Si sample. It would be normal to wonder if there is still an impact of the
confined surface plasmon fields near the interface? This higher emission around 1.3 eV is
also observed for the dealloyed Au/Si-sample so that the same cause might be suspected.
At the moment it is not clear what the reason for this luminescence at 1.3 eV is. It might
be speculated that at the Au - Si interface some Au diffuses into Si and might form a thin
layer of gold silicide. However the samples were not heated after the deposition of the
gold films and also a corresponding luminescence from AuSi compounds was not found
in literature, so that the source for this luminescence peak at 1.3 eV remains unclear.

Considering the case of the dealloyed Au sample, a small dip in PL-signal appears at
1.16 eV and a second peak at 1.1 eV is also obvious -both features are absent for the
bulk Au/Si emission. The dotted line (red) indicate that the small dip coincides with
the “bending back” of the dispersion relation of the SP at the dealloyed Au - Si interface.
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Maybe the large absorption of the large kx SPs at this wavelengths causes this reduced
emission. However of larger interest is the origin of the second peak at 1.1 eV . Maybe
it indicates a slight enhancement of luminescence because of the flat dispersion of the
corresponding SP dispersion relation. This would mean that the higher photonic density
of states lead to an increased emission of SPs which travel at the interface. However,
since the dealloyed gold film has a considerable roughness the SP can be coupled out as
light. In the former chapters, this large scattering losses of the nanoporous films were
already observed. However, a comparison of the exact position of the luminescence peak
of the dealloyed Au sample with the luminescence of the free Si-wafer shows that the
luminescence peaks appear at the same wavelength. So it might be true that the usual
peak of silicon luminescence just appears additionally for the dealloyed Au sample since
the transmission of this nanoporous layer is higher resulting in a “pushing through” of the
usual Si emission profile. Therefore, from the current data a luminescence enhancement
due to SP coupling can not be safely concluded. Further experiments might be necessary
e.g. by measuring the Si luminescence through a thin Si layer which is covered by the
gold films on the opposite side. However this was not attempted here and is more difficult
to achieve experimentally.

Furthermore it has to be considered that, although the red shift of dispersion relation
is shown and the concept of nanoporous metals works in principle, the porosity of the
dealloyed gold is not high enough to shift ωsp further into the near infra red region. This
would require higher porosities, but corresponding samples broke down due to their fragile
nature. To shift the SPs further into the near IR and observe enhanced luminescence
there, a search for alternative plasmonic structure and emitters is required.
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2.4. Summary of Part I

In this part of the thesis, the set of experiments and analysis of different types of
nanoporous gold films (with random and ordered nanoporosity) have been carried out.
Introducing a nanoporosity with structural sizes well below the wavelength of light creates
a “meta-metal” with an effective dielectric constant leading to a distinct red shift of its SP
dispersion relation. Reflection spectroscopy in Kretschmann configuration has revealed a
substantial red shift with respect to its bulk counterpart, especially for porosity f = 0.5,
a red shift of approx. 0.85 eV has been observed.

These results have been found to be in good agreement with theoretical predictions
based on effective medium models for the nanoporous films. Bruggeman model has fit
well to the random, disordered and bi-continuous dealloyed nanoporous gold. Whereas,
Maxwell-Garnett model has fit well with the hexagonally ordered nanoporous gold. These
results indicate that the frequency and wave vector of surface plasmons can be tuned
effectively even for a fixed adjacent dielectric material by adjusting the porosity of the
metal layer.

Additionally, leakage radiation analysis has been used to determine SPP propagation
lengths on the order of 4− 5µm for the nanoporous samples. The results demonstrate
that a control of the metal permittivity and the connected surface plasmon dispersion
relation is, in principle, possible by introducing a nanoporosity. The observed SPPs,
therefore, represent designer plasmons in the visible and near infrared spectral region.
The price for this flexibility are increased scattering losses due to the surface roughness
and electron surface scattering in small metallic veins in the material.

When these nanoporous films were brought into contact with Si, with the aim to observe a
possible luminescence enhancement of Si since the SP at the nanoporous Au - Si interface
was predicted to have its limiting frequencyωsp within the spectral range of Si-emission
which is connected with a low group velocity and a high photonic density of photonic
states. However, the Photoluminescence measurements did not show an unambiguous
proof for this. Although the demonstration of surface plasmon supported luminescence
enhancement in the near IR was not yet successful, it can be concluded that the basic
principle to achieve designer plasmons on nanoporous metal films for the near IR has
been successfully implemented.

A further shift of the plasmon dispersion towards the IR requires larger porosities, which
could not be realized with the investigated structures due to their increased fragility. So,
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in the next part of the thesis, a possibility of creating structures supporting localized
surface plasmons at even longer wavelengths is discussed. To study possible luminescence
enhancement for λ > 1200nm also an alternative emitter material has been used.

————————————————————–
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Localized surface plasmons on metal nanoantenna
arrays
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3. Localized Surface Plasmons on Metal
Nanoantenna Arrays

The field of nonlinear optics and the possibility to enhance absorption or emission in
small volumes has been greatly influenced by high optical confinement and local field
enhancement of the localized surface plasmons resonances (LSPR) occurring at metal
nanoparticles, nanostructures or nanoantennas [5, 10, 18, 62–66]. Due to this important
LSPR property of metallic nanoantennas, they have been widely studied but mainly as
single nanoantennas or two interacting nanoantennas. Further, as an extension to the
interaction between the two adjacent antennas, the few studies have also focused on
large arrays of nanoantennas, where, the array coupling leads to a new grating effect,
which has been studied in the visible regime [67, 68] only for square periodicities but
no systematic study of parameter variations has been carried out. In this part of the
thesis, a systematic investigation for the effect of multiple scattering among regularly
arranged metal nanoantennas along with the resulting enhancement of light emission
from quantum dots placed in their vicinity has been pursued.

In consonance with the thesis topic, this part also aims to tailor/shift the SP resonance
to the near infra red (NIR) (specifically > 1.2µm), in order to exploit the possibility of
field enhancement. In next section, the theory of single particle extinction (Mie theory)
is reviewed for longer particles. Particle plasmonics is known to shift with length in IR
region, so, in this section, an array of such particles is created and a theory with Hertzian
dipole approximation is presented. This theory is followed by the experimental results
which are discussed viz-a-viz contemporary literature and basic theoretical calculations.

3.1. Theoretical background

A single metallic nanoparticle or nanoantenna supports localized surface plasmon reso-
nance. Furthermore, an individual plasmonic nanoantenna placed in an external electro-
magnetic field can also be described as a dipole charge oscillator (Fröhlich mode 1) [69]

1Fröhlich emphasized the lossless transmission of energy from one mode to another mode. He described
a model of a system of coupled molecular oscillators supplied with energy at a constant rate. When
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or electric dipole with a resonance frequency which is determined by the antenna size and
shape. A single metallic nanoantenna which is symmetric in all directions i.e. spherical
in shape is taken as the starting point for calculation using the Maxwell’s equation by
Mie theory [40, 70].

3.1.1. Calculation of extinction for spherical Au nanoantennas embedded in
n = 1.5 by Mie theory

From Maxwell’s equations, a solution for the response of a single dielectric sphere placed in
an external electromagnetic field can be derived. Specifically, for an uncharged spherical
dielectric sphere placed in a homogeneous medium, an analytical solution was given
by Mie [45, 71]. The degree to which a sphere can scatter or absorb electromagnetic
radiation is described through its extinction cross section σext. The cross section (σ)
represents an apparent area, which is used to describe the amount by which the radiation
interacts with the sphere (σ usually does not correspond to its geometric cross section).
When the sphere is illuminated by a plane wave (power density Pi), it scatters and
absorbs a portion of the wave. The radiation scattered or absorbed is detected at location
defined by θ and φ with respect to the waves propagation vector (power density of
detection Pr) [40, 45, 72, 73]. Assuming that the metal sphere has scattered the incident
electromagnetic radiation, then the cross section σ can be directly calculated using:

σ(θ, φ) = 4π r2 Pr(θ, φ)
Pi

(3.1)

where, r is the distance between detection location and the sphere.

Three different cross sections can be distinguished: scattering cross section σsca = S, the
absorption cross section σabs = A and the extinction cross section σext. Where, extinction
cross section is always the sum of absorption and scattering cross sections, as shown in
equation 3.2:

σext = σsca + σabs = S +A (3.2)

Furthermore, Mie showed that for spherical particles a solution could be obtained in
terms of an infinite series of electric and magnetic multipoles (to simplify the calculations,
in this thesis, the magnetic modes have not been considered), which on solving give

this rate exceeds a certain threshold, then it leads to condensation of the whole system of oscillators
takes place into one giant dipole mode (similar to Bose-Einstein condensation). A coherent, nonlocal
order emerges and this effect takes place far from equilibrium. Fröhlich coherence is in that sense
related to the principles underlying the laser (another pumped, coherent system).
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the so called the Mie coefficients [45, 71]. These Mie coefficients can be further used to
calculate the extinction, absorption and scattering cross sections or the electromagnetic
fields inside and outside of the spherical particle. For the details of derivations, reader is
referred to [45, 71].

In this thesis, the Mie-formalism is carried out for gold. For initial estimation, three
different spherical particle diameters, 150nm, 250nm and 350nm are considered. The
corresponding extinction is a sum of contributions from different absorption and scattering
modes (equation 3.2). These values were calculated using the MATLAB program and
MNPBEM toolbox for plasmonic nanoparticles given by Truegler and Hohenester et
al.[73, 74], which is based on calculations shown by Bohren and Huffman [45]. The
estimated cross sections are shown in figure 3.1. The spectra demonstrate the contributions
for both absorption (Am) and scattering (Sm) for dipole and quadrupole resonances for
m = 1 and 2, respectively. From these figures, one can see that absorption becomes
important in the spectral regime below 500nm. This is connected with the interband
(d-band) transitions of Au that start at these energies. At longer wavelengths, the
contributions of the dipole mode dominate the scattering cross section spreading well into
the infrared, while the scattering due to the quadrupole mode becomes only noticeable
at shorter wavelengths in the visible regime. In general, a red shift of the scattering
peaks of the different modes is observed as the particle size increases which also governs
the extinction cross section. For particles (nanoantenna) with 250nm diameter a well
separated dipolar contribution dominates in the near-IR, which is the region of interest
for the experiments in this thesis. The impact of any higher order modes (quadrupole,
octopole, etc.) can therefore be neglected for these particles in the near IR region i.e.
between 1000nm to 1500nm.

3.1.2. Plasmonic nanoantennas arranged in a regular array

To gain an understanding of the collective phenomena in nanoantenna array, each
plasmonic nanoantenna can be approximated as, a Hertzian dipole having an electric and
magnetic field around it. Let us first consider, a Hertz diople antenna oriented along the
z-axis having a length dl and current I0 e

j ω t, in the spherical coordinate system (r, θ, φ).
The magnetic field loops along z-axis and has only a φ component, whereas the electric

56



3.1. Theoretical background

(a) (b)

(c)

Figure 3.1.: Extinction cross sections of Au sphere with diameters: (a)
150nm (b) 250nm and (c) 350nm. The spectra is further decomposed into
contributions from absorption and scattering cross section with the dipole and
quadrupole modes.

Figure 3.2.: Hertz dipole and its influence at a point (r, θ, φ) defined in
spherical coordinate system.
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field has both r and θ components (which are more important for this thesis) and are
given as [75–79]:

Er = I0 dl cosθ e
(j ω t−j β r)

4π ω ε ( β
r2 −

j

r3 ) (3.3a)

Eθ = I0 dl sinθ e
(j ω t−j β r)

4π ω ε (j β
2

r
+ β

r2 −
j

r3 ) (3.3b)

Where, the φ component of the electric field is zero. These equations comprise of different
fields which vary with 1/r3, 1/r2 and 1/r. These are defined as follows [45, 80]:

1. The field which varies as 1/r3, is the electrostatic field. This field is dominant in the
close vicinity of the dipole since its amplitude decreases rapidly as function of distance.
The electrostatic field is inversely proportional to the frequency. As the frequency of the
current approaches zero, this field diverges to infinity. This field is essentially due to the
accumulation of charges on the tip of the antenna and the field acquires its maximum at
the tips of the dipole with a polarisation along the z-axis (θ=0).

2. The induction field varies as 1/r2. This field extends little further than the electrostatic
field but still decays rapidly as a function of distance. The induction field is independent
of frequency. This field has same behavior as the magnetic field obtained from the
Biot-Savart law.

3. Finally the third, radiation field varying as 1/r, extends over farthest distance from
the antenna and is responsible for the radiation of power from the antenna. The radiation
field is proportional to the frequency. This field is therefore practically absent at low
frequencies. This field is essentially a high frequency phenomenon.

The electrostatic and the induction fields together are called the nearfields, and the
radiation fields are called the farfields. The three field become equal in magnitude at a
distance of 1/β = λ/2π = λ/6. The distance within λ/6 is called the near-field zone and
the distance >> λ/6 is called the far-field zone. In the near-field coupling, there are two
modes, the symmetric and asymmetric modes which are discussed in the section that
follows.

3.1.2.1. Near-field coupling

When two nanoantennas are in vicinity of each other, the dipole field of one nanoantenna
is influenced by the neighboring nanoantenna. This influence depends on the size and
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shape of the nanoantennas interacting and also the distance between them. When there
are multiple nanoantennas arranged in a regular array, the individual antenna behavior
is modified by local electric fields that are generated due to the array. Many theoretical
and experimental results have been published in literature that investigate array behavior
of particles in arrays. The two major effects of arrays that have been predicted and
observed were: The red or blue shift of the particle resonance due to the presence of
neighboring particles [68, 81–83] and the collective behavior of the particle array as a
grating, and its effect [65, 67, 84–87]. Both these factors depend on the polarization of
incident light and array i.e. particle arrangement.

Considering the excitation of the antennas with a plane wave at normal incidence, there
are two existent symmetric modes which can be excited by the external electric field.
To explain the coupling between neighboring particles especially in the near-field region
(quasi-static approximation is valid), let’s consider two nanoantennas placed in an electric
(E) field along y-axis. Each nanoantenna acts as a dipole with field distributions (figure
3.3) resonating along the direction of E-field in y-direction. Considering two arrangements
of the adjacent placement of nanoantennas [88–91]:

1. First considering the effect of antennas arranged in series and aligned along the
y-direction (figure 3.3(a)) (head-to-tail configuration). Both nanoantennas have similar
field distribution and in the same direction. If the electron cloud is displaced, then the
restoring force depends directly on the field inside the antenna. Since, the field of one
antenna enhances the field inside the other antenna, the restoring force is increased and
hence resulting in a red shift of resonance frequency [85, 88].

2. Now, considering the effect of antennas arranged next to each other (side-by-side
configuration), as shown in figure 3.3(b). The external field from one, opposes the internal
field of the other. Therefore, reduction in inside field results in increasing resonance
frequency i.e. blue shift.

Similarly, when the distance between the antennas increases, the influence of one antenna
on its neighbor antenna reduces. Hence, the deviation of the antennas resonance frequency
from its individual resonance frequency changes, as explained above, depending on the
arrangement of antennas [65, 88].

The near field coupling discussed till now is the symmetric mode excitation, in which the
dipoles are in same direction and can be excited by a plane wave at normal incidence.
This symmetric near field is minimum in the direction θ = π/2 and maximum in the
directions θ = 0, π. However, along no direction the near field is zero. The near field
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Figure 3.3.: Interacting dipoles activated by light polarized along y-axis
(Ey). The interacting antennas (a) stacked in y-direction and (b) stacked in
x-direction are shown [88].

essentially stores the electromagnetic energy around the dipole but does not contribute
to the power flow from the antenna. Whereas, the other mode i.e. asymmetric mode, is
existent when the dipoles are in opposite direction. Such a dipole arrangement, cannot be
excited by a plane wave at normal incidence. An oblique incidence would be necessary to
introduce a phase difference between neighboring antennas , which would then partially
excite the asymmetric modes.

3.1.2.2. Far-field coupling

When distances are >> λ/6, the dipole field is in the far-field zone. In this zone, only
the radiation field is prominent.
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Figure 3.4.: Hertz dipole radiation directions, showing the spherical nature
of far-field transverse electromagnetic waves.

The far field components of the electric and magnetic fields of a Hertzian dipole are given
as [75–79]:

Eθ = j I0 dl β
2 sinθ e(j ω t−j β r)

4π ω ε r (3.4a)

Hφ = j I0 dl β sinθ e
(j ω t−j β r)

4π r (3.4b)

This radiation or far field equations show that the electric and magnetic fields are
proportional to the rate of change of current or acceleration of charges. Looking at
the directionalities, the wave travelling radially outwards results in the electric field
which is polarised in θ direction and the magnetic field in the φ direction i.e. they are
perpendicular to each other forming a transverse electromagnetic wave, as shown in
figure 3.4. Finally, these fields are not uniform in all directions. It has a maximum along
θ = π/2 and zero along θ = 0, π. Hence, the hertz dipole does not have any radiation
along its axis.

3.1.3. State of the Art

Since the past two decades, a lot of work, both theoretical and experimental, is being
done for the local field enhancement by the localized surface plasmons resonances (LSPR)
occurring at metal nanoparticles, nanostructures and nanoantennas [5, 10, 18, 62–66].
When these nanoparticles or nanoantennas are arranged in an array, they cover large
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areas on the substrate and show resonance effects which arise not only because of their
shape but also due to their array/grating arrangement (i.e. Fano like resonances). These
large arrays of nanoantennas have been studied for circular and rectangular nanoantennas
arranged in a square lattice where their resonances occur mainly in the visible regime
[67, 68]. No systematic study of parameter variations has been carried out yet. So, here,
a systematic study of effect of changes in size, elongation and periodicities is carried out
with the aim to shift the Fano-like resonance in the near infra red regime.
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3.2. Fabrication and structural characterization of
nanoantennas

To shift the extinction maxima (Mie resonances) to the spectral region of 1000−1500nm,
the Mie theory predicts that spheres with a diameter in the range of 250nm are sufficient.
To fabricate such a regular array of nanopoarticles e-beam lightography and a lift off
process is used after gold deposition. Due to this processing technique, the resulting
structures are not really spheres but at best circular disks having a fixed diameter and
height. So, disks of 250nm diameter and 50nm height are considered here as a starting
point for experiments.

Nanoantennas are written on a glass substrate (extra white glass 24mm x 24mm x 1mm
(length x width x height)). The glass is cleaned in ultrasonic bath with acetone for 2mins
and then in isopropanol for 2mins. A first layer, 600k PMMA (AR-P 669.04 from
ALLRESIST GmbH) is spin coated at 5000 rpm for 90 s. Baking of this layer is carried
out for 1hr at 200 ◦C. The sample is then cooled down to room temperature and a second
layer of 950k PMMA (AR-P 679.03 ) is spin coated with same parameters as before
and baked again at 180 ◦C for 1hr. The sample is cooled down to room temperature.
After this, the samples surface is made conductive (to avoid charging during e-beam
lithography) with a layer of SX AR − PC 5000/90.2, spin coated at 2500 rpm for 90 s.
Finally, this coated sample is baked at 105 ◦C for 5mins.

Now, this sample is processed by electron-beam lithography in the RAITH PIONEER
system. The structures are written with an acceleration voltage of 30 kV , a beam current
of 150 pA and an area dose between 1000 and 1500µC/cm2 depending of the structure
sizes. Nanoantennas of the same geometry were produced each in an area of 300µm x
300µm. After removing the conducting layer with water and developing for 1min in
isopropanol; 50nm Au layer with 2− 3nm Cr as interlayer are deposited in a thermal
e-beam evaporator onto the sample. Finally, the remaining photoresist is removed by
acetone and sample is ready for measurement2.

A 2−3nm Cr adhesion layer between glass and Au antennas, does not affect the localized
surface plasmon resonance noticeably [67]. The light optical microscope image of the
sample are shown in the figure 3.6.

To understand the cause of the sharp features that are predicted in literature [67, 68] and
their dependency on different parameters, it is very important to separate the correlated

2All of this processing has been done with help of Dr. Frank Heyroth in collaboration with IZM, Halle.
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Figure 3.5.: Schematic of sample preparation on glass substrate. The process
steps include the PMMA processing layer (all steps explained in corresponding
text), e-beam lithography, Au deposition and lift off process to get nanoantennas.

(a) (b)

Figure 3.6.: Light optical microscope images for (a) the sample with four
antenna area arrangements and (b) a specific area of 300µm x 300µm zoomed
in. The sample marked as C250S900 is for disk shaped antennas with diameter
250nm and a quadratic periodicity of 900nm.

parameters. In other words, the particle volume, particle periodicity and the aspect ratio
have to be considered, one at a time, to understand the influence of each factor on the
spectral features. Keeping this is mind three different sample sets are prepared.
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Table 3.1.: Overview of fabricated Au nanoantennas samples
Samples Period (nm) Length (nm) Figure
Change in S.No. Period x Period y Length x Length y

Set 1: Size

1 900 900 � 250 � 250 3.7(b)
2 900 900 � 225 � 225 -
3 900 900 � 200 � 200 -
4 900 900 � 175 � 175 3.7(a)
5 900 900 � 150 � 150 -

Set 2: Periodicity
1 900 800 � 250 � 250 3.8(a)
2 900 900 � 250 � 250 3.8(b)
3 900 1000 � 250 � 250 3.8(c)

Set 3: Aspect Ratio

1 900 900 225 218 -
2 900 900 245 200 3.9(a)
3 900 900 265 185 -
4 900 900 285 172 3.9(b)
5 900 900 305 160 -
6 900 900 325 150 -
7 900 900 345 140 3.9(c)

3.2.1. Overview of fabricated samples

Three different sets of samples are prepared by e-beam lithography, with specifications
shown in table 3.1. Each set is produced with an aim to alter one spectral feature, i.e.
either shift the single particle resonance or shift and vary the strength of the new grating
resonances.

3.2.2. Change in size

Round disk shaped antennas with diameters of 250nm, 225nm, 200nm, 175nm and
150nm, all with height of 50nm are fabricated. These disks are arranged in a 300µm
x 300µm area with quadratic periodicity (i.e. center to center distance in both x- and
y-direction) of 900nm. The SEM images of two representative samples with disk diameter
of 175nm and 250nm are shown in figure 3.7.
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(a) (b)

Figure 3.7.: SEM images of disk shaped nanoantennas with diameters of (a)
175nm and (b) 250nm arranged quadratically with a period of 900nm. The
dark stripes are charging effects in SEM.

3.2.3. Change in period

The second set of samples comprises of samples in which the periodic arrangement of
nanodisk arrays is varied. All the samples, in this set have a constant disk diameter
and the arrangement periodicity in x-direction is 900nm. Whereas, the periodicity in
y-direction is changed to 800nm, 900nm and 1000nm. The SEM images of the three
samples are shown in figure 3.8.

3.2.4. Change in elongation

Polarization effects can be observed much more clearly when the disks are elongated
in one direction and compressed in the other [88, 89, 92]. So the set 3 of samples,
is comprised of varying aspect ratios of the nanoantennas, while keeping the volume
constant. The samples are written with dimensions (length x width): 225nm x 218nm,
245nm x 200nm, 265nm x 185nm, 285nm x 172nm, 305nm x 160nm, 325nm x 150nm
and 345nm x 140nm. The thickness of Au is 50nm in these samples. The longer axis of
all these samples is defined along y-direction. The SEM images of three representative
samples with dimensions 245nm x 200nm, 285nm x 172nm and 345nm x 140nm are
shown in figure 3.9.
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(a) (b)

(c)

Figure 3.8.: SEM images of Au antennas with same disk diameter of 250nm.
They are arranged with a period of 900nm in x-direction and a period of (a)
800nm , (b) 900nm and (c) 1000nm in y- direction. The dark stripes are
charging effects in SEM.
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(a) (b)

(c)

Figure 3.9.: SEM images of rectangular Au nanoantennas with dimensions
(a) 245nm x 200nm, (b) 285nm x 172nm and (c) 345nm x 140nm. The dark
stripes are charging effects in SEM.
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3.3. Optical characterization by transmission measurements

The characteristic optical extinction of the nanoantennas was investigated by transmission
measurements. It is known from the literature [86, 93, 94] that a homogeneous refractive
index environment is important to achieve narrow structural resonances in nanoparticle
arrays (i.e. they should be embedded in a homogeneous medium). So as to avoid the
smearing out of optical spectral details, a homogeneous embedding and surrounding of
the antennas with a refractive index of 1.5, similar to that of glass substrate is essential.
This section begins with the methods that were used to embed the nanoantennas followed
by the setups used for their characterization. Further, in this section, all the transmission
results from the different antenna arrangements are discussed with respect to theoretical
calculations and in context with contemporary literature.

3.3.1. Embedding the nanoantenna arrays in 1.5 refractive index

After the nanoantennas were fabricated by electron beam lithography and a lift off process
in an area of 300µm x 300µm on glass they had to be covered with a material with
refractive index n=1.5 to get a homogeneous environment of n = 1.5 all around the
antennas. The embedding procedure was carried out in two different ways:
a) A thin (1 cm x 1 cm x 0.1 cm) glass slide is fixed from one side using super glue to the
area of interest, and left to dry. Index matching oil with refractive index of 1.5 is dropped
around the entrance. The glass forms a capillary action which pulls in the oil, hence,
creating a uniform n = 1.5 medium around the antennas. The thickness of the oil layer
is approx. 1mm.
b) A drop of 5wt% PMMA in chloroform is dropped on top of the nanoantennas and
spincoated at 500 rpm for 1min and left to dry overnight. The thickness of the resulting
PMMA layer is 3.4µm± 0.2µm. The antenna samples are now surrounded by a constant
refractive index of 1.5 and taken for transmission measurements.

Both the above methods of embedding the antennas by refractive index of 1.5 give similar
results in transmission measurements that follow.

3.3.2. Transmission measurement setup for nanoantennas

Transmission measurement setup comprises of a halogen lamp as a white light source.
The light from the lamp is collimated using a two lens system. A collimated beam is
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Figure 3.10.: Schematic of the setup used for transmission measurements of
nanoantenna samples

used in order to excite all the antennas with the same phase. This collimated beam of
light enters the sample from the substrate side and exit’s through the PMMA or oil-glass
interface. The transmitted light enters a Mitutoyo 10x (infinity corrected long working
distance) objective and together with a plano-convex lens creates an intermediate image
at the CCD camera. To detect the transmitted intensity the CCD camera is replaced by a
fiber bundle which is placed in the intermediate image plane. The whole 300µm x 300µm
area of antennas is imaged on the fiber bundle with this setup. The transmitted light
from this single region of antennas is guided to a grating spectrometer which is equipped
with single channel photodiode detectors for both near IR and visible wavelengths. Using
a rotatable polarizer allows to control the polarization of the incident light at specific
samples.

3.3.3. Array of nanoantenna disks with 250 nm diameter

The nanoantenna disks with 250nm diameter and 50nm height which are arranged in a
quadratic lattice with a period of 900nm are taken for transmission measurements in
the setup defined above. The experimental transmission intensity is plotted in figure
3.11(a) as a black curve. A broad dip in transmission is observed with a minimum at
1040nm. This broad extinction resonance corresponds to the excitation of the localized
surface plasmon resonance (LSPR) in single Au disks. It has a width of approx. 570nm
which can be seen by fitting a Lorentzian curve to the transmission data. This Lorentzian
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(a) (b)

Figure 3.11.: Transmission data of nanoantenna arrays of 250nm diameter,
arranged quadratically with periodicity of 900nm. (a) The black solid line
shows the transmission measurement. A Lorentzian curve is fit to the spectrum
and is shown in green to depict the extinction spectrum of a single Au-particle
without any other effects. The grating effects are introduced at 1350nm
and 955nm due to first order (1,0) and 2nd order (1,1) grating diffraction.
(b) A finite element calculation (COMSOL) of the extinction of the same
configuration in a restricted spectral range is shown as red line while black
solid line is still the experimental transmission measurement.

Figure 3.12.: The (1,0) and (1,1) diffraction edges and the corresponding
distances between the interacting antenna directions.

fitting approximately coincides with the position of the dipolar resonance from a 250nm
Au spherical particle/nanoantenna, which would appear at 1050nm. As all the higher
orders of quadrapole extinction take place far towards the blue regime, so indeed the
observed dip in transmission (peak in extinction) can be identified as the dipole resonance
contribution from single disk shaped nanoantennas.
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Furthermore, the dashed vertical lines (figure 3.11(a)) at 955nm and 1350nm indicate
the position at which Raleigh (or Woods) anomalies can occur. Raleigh anomalies are
dips in 0. order transmission when a new diffraction order starts to propagate. It is
caused by a redistribution of energies among all the diffraction orders. For the simplest
case, when the wavelength of the light (at normal incidence) is longer than the period of
a grating only the 0. reflection and the 0. transmission orders exist. All other diffraction
orders are evanescent and can not transport energy away from the grating, so that all
incident radiation is transported away in the 0. transmission and reflection orders or
is absorbed within the grating. When the wavelength at normal incidence becomes
shorter than the grating period, then the 1. and -1. diffraction orders in reflection and
transmission can propagate and carry energy. This leaves less energy for the 0. order,
so that at this wavelength a dip in 0. order transmission (which is measured in the
experiments) will appear.

Since in our case, a two dimensional lattice exists, one has to consider different directions
within the 2D-plane to identify lattice planes (or better “lattice lines” in 2D) which act as
“grating”. The lattice planes with the largest period ofd = 900nm are the (1,0) planes,
whose Rayleigh anomaly(RA) should occur at 1.5 ∗ 900 = 1350nm (1.5 is the refractive
index of the grating environment) [64, 95–97]. The next Rayleigh anomaly will occur
for the (1,1) lattice planes and can be predicted at 1.5 ∗ 900 ∗ sin(45◦) = 955nm. The
directions of the lattice planes with corresponding distances are shown in figure 3.12.

Revisiting the transmission curve in figure 3.11 again indeed one observes clear features
in the vicinity of these wavelengths. For wavelength slightly longer than the 1350nm RA
a sharp dip in transmission is formed while for slightly longer wavelengths another small
dip appears. They are on top of the broad underlying single resonance extinction. These
sharp dips are obviously connected with the lattice period and represent surface lattice
resonances (SLR). At this SLR the electron gas in all Au-disks oscillates with the same
phase since the scattered field from neighboring disks arrives with the same phase as the
exciting wave at normal incidence (distance between disks is just about λ). In this way,
the dipoles support their oscillation mutually leading to a strong resonance. Since the
first SLR occurs for wavelength just slightly longer than the first Rayleigh anomaly, only
the 0. diffraction order are able to carry energy away which leads to strongly reduced
scattering losses resulting in a narrow line shape.

A finite element calculation (done by Dr. C. Bohley using COMSOL) of the transmission
through the Au-disk lattice (red curve in figure 3.11) confirms the spectral position of
the SLR. However, the calculated resonance dip appears sharper and deeper than the
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measured one. This is probably due to experimental limitations as the width of the
SLR depends on the amount of nanoantennas oscillating with the same phase, while in
theoretical calculations periodic boundary conditions were applied assuming basically an
infinite amount of resonators. Experimentally, however, the antenna area was only 300µm
x 300µm large. Arranging all disks in lattice lines with a period of 900nm gives therefore
only a finite number of 333 Grating lines. Furthermore, a slight divergence of the beam
will lead to a non-planar wave front, so that slight phase differences in the excitation
of the Au-disks might occurs which also limit the number of constructively interfering
dipoles. These experimental conditions will therefore lead to a “weaker” appearance of
the SLR.

Having a closer look on the line-shape of the SLR a slight asymmetry is observed. The
resonance dip has a sharp rise at short wavelength but a longer tail at longer wavelengths.
This Fano-line shape arises from the coupling of the broad LSPRs resonance with the
lattice resonance, due to which the surface lattice resonances do not exactly coincide
with the Raleigh anomaly but are little bit red shifted [15].

In the vicinity of the (1,1) Rayleigh anomaly such a strong SLR is not observed but a
clear rise in transmission occurs which reduce the single particle resonance within the
range 880nm − 1000nm. Probably the larger scattering losses, which can occur at these
shorter wavelengths in the (1,0), (-1,0), (0,1) and (0,-1) diffraction orders, inhibit the
formation of a strong SLR like for the (1,0) lattice resonance. From now onwards, the
thesis focuses mainly on the pronounced (1,0) resonance and the IR regime.

From the mechanism of the radiation coupling between neighboring nanoantennas the
sensitivity of the SLR with respect to different refractive indices becomes clear. If the
nanoantennas would not be embedded in an homogeneous medium, but arranged on
glass substrate and kept in air, the refractive index step between glass and air in the
surrounding of a nanoparticle array makes the wavelength of light at the two sides (above
and below the air/glass surface), considerably different. This prevents the scattered light
of the dipoles from summing up coherently at their neighbors. Zhukovsky et al. [93, 94]
investigated this index-matching problem theoretically and found, that the larger the
index mismatch is, the sooner the lattice resonance disappears for increasing distance
between the nanoantennas. This is understandable since with rising distance between
the nanoantennas the overall phase difference for scattered light traveling in index area 1
or 2 also increases. If the embedding of the sample would be in a lower refractive index
medium than 1.5, then referring to the theoretical calculation in [94], it can be predicted
for our samples too, that the LSPR will move towards higher frequencies.
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Figure 3.13.: Experimental transmission measurements of 250nm disk arrays
for changing angle of incidence of light on the sample from 0◦ to 10◦.

Figure 3.14.: The dispersion plot of experimental values (squares) received
from figure 3.13. This is superimposed on calculations from a simple Maxwell-
Garnett layer model (solid black lines).

Another set of transmission experiments was carried out by changing the angle at which
light is incident on sample. The incident light angle is changed from normal incidence
(0◦) to higher angles of incidence (2◦, 4◦, 6◦, 10◦). The results are shown in figure 3.13. A
broad resonance centered at 1050nm for all angles is observed, which is followed by two
dips which separate clearly with increasing angle. On increasing the angle of incidence,
the dips on the left side, shift towards blue (shown as blue crosses in figure 3.13) while
there is a red shift of dips on the right hand side (shown by red crosses in figure 3.13).

The array of nanoantennas can interpreted as a two dimensional (2D) flat metallo-
dielectric photonic crystal, where metallic scatterers are periodically arranged. Hence
the work done by the group of Rivas [15, 96, 98], can be a guide line for explaining the
observed splitting and shift. Similar like in a pure dielectric photonic crystal photonic
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bands appear. Within this figure the observed resonances and their splitting correspond
to the excitation of photonic modes. The larger dip moving to long wavelengths (smaller
ω) represents the excitation of modes within the 2nd band while the dip moving to shorter
wavelengths with increasing angle stems from the excitation of the modes in the 3rd band.
These bands form by shifting the dispersion relation by the reciprocal lattice vectors
(-1,0) and (1,0) into the first Brillouin zone.

To support the above interpretation with theoretical calculations, a simple model is
suggested. For the moment, the long wavelength limit is assumed and the disk array is
modeled as an effective medium using the 2D anisotropic Maxwell-Garnett theory from
Part I of this thesis and considering an Au-filling factor of 6% for the Au disks. The layer
comprises Au antennas (rods) embedded in refractive index of 1.5 matrix system. This
layer has two principal dielectric constants (ε‖ eff and ε⊥ eff ), details of which have been
discussed in section 2.1.2.2. Furthermore, it is known that the Maxwell-Garnett model
fits well to ordered structures with low filling factor values. The value of ε⊥ eff to the
surface is calculated, which is then used to plot the dispersion relation of this embedded
layer. The theoretical values are plotted as black line in figure 3.14. The experimental
values are taken from figure 3.13 and plotted in figure 3.14. A reasonably good fitting
with experiments is achieved with this simple model. In figure 3.14, at normal incidence,
the experimental data points should ideally superimpose as in case of theory, but there
is a splitting in the energy values by 0.04 eV . This splitting at normal incidence is the
classical counterpart of Rabi energy splitting [66, 99–101]. Also, a blue shift for surface
lattice resonance fano-line shape g (+1,0) and a red shift for g (-1,0) is confirmed in
literature by Murai et al. [15].

The transmission experiment on 250nm disk diameter and corresponding theoretical
calculation concludes the following points:
1. A Lorentzian peak is a good approximation for fitting the single particle resonance.
2. Two Rayleigh anomalies (1,0) and (1,1) interfere with the Lorentzian peak.
3. A sharp dip corresponding to SLR appears slightly at the longer wavelength side of
the Raleigh anomaly (1,0).

3.3.4. Effect of change in size of Au disk nanoantennas

Antennas in sample set 1 of table 3.1, comprising of varying Au disk diameters are
measured under transmission. The stacked transmission data is shown in figure 3.15(a).
In figure 3.15(b), the single particle resonance is shown as a overlaid Lorentzian (peak
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(a) (b)

Figure 3.15.: (a)Transmission measurements of nanoantenna arrays with
increasing disk diameter from 150nm to 250nm. (b) Lorentzian curve fitting
shows red shift in the corresponding single particle resonance (red crosses) and
enhancement of surface lattice resonance peak (blue crosses).

positions shown as red crosses). A broad resonance centered at approximately 1050nm,
1000nm, 950nm, 900nm and 800nm are observed for 250nm, 225nm, 200nm, 175nm
and 150nm disk diameters, respectively. Relatively sharp spectral peaks (marked as
blue crosses) is observed to the right hand side of the broad resonance. In figure 3.15(b),
these occur at approx. 1400nm for 250nm diameter disks and shift slightly towards the
blue as the diameter reduces. It is also observed that, these sharp features eventually
decay excessively, by the time, the disk diameter reaches 175nm and are almost absent
for 150nm. Finally, some discrepancies in the smooth Lorentzian to the left hand side of
the the broad resonance peak are also observed 3.

As the disk diameter increases a red shift in single particle resonance is observed, which
is also supported by the Mie calculation of extinction for Au spherical particles in
section 3.1.1. As the effective area of disks (used in experiments) interacting with the
incoming light is the similar for the sphere (used for Mie calculation), so the results are
comparative. The Mie theory in figure 3.1(a) and 3.1(b), shows an extinction at 700nm
and 1050nm for spheres of diameters 150nm and 250nm, respectively. At the same
time, the experimental data from figure 3.15(b) shows the single particle resonance at
800nm and 1050nm for disks of diameters 150nm and 250nm, respectively. Moreover,

3The observed spectral details can be clearly seen for data received from one single kind of array disks
(as discussed for φ 250nm in figure 3.11(a)). But as the transmission measurements of different disk
diameter arrays are stacked one on the other to give a better comparison of the samples. This stacking
results in the loss of the exact intensity values and quantitative sharpness of some spectral features
with respect to others.

76



3.3. Optical characterization by transmission measurements

the filling fraction of Au nanoantennas (fφ150nm = 0.087 and fφ250nm = 0.242) is a good
representative for the scattering volume. As the disk diameter reduces, i.e. the packing
density reduces hence resulting in reduced impact from scattering (The figures 3.1(a-c),
calculated using Mie theory show this effect clearly). Furthermore, as the particles are
not so densely packed, therefore, the impact is not so big on the scattering effects.

Also, as the filling fraction decreases for disks with diameters from 250nm to 150nm, the
scattering volume decreases. This leads to a growing spectral separation between single
particle resonance and the RA (1,0) array resonance SLR. The smaller single particle
oscillation amplitude reduces also the scattering,which in turn results in the decay of SLR
related spectral features. Also, this surface lattice resonance is bound by the 1350nm
Raleigh anomaly. Now, as the disk diameter is decreased, the spectral position of the
sharp SLR is slightly blue shifted, but, as its bound to the RA, the spectral feature
becomes less and less pronounced as the diameter of the disks decreases.

Now, considering the RA (1,1) which is at approx. 955nm due to the grating effect. As
the disk diameter decreases, the broad Lorentzian peak, shifts towards blue from 1050nm
to 800nm and passes through the above said fixed RA (1,1). This gives an interference
result of the two spectral features (Lorentzian and RA), hence resulting in the attenuated
peak intensity around this region for lower diameters.

Set 1 of transmission experiments on varying disk diameters while keeping the periodicity
constant, concludes with the following points:
1. As the disk diameter reduces the single particle resonance shifts towards blue.
2. There is a slight blue shift and decline of the intensity in the SLR dips with decreasing
particle diameter.
3. Rayleigh anomalies remain fixed for constant periods and interfere with the scattering
volume effects from the single particle resonances.
4. Mie theory can predict the single particle resonances for larger disks quite well.

3.3.5. Effect of change in periodicity of Au disk nanoantenna arrays

Antennas with disk diameter of 250nm are arranged with different periodicity as stated in
sample set 2 of table 3.1. There are three samples and each one has a periodicity (center
to center distance) of 900nm in x-direction, while, in the y-direction, the periodicity is
800nm, 900nm and 1000nm, respectively. By using two different orthogonal polarization
directions of light the direction of light scattering and the process of coupling between
neighboring antennas can be probed. It is observed that both these polarizations do

77



3. Localized Surface Plasmons on Metal Nanoantenna Arrays

(a) (b)

(c) (d)

Figure 3.16.: Transmission measurements of Set 2: antennas with constant
periodicity of 900nm in x-direction and varying periodicity of 800nm, 900nm
and 1000nm in y-direction. (a)Transmission measurement for light polar-
ized along x-direction and its corresponding (b) schematic for dipole-dipole
resonance parallel to Ex and the net coupling effect is seen in y-direction.
(c)Transmission measurement for light polarized along y-direction and its cor-
responding (d) schematic for dipole-dipole resonance parallel to Ey and the
net coupling effect is seen in x-direction.

not effect the position of the broad single particle resonance and it is always at approx.
1050nm ± 20nm for all the three samples. This is reasonable, since the disks are circular
and do not show any distinguished direction by themselves for normal incidence.

Let’s first look at the transmission results in figure 3.16(a).When the polarizer directs
the incoming light electric field in horizontal direction then a red shift in SLR is observed
for increased center to center distances between the disks along the y-direction. Also, a
decay in intensity of this spectral feature is observed. However, when the electric field is
polarized in vertical direction, the transmission measurement in figure 3.16(c) shows no
change in the spectra for all three samples.
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3.3. Optical characterization by transmission measurements

The cause for this polarization dependence of the SLR-position becomes obvious when
the scattering field of the nanoantennas is studied for both polarizations (Fig. 3.16(d),
Fig.3.16(b)). When the electric field oscillates in horizontal direction, each dipole radiates
mainly sideways (largest amplitude in y-direction). This scattered wave excites the nearest
neighbor nanoantenna in y-direction, which radiates its own scattering field leading to an
efficient radiative coupling of all antennas along the y-direction. Hence, an overall effect of
grating contribution from periodicity in y-direction is observed. As the Rayleigh anomaly
and SLR specifically depend on the periodicity of the arrangement of antennas in coupling
direction, the first order of diffraction (1,0) and SLR is seen at 1.5 ∗ 800 = 1200nm,
1.5 ∗ 900 = 1350nm and 1.5 ∗ 1000 = 1500nm wavelength, respectively for the three
samples. This collective scattering resonance coincides actually with Bragg-scattering at
the (0,1) lattice planes. Furthermore, as the periodicity increases, the distance between
the RA from the single particle resonance location dip also increases. This increased
distance leads to lower LSPR and weaker radiative coupling, hence, leading to lowering
of the SLR intensity far away on the decaying part of single particle resonance.

Similarly, when the electric field of incident light is polarized in vertical direction, the
antenna dipoles resonate parallel to it (figure 3.16(d)), hence, the scattered fields radiate
in x-direction and probing the lattice periodicity along this directions (Bragg-scattering
at (1,0) in x-direction). As each of the three samples have the same periodicity of 900nm
in x-direction, the transmission measurement in figure 3.16(c) shows the same spectral
position of the Rayleigh anomaly of the diffraction order (1,0) at 1350nm.

Similar red shifts, in the extinction spectra have been shown by Auguie et al.[67] for Au
nanoparticle arrays but only in the visible range from 700nm to 800nm for particles
of 123nm x 85nm and 109nm x 94nm, both having height of 35nm and small pitch
variation from 460nm to 540nm.

Set 2 of transmission experiments on varying periodic arrangements of constant disk
diameters, concludes with the following points:
1. SLR is highly dependent on the relation between polarization and grating period.
2. The polarization dependence of the SLR demonstrated that the coupling between the
nanoantennas occurs perpendicular to the oscillation of the dipoles (polarization direction).
These results unambiguously confirm that the coupling between the nanoantennas is
performed over their radiation fields (scattered field). An impact of near field coupling
(which would be largest along the direction of oscillation of the dipoles) was not observed.
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(a) (b)

Figure 3.17.: Optical measurements of Set 3: (a) Schematic for changing
aspect ratio of antennas, keeping volume constant. The light polarization direc-
tion is along the shorter side i.e. x-direction. (b) Transmission measurement
data showing a slight blue shift of SLR with increasing aspect ratio.

(a) (b)

Figure 3.18.: Optical measurements of Set 3: (a) Schematic for the light
polarization direction is along the longer side i.e. y-direction. (b) Transmission
measurement data showing red shift of SLR with increasing aspect ratio.

3.3.6. Effect of change in aspect ratio of Au nanoantennas

The final set, namely set 3 of table 3.1, which contains the antennas with varying aspect
ratio but the same volume as 250nm disk antennas and 900nm quadratic lattice are
compared under transmission. Seven different rectangular dimensions are considered:
(length x width) 225nm x 218nm, 245nm x 200nm, 265nm x 185nm, 285nm x 172nm,
305nm x 160nm, 325nm x 150nm and 345nm x 140nm. The longer side of these rect-
angular antennas is always arranged along y-direction as defined in figures 3.17(a) and
3.18(a).
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It is observed that when the electric field of the incident light is along x-direction i.e.
along the shorter axis of the rectangle, on increasing the aspect ratio, a blue-shifted
resonance with decaying intensity is visible in figure 3.17(b). While, when the electric
field is along y-direction (figure 3.18), i.e. along longer axis, the higher aspect ratio
rectangular antennas exhibit a red shifted spectral feature with increased depth.

Each elongated antenna exhibits a longitudinal resonance (LR) and a transverse resonance
(TR) [102, 103]. In case of LR, there is a red shift for stronger aspect ratios. This also
leads to a red shift of the SLR Fano resonance. On the other hand, the TR leads to a
very small blue shift of the SLR for thinner rods [88, 89]. The possibility to excite either
LR or TR depends upon the direction of polarization of incident light. Similarly, in the
above defined set of experiments, when the antennas are excited along x-direction, the
TR is excited and hence a blue shift is seen. Similarly, for polarization along y-direction
the LR leads to a red shift.

In addition to LR and TR, each nanoantenna acts like a dipole contributing to the radiative
coupling (discussed in section 3.1.2). The volume of all rectangular nanoantennas is the
same, i.e. they have the same scattering volume but as each nanoantenna is elongated
more in one direction, this leads to increased dipole moment i.e. stronger scattering and
creates deeper dips. This also shows the polarization dependence of the far field coupling.
This coupling is strong when the antennas are placed side by side while no coupling is
seen when the antennas are excited head to tail.

In contemporary literature, such extinction measurements have been predicted and
shown experimentally but only till 1000nm wavelength. Vecchi et al. [96] showed
the experimental transmittance for rectangular arrays supported by FTDT calculation
through 2D plasmonic crystal in the range from 500nm to 1000nm for a fixed periodicity
or pitch by varying angle of incidence.
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3.4. Optical characterization by photoluminescence
measurements

Metal nanoantennas show high degree of optical field confinement and high sensitivity to
their local environment just by supporting localized optical modes of surface plasmons.
If any particle having the same resonance frequency, (as that of the said optical modes)
and is placed in vicinity of such antennas, then there is a possibility of luminescence
enhancement. This possibility is explored in this section of the thesis.

3.4.1. Embedding in PMMA containing PbS quantum dots

PbS quantum dots (due to its size dispersion) show strong photoluminescence in the
range from 1300nm to 1600nm. The PL spectrum for PbS embedded in PMMA on glass
is shown in figure 3.19. The large spectral range of the luminescence is caused by the size
dispersion of the PbS particles. In this thesis, a possibility to exploit the constructive
interference of the dipole scattering fields and the luminescence enhancement of PbS
quantum dots has been explored. The PL peak lies towards the red side of the single
particle Au extinction and in the range of the SLR.

Various samples with different concentrations of PbS in PMMA are prepared and PL
is measured. The higher PL intensity is observed for the sample prepared by mixing
20µlts of PbS (received from evident technologies) is added to 1mlts of 5wt% PMMA
in chloroform, giving, 2 ∗ 1022 PbS nanoparticles per m3 of PMMA. This solution is spin
coated onto the sample of interest at 500 rpm for 1min to achieve 3.2 ± 0.2µm layer
thickness. The samples are left to dry overnight in Ar atmosphere 4.

3.4.2. µ-Photoluminescence setup

A He-Ne laser (633nm) is used as the exciting laser for the PMMA-PbS embedded Au
nanoantenna samples since its wavelength is absorbed well by the PbS but not by the
PMMA. The laser passes through a chopper and a series of aperture and beam splitter.
Finally, light is focused onto the sample by the Mitutoyo 10 x (infinity corrected long
working distance) objective. To easily locate the area of interest of nanoantennas, the

4Ar atmosphere is important to avoid the degradation of PbS quantum dots in air.
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Figure 3.19.: Photoluminescence of PbS quantum dots embedded in PMMA
and spin coated on glass substrate.

Figure 3.20.: Schematic of the µ-PL setup.

sample is mounted onto a xyz-translation stage. The area can be viewed on a CCD
camera when a halogen lamp is shown from backside of the sample.

A laser spot size of 50µm is focused onto this area of interest. When only laser is incident
onto the sample, the light emitted from the sample after the absorption of photons is
reflected back, this light propagates through a series of beam splitters, mirrors, iris and
lenses to enter the monochromator (SP2558 Princeton Instruments). This intensity is
finally plotted w.r.t. the wavelength.
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(a)

(b)

Figure 3.21.: (a)Transmission measurement and corresponding (b) PL spec-
tra of samples comprising of varying antenna diameters from 175nm to 250nm.
The increase in size gives a red shift in transmission and PL peak position

3.4.3. Effect of change in size of disk shaped antennas

The disc shaped antennas with varying diameters of 250nm, 225nm, 200nm and 175nm
with a quadratic periodicity of 900nm are embedded in PMMA layer which contains PbS
quantum dots. The resulting µ-PL spectra (figure 3.21(b)) show rather broad enhanced
emission peaks on top of the wide unperturbed PbS-particle emission with enhancement
ratios of 3.35, 2.08, 1.37 and 1.13 for 250nm, 225nm, 200nm and 175nm antennas,
respectively (table 3.2) with respect to PbS-PMMA background (i.e. without any Au
nanoantennas). These also show a blue shift with decreasing diameter.

Comparing these emission spectra with the extinction from figure 3.21(a), a clear spectral
correspondence of transmission dips (i.e. extinction peaks) and emission peaks is observed,
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Table 3.2.: Enhancement Ratio values of sample’s with varying disk diameter
S.No. Au Nanoantenna Peak Position Enhancement ratio

(w.r.t. PbS-PMMA background)
1. � 250nm 1404nm 3.35
2. � 225nm 1386nm 2.08
3. � 200nm ∼ 1370nm 1.37
4. � 175nm ∼ 1367nm 1.13

(a) (b)

Figure 3.22.: Disk 250nm with quadratic periodicty of 900nm are pumped
with laser (a) The experimental peak position of the PL curve obtained from
area of sample with (red) and without (black) nanoantennas is plotted . The
last point shows the breakdown power. (b) The corresponding light optical
image of the burnt sample after breakdown.

plus, a similar behavior of enhancement of the spectra is seen. Apart from this, the blue
shift of the peaks with decreasing particle size coincides with the original speculation of an
emission enhancement due to collective particle plasmon oscillations of the nanoantennas.

Furthermore, to see the effect of optical pumping on the PbS-PMMA embedded samples,
a chosen area with disc diameter of 250nm and for reference, an area without any
antennas is compared. Both these areas are pumped with 700nm fs-laser, starting with
lowest possible power to a maximum power of 10mW/cm2. The PL intensity is plotted
with respect to the log of pumping power (figure 3.22(a)). There is surely an increase in
intensity of PL with increase in pumping power but still there is no distinct difference in
the slopes of the line with Au antennas and that containing no antennas. The last point
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of measurement shows the power at which the sample burns (shown in figure 3.22(b)),
and hence, it is the maximum power that can be used for these samples.

The group of T.W. Odum reported in their paper by Zhou et al. [68], that they observed
similar transmission dependance of the samples as done in this part of our work. However,
they focused on shorter wavelengths and the SLR of their structures appeared around
a wavelength of 900nm, which is a spectral range not yet applicable for Si-photonics.
The advantage of this shorter wavelengths was, that they could use the laser dye IR-
140 as efficient emitter [68]. For small excitation intensities, similar PL enhancement,
is observed like for our PbS embedded nanoantenna arrays. However, increasing the
excitation intensity (with fs-laser), they could demonstrate line narrowing and finally
lasing from their nanoantenna arrays [68] while this was not observed in my PbS embedded
nanoantenna array. The difference might lie in the quantum efficiency of the IR-140 dye
with respect to the PbS quantum dots that were used differently.

3.4.4. Effect of change in aspect ratio antennas

The disc shaped antennas with diameter of 250nm arranged with a quadratic periodicity
of 900nm are compared with aspect ratio changed rectangular antennas 245nm x 200nm
and 285nm x 172nm. All are embedded in PbS-PMMA layer of 3.2± 0.2µm thickness
and then the samples are taken for µ-PL measurement. The spectra show rather broad
enhanced emission peaks (figure 3.23(b)) on top of the wide unperturbed PbS-particle
emission as discussed in figure 3.11(a). Here, the PL spectra are normalized with the PL
spectra received from unstructured area of the sample.

Also, no polarization dependency is shown here5, as a unpolarized laser is used . Compar-
ing these emission spectra with the transmission from figure 3.17 and 3.18 a clear spectral
correspondence of transmission dips (i.e. extinction peaks) and emission peaks can be
observed. As the aspect ratio increases, there is a red shift in emission spectra of the
PbS embedded in PMMA. This red shift corresponds to the red shift in the transmission
spectra.

5Polarization dependance PL results showed no clear signs of contribution of the aspect ratio/direction-
ality.
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(a)

(b)

(c)

Figure 3.23.: Comparison of discs with diameter of 250nm with rectangular
antennas of increasing aspect ratio from 245nm x 200nm to 285nm x 172nm .
(a)Transmission measurement for Ey polarization; (b) the corresponding PL
spectra of all three samples. A red shift is observed with increasing aspect ratio
and (c)Transmission measurement for Ex polarization.
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3.5. Summary of Part II

In this section, coupling of nanoantennas in the IR regime has been studied. Three
different experimental sets were investigated comprising of variation in size, periodicity
and aspect ratio which have been analyzed to clarify the behavior of nanoantennas. In all
the samples, a localized surface plasmon resonance of the single particles and a sharper
surface lattice resonance exhibiting a fano line shape are clearly visible. The fano lines are
formed due to coupling of localized surface plasmon resonance with a grating resonance
and appear at the long wavelength side of the Raleigh anomaly.

A single particle resonance of a 250nm disk centered at 1050nm fits well with a Lorentzian
curve. Two spectral features of (1,1) and (1,0) Raleigh anomaly (for 900nm periodicity)
are observed at 955nm and 1350nm with the surface lattice resonance to the red side of
the Raleigh anomaly. On reducing the size of the disks (same periodicity), a blue shift
of single particle resonance and a smaller blue shift of the surface lattice resonance are
observed.

Increasing the periodicity, in just one direction, of nanoantenna disk (diameter 250nm)
arrays from 800nm to 1000nm, showed polarization dependent red shift of the Raleigh
anomaly’s and hence resulting in red shift of the surface lattice resonance by radiative
coupling.

Further, when the aspect ratio of the antennas is increased (keeping the volume same
as that of disks and the electric field of incident light parallel to the longer axis), a red
shift is observed, again depending on the polarization of the incident light. The far
field coupling between the adjacent nanoantennas is confirmed due to the distant charge
coupling in direction perpendicular to the oscillation.

Finally, the micro-photoluminescence measurements using PbS quantum dots embedded
in PMMA to embed the nanoantenna samples, show similar trends as that for transmission.
Decreasing size shows blue shift with reduction in intensity, while increasing the aspect
ratio shows a red shift in PL intensity around the resonance frequency of PbS.
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In this work, several strategies to control the dispersion of surface plasmons on gold
layers and antennas have been explored. The experimental data were mainly compared
with simple theoretical calculations based on effective medium theories and Mie theory
which showed already good agreement with the experiment.

In the first part, the possibility to tune the SP dispersion towards the near IR is
successfully explored by changing the porosity of metal. The tendency of a red shift
of the dispersion was shown as a concept for nanoporous metals, it works in principle.
However, porosities are not high enough to shift the limiting SP-frequency ωsp into
near IR. Although, the limiting SP-frequency ωsp at the nanoporous Au/Si interface
should shift to 1.1 eV and coincide with the spectral range of silicon luminescence, an
enhancement of the Si luminescence could not be clearly observed. To extend the surface
plasmons resonances further to the IR and make it potentially attractive for applications
in Si photonics, arrays of nanoantennas were investigated.

By changing size, periodicity and aspect ratio of Au-nanoantennas the tunability of
localized surface plasmon resonances (LSPR) and surface lattice resonances (SLR) is
investigates. A red shift of single particle resonances is seen by increasing the size of the
Au-disks from 150nm to 250nm. Increasing the periodicity in one dimension showed the
effect of the radiative coupling between the nanoantennas having a direct impact on the
spectral position of the Rayleigh anomaly (RA), and hence, shifting the surface lattice
resonance to the red side. Finally, the red shift of surface lattice resonance was shown
for samples with higher aspect ratio for polarization along the long axis. These results
were used in conjunction with PbS-quantum dots embedded in PMMA to investigate
the luminescence enhancement connected with the surface lattice resonance. Indeed, 3.4
folds enhancement at wavelengths around 1400nm was observed and its dependence on
the surface lattice resonance was confirmed by comparing the spectral shift in micro-
photoluminescence spectra with the surface lattice resonance shift in transmission spectra
for different nanoantenna arrays.

This study has shown that surface plasmon dispersion and resonances can be tuned
effectively from the visible to the near infra red using nanoporosity and nanoantenna
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arrays. This tunability might be the basis for the future combination of the areas of
plasmonics with the field of Si-photonics.

Outlook: Basic principles for the tunability of dispersion relation have been successfully
explained in this thesis, and they have worked in principle. But still there is lot of scope
for further improvements.

For example, a possibility of continuing this work by carrying out polarization dependence
of PL spectra for changing periodicity and aspect ratio samples would be good to
understand which direction contributes more to the PL and how it grows with the
transmission data. Furthermore, other coupling quantum dots and/or dyes which would
have higher quantum efficiencies in the IR region should be used, to see if lasing is
possible for nanoantenna arrays within the near IR.

1. Also, for more realistic experimentation with view towards Si waveguides, it would be
good to work with Si and not glass. But with the knowledge of the results shown in this
thesis, such structures can be put on oxidized Si waveguides. Such an arrangement is
expected to couple the radiation fields into the Si waveguides.

2. Other idea would be to bring together the near and far field effects using double
antennas together with radiative coupling. This is expected to give higher enhancement
effects. A total enhancement like this, would create not just near fields, but also, hot
spots for Raman detection.

3. Another aspect which has not been addressed in this thesis, is the influence of other
metals with a more industrial application point of view. It is known that, Au has diffusion
problems when directly coupled with Si. It has been estimated by Boltasseva [29] group
that TiN could outperform the plasmonic properties of Au, so it would be really good for
semiconductor industry applications while avoiding the Si poisoning. Nevertheless, the
basic principles of physics from the work of this thesis would be still valid and can be
easily extended to other plasmonic systems like TiN, Al doped ZnO, etc.
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A. Wave equation to surface plasmon
equation

In absence of external charge and current the maxwell equations reduce to [7–9]:

∆X∆XE = −µ0(∂
2D

∂t2
); (A.1)

Using mathematical identities and remembering that due to absence of external field
∆.D = 0, and there is negligible change of dielectric profile ε = ε(r) over distances on
the order of one optical wavelength, we get:

∆2E − ε/c∂
2E

∂t2
= 0; (A.2)

This equation can be solved separately for regions of constant ε. A harmonic time
dependency of electric field is assumed with E(r, t) = E(r)e(−iwt) to yield the Helmholtz
equation.

∆2E + k2
0εE = 0; (A.3)

A one dimensional case (i.e. ε depends only on one coordinate) is studied here. The
propagation of wave is along x-direction, and no spatial variation along y-direction,
therefore, ε = ε(z).

Propagating wave can be defines as E(x, y, z) = E(z)e(ikxx), where β = kx is the
propagation constant corresponding to the wave vector in the direction of propagation.

∂2E(z)
∂z2 + (k2

0ε− k2
x)E = 0; (A.4)

Figure A.1.: 1D wave propagation geometry, with wave propagating along
x-direction
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A.1. TM or P modes

This equation gives the general solution of guided electromagnetic waves. Due to
symmetricity, the different components of E and H can be found as

∂2Ex
∂z2 −

∂2Ez
∂x2 = iωµ0Hy;

∂2Hx

∂z2 −
∂2Hz

∂x2 = −iωεε0Ey; (A.5)

These two equations are symmetric in x,y,z and their corresponding equations can be
achieved by replacing x with y and y with z in rotation. The above equations can be
simplified by introducing the two facts
i. Wave propagation in x direction gives ∂

∂x = ikx and
ii. Homogeneity in y-direction gives ∂

∂y = 0.

The solutions hence would show two sets of self consistent solutions with different
polarization properties of propagating waves.

A.1. TM or P modes

These modes are defined as Ex, EzandHy 6= 0, the governing equations reduce for TM
modes to

Ex = −i 1
ωεε0

∂Hy

∂z
;Ez = − kx

ωεε0
Hy; (A.6)

and hence the wave equation is

∂2Hy

∂z2 + (k2
0ε− k2

x)Hy = 0; (A.7)

Considering, surface plasmon propagation at a single flat interface between a dielectric
(ε2, z>0) and conducting half space (ε1,z<0). Then, the propagating wave solutions
confined to the interface in TM solutions for z > 0 are given from equation A.7

Hy(z) = A2 e
ikxx−k2z; (A.8a)

Ex(z) = −iA2
k2

ωε0ε2
eikxx−k2z; (A.8b)

Ez(z) = −A1
β

ωε0ε2
eikxx−k2z; (A.8c)
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A. Wave equation to surface plasmon equation

For z < 0, and ki = kz,i(i = 1, 2) is the component of wave vector perpendicular to the
interface in the two media.

Hy(z) = A1 e
ikxx−k1z; (A.9a)

Ex(z) = −iA1
k1

ωε0ε1
eikxx−k1z; (A.9b)

Ez(z) = −A1
kx

ωε0ε1
eikxx−k1z; (A.9c)

Continuity of Hy and εiEz; and at interface

A1 = A2 (A.10a)
k2
k1 = − ε2

ε1 (A.10b)

Furthermore, the confinement of the wave to the surface means, that the real part of the
dielectric properties between material interface are of opposite signs, i.e. Re[ε1] < 0 if
ε2 > 0.

Now, equation A.7 yields:

k2
1 = k2

x − k2
0ε1 (A.11a)

k2
2 = k2

x − k2
0ε2 (A.11b)

From equations A.10 and A.11, we get

kx = k0

√
ε1 ∗ ε2
ε1 + ε2

(A.12)

where, ε2 is a complex entity, therefore, β is also complex. The above equations are for
wave vector along x-direction. Similarly, solving for wave-vector along z-direction, we get

kzi = k0

√
ε2
i

ε1 + ε2
(A.13)

where, i can be either 1 (metal) or 2 (dielectric), depending on the region of interest.

For Bound modes, kzi should be imaginary with ε1 + ε2 < 0
and kzi = ±

√
(εi ∗ k2

0)− k2
x ⇒| kx |> k0 ∗

√
εi where the + is for z < 0 and − for z > 0.
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A.2. TE or S modes

Also, kx should be real, so ε1 < 0 all this together gives a condition for bound surface
plasmon mode as ε1 < −ε2

A.2. TE or S modes

In these modes Hx, HzandEy 6= 0, As above

∂2Ey
∂z2 + (k2

0ε− k2
x)Ey = 0; (A.14)

For z > 0:

Ey(z) = A2e
ikxx−k2z; (A.15a)

Hx(z) = −iA2
k2
ωµ0

eikxx−k2z; (A.15b)

Hz(z) = A2
kx
ωµ0

eikxx−k2z; (A.15c)

For z < 0:

Ey(z) = A1e
ikxx+k1z; (A.16a)

Hx(z) = iA1
k1
ωµ0

eikxx+k1z; (A.16b)

Hz(z) = A1
kx
ωµ0

eikxx+k1z; (A.16c)

Continuity at the interface for Ey and Hx leads to A1(k1 + k2) = 0. Also for the
confinement condition to be fulfilled Re[k1] > 0 and Re[k2] > 0, which is possible for
A1 = A2 = 0. Therefore, no surface modes exist for TE polarization, and surface plasmon
polaritons exist only for TM polarization.

95



B. Dispersion relation in MATLAB

B.1. Angle resolved simulation by Bruggeman and
Maxwell-Garnett Model

Angle resolved simulation by Bruggeman Model

e3=1;
e a i r =1;
e1 =2.25;
d=120;
ed=e a i r ;
c=3∗10^17; % ve l o f l i g h t in nm/ s
g1=42∗pi /180 ;
g2=60∗pi /180 ;
s=1∗pi /180 ;
theta=g1 : s : g2 ;
hold on
%f i d = fopen ( ’ e_per_lambda . txt ’ , ’ a+ ’) ;
e p s i n f i n i t y =1.53; lambdap=145;gammap=17000;A1=.94;
phi1=−pi /4 ; lambda1=468;
gamma1=2300;A2=1.36; phi2=−pi /4 ; lambda2=331;
gamma2=940;
f o r i i =1:340
lambdaa ( i i )=200+ i i ∗(1400−200)/340;
lambda=lambdaa ( i i ) ;
e p s i l o n ( i i )= ep s i n f i n i t y −1/lambdap^2/(1/ lambda^2+sq r t (−1)/gammap/lambda)+
A1/lambda1 ∗ ( ( exp ( sq r t (−1)∗phi1 )/(1/ lambda1−1/lambda−s q r t (−1)/gamma1)+
( exp(− s q r t (−1)∗phi1 )/(1/ lambda1+1/lambda+sq r t (−1)/gamma1))))+
A2/lambda2 ∗ ( ( exp ( sq r t (−1)∗phi2 )/(1/ lambda2−1/lambda−s q r t (−1)/gamma2)+
( exp(− s q r t (−1)∗phi2 )/(1/ lambda2+1/lambda+sq r t (−1)/gamma2 ) ) ) ) ;
e2=ep s i l o n ( i i ) ;
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B.1. Angle resolved simulation by Bruggeman and Maxwell-Garnett Model

w=2∗pi ∗c/lambda ; % omega
f =0.5;% f=1 means 100 % pure gold
M=(3∗ f −1)∗e2+(2−3∗ f )∗ e3 ;
v=(M^2)+8∗ e2∗ e3 ;
vo l=imag (v ^ 0 . 5 ) ;
%mol=imag (M) ;
i f vol<0

e2brug=(M−(v ^ 0 . 5 ) ) / 4 ;
e l s e

e2brug=(M+(v ^0 . 5 ) ) / 4 ;
end

kx=(w/c )∗ ( ( e1 )^0 . 5 )∗ s i n ( g1 ) ; % +ve
kz1=(((w^2/c ^2)∗ e1)−kx ^2 )^0 . 5 ; %( i s r e a l number )
kz2=(((w^2/c ^2)∗ e2brug)−kx ^2 )^0 . 5 ; %( i s a Complex no . )
kz3=(((w^2/c ^2)∗ e3)−kx ^2 )^0 . 5 ; %(should be pure ly imaginary )
A=(1−((kz2∗ e1 )/ ( kz1∗ e2brug )))−(1+(( kz2∗ e1 )/ ( kz1∗ e2brug ) ) )∗
( kz3∗e2brug−kz2∗ e3 )/ ( kz3∗ e2brug+kz2∗ e3 )∗ exp (2 i ∗kz2∗d ) ;
B=(1+((kz2∗ e1 )/ ( kz1∗ e2brug )))−(1−(( kz2∗ e1 )/ ( kz1∗ e2brug ) ) )∗
( kz3∗e2brug−kz2∗ e3 )/ ( kz3∗ e2brug+kz2∗ e3 )∗ exp (2 i ∗kz2∗d ) ;
Hry =A/B;
y=abs (Hry ) ;
x=lambda ;
%f p r i n t f ( f i d , ’%E\n ’ , x ) ;
p l o t (x , y ) ;
end
%f c l o s e ( f i d ) ;

Angle resolved simulation by Maxwell-Garnett Model

d=60;% th i ckne s s o f l a y e r in nm
c=3∗10^17; % ve l o f l i g h t in nm/ s
e1 =2.25; % ep s i l o n f o r g l a s s
e a i r =1; e3=e a i r ; ed=e a i r ; % ep s i l o n value o f a i r
t1=42∗pi /180 ;
t2=57∗pi /180 ;
s=1∗pi /180 ;
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B. Dispersion relation in MATLAB

theta=t1 ;%: s : t2 ;
f =0.50;% percentage o f a i r
hold on
e p s i n f i n i t y =1.53; lambdap=145;gammap=17000;A1=.94;
phi1=−pi /4 ; lambda1=468;
gamma1=2300;A2=1.36; phi2=−pi /4 ; lambda2=331;
gamma2=940;
f o r i i =1:540
lambdaa ( i i )=496.28+ i i ∗(2000−496.28)/540;
lambda=lambdaa ( i i ) ;
e p s i l o n ( i i )= ep s i n f i n i t y−
1/ lambdap^2/(1/ lambda^2+sq r t (−1)/gammap/lambda)+
A1/lambda1 ∗ ( ( exp ( sq r t (−1)∗phi1 )/(1/ lambda1−1/lambda−s q r t (−1)/gamma1)+
( exp(− s q r t (−1)∗phi1 )/(1/ lambda1+1/lambda+sq r t (−1)/gamma1))))+
A2/lambda2 ∗ ( ( exp ( sq r t (−1)∗phi2 )/(1/ lambda2−1/lambda−s q r t (−1)/gamma2)+
( exp(− s q r t (−1)∗phi2 )/(1/ lambda2+1/lambda+sq r t (−1)/gamma2 ) ) ) ) ;
ego ld=ep s i l o n ( i i ) ;
e_ l l=f ∗ e a i r+(1− f )∗ ego ld ;
e_per=ego ld ∗(((1+ f )∗ e a i r+(1− f )∗ ego ld )/((1− f )∗ e a i r+(1+f )∗ ego ld ) ) ;
w=2∗pi ∗c/lambda ; % omega
f o r g=1: l ength ( theta ) ;

g1=theta ( g ) ;
kx=(w/c )∗ ( ( e1 )^0 . 5 )∗ s i n ( g1 ) ;
kz3=(((w^2/c ^2)∗ ed)−kx ^2 )^0 . 5 ;
kz2=(((w^2/c ^2)∗ e_per)−(e_per/ e_l l )∗kx ^2 )^0 . 5 ;
kz1 =(((w^2/c ^2)∗ e1)−kx ^2 )^0 . 5 ; %( i s r e a l number )
A=(1−((kz2∗ e1 )/ ( kz1∗e_per )))−(1+(( kz2∗ e1 )/ ( kz1∗e_per ) ) )∗
( kz3∗e_per−kz2∗ e3 )/ ( kz3∗e_per+kz2∗ e3 )∗ exp (2 i ∗kz2∗d ) ;
B=(1+((kz2∗ e1 )/ ( kz1∗e_per )))−(1−(( kz2∗ e1 )/ ( kz1∗e_per ) ) )∗
( kz3∗e_per−kz2∗ e3 )/ ( kz3∗e_per+kz2∗ e3 )∗ exp (2 i ∗kz2∗d ) ;
Hry =A/B;

x=lambda ;
y=abs (Hry ) ;
p l o t (x , y ) ;

end
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B.2. Wave vector by Bruggeman and Maxwell-Garnett Model

B.2. Wave vector by Bruggeman and Maxwell-Garnett Model

Wave vector by Bruggeman model

%Def in ing v a r i a b l e s
d=120;% th i ckne s s o f l a y e r in nm
c=3∗10^17; % ve l o f l i g h t in nm/ s %e1=2.25; % ep s i l o n f o r Ge
e3=1; % ep s i l o n value o f S i 12 .25
e4=1;
hold on
%f i d = fopen ( ’Au60min_x2 . txt ’ , ’ a+ ’) ;
e p s i n f i n i t y =1.53; lambdap=145;gammap=17000;A1=.94;
phi1=−pi /4 ; lambda1=468;
gamma1=2300;A2=1.36; phi2=−pi /4 ; lambda2=331;
gamma2=940;
f o r i i =1:300
lambdaa ( i i )=400+ i i ∗(1900−400)/300;
lambda=780;%lambdaa ( i i ) ;
e p s i l o n ( i i )= ep s i n f i n i t y−
1/ lambdap^2/(1/ lambda^2+sq r t (−1)/gammap/lambda)+
A1/lambda1 ∗ ( ( exp ( sq r t (−1)∗phi1 )/(1/ lambda1−1/lambda−s q r t (−1)/gamma1)+
( exp(− s q r t (−1)∗phi1 )/(1/ lambda1+1/lambda+sq r t (−1)/gamma1))))+
A2/lambda2 ∗ ( ( exp ( sq r t (−1)∗phi2 )/(1/ lambda2−1/lambda−s q r t (−1)/gamma2)+
( exp(− s q r t (−1)∗phi2 )/(1/ lambda2+1/lambda+sq r t (−1)/gamma2 ) ) ) ) ;
e2=complex ( r e a l ( e p s i l o n ( i i ) ) , imag ( ep s i l o n ( i i ) ) ) ;
w=2∗pi ∗c/lambda ;

f =0.5;% f=1 means 100 % pure gold
M=(3∗ f −1)∗e2+(2−3∗ f )∗ e4 ;
v=(M^2)+8∗ e2∗ e4 ;
vo l=imag (v ^ 0 . 5 ) ;

i f vol <0
e2brug=(M−(v ^ 0 . 5 ) ) / 4 ;

e l s e
e2brug=(M+(v ^0 . 5 ) ) / 4 ;

end
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B. Dispersion relation in MATLAB

A=(e2brug∗ e3 )/ ( e3+e2brug ) ;
kx=(w/c )∗ (A^0 .5 )∗10^3 ;

x=r e a l ( kx )
y=1240.7/ lambda ;

%f p r i n t f ( f i d , ’%E\n ’ , x ) ;
p l o t (x , y ) ;

end
%f c l o s e ( f i d ) ;

Wave vector by Maxwell-Garnett Model

e a i r =1;
f =0.5;% percentage o f a i r
ed=e a i r ;
c=3∗10^17; % ve l o f l i g h t in nm/ s
hold on
%f i d = fopen ( ’ e_per_lambda . txt ’ , ’ a+ ’) ;
e p s i n f i n i t y =1.53; lambdap=145;gammap=17000;A1=.94;
phi1=−pi /4 ; lambda1=468;
gamma1=2300;A2=1.36; phi2=−pi /4 ; lambda2=331;
gamma2=940;
f o r i i =1:340
lambdaa ( i i )=200+ i i ∗(1900−200)/340;
lambda=780; %lambdaa ( i i ) ;
e p s i l o n ( i i )= ep s i n f i n i t y−
1/ lambdap^2/(1/ lambda^2+sq r t (−1)/gammap/lambda)+
A1/lambda1 ∗ ( ( exp ( sq r t (−1)∗phi1 )/(1/ lambda1−1/lambda−s q r t (−1)/gamma1)+
( exp(− s q r t (−1)∗phi1 )/(1/ lambda1+1/lambda+sq r t (−1)/gamma1))))+
A2/lambda2 ∗ ( ( exp ( sq r t (−1)∗phi2 )/(1/ lambda2−1/lambda−s q r t (−1)/gamma2)+
( exp(− s q r t (−1)∗phi2 )/(1/ lambda2+1/lambda+sq r t (−1)/gamma2 ) ) ) ) ;
ego ld=ep s i l o n ( i i ) ;
e_ l l=f ∗ e a i r+(1− f )∗ ego ld ;
e_per=ego ld ∗(((1+ f )∗ e a i r+(1− f )∗ ego ld )/((1− f )∗ e a i r+(1+f )∗ ego ld ) ) ;
w=2∗pi ∗c/lambda ; % omega
A=ed−e_per ;
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B.3. Transmission Calculation

B=ed−( e_ l l ∗e_per/ed ) ;
kx=(w/c )∗ ( ( e_ l l ∗A/B) ^ 0 . 5 ) ;
kzd=(((w^2/c ^2)∗ ed)−kx ^2 )^0 . 5 ;
kzm=(((w^2/c ^2)∗ e_per)−(e_per/ e_l l )∗kx ^2 )^0 . 5 ;
%y=r e a l ( e_per ) ;
y=1240.7/ lambda ;
x=r e a l ( kx )
%f p r i n t f ( f i d , ’%E\n ’ , x ) ;
p l o t (x , y ) ;

end
%f c l o s e ( f i d ) ;

B.3. Transmission Calculation

%Def in ing v a r i a b l e s
c l e a r a l l
d=120;% th i ckne s s o f l a y e r in nm
c=3∗10^17; % ve l o f l i g h t in nm/ s
e1=1; % ep s i l o n f o r g l a s s
e3=1; % ep s i l o n value o f a i r
t1=0;
theta=t1 ;
g1=theta ;%: s : t2 ;
hold on
f i d = fopen ( ’Trans_Au46_y . txt ’ , ’ a+ ’) ;
e p s i n f i n i t y =1.53; lambdap=145;gammap=17000;A1=.94; phi1=−pi /4 ;
lambda1=468;gamma1=2300;A2=1.36; phi2=−pi /4 ; lambda2=331;gamma2=940;
f o r i i =1:700
lambdaa ( i i )=300+ i i ∗(1800−300)/700;
lambda=lambdaa ( i i ) ;
e p s i l o n ( i i )= ep s i n f i n i t y −1/lambdap^2/(1/ lambda^2+sq r t (−1)/gammap/lambda)+
A1/lambda1 ∗ ( ( exp ( sq r t (−1)∗phi1 )/(1/ lambda1−1/lambda−s q r t (−1)/gamma1)+
( exp(− s q r t (−1)∗phi1 )/(1/ lambda1+1/lambda+sq r t (−1)/gamma1))))+
A2/lambda2 ∗ ( ( exp ( sq r t (−1)∗phi2 )/(1/ lambda2−1/lambda−s q r t (−1)/gamma2)+
( exp(− s q r t (−1)∗phi2 )/(1/ lambda2+1/lambda+sq r t (−1)/gamma2 ) ) ) ) ;
e2=complex ( r e a l ( e p s i l o n ( i i ) ) , imag ( ep s i l o n ( i i ) ) ) ;
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B. Dispersion relation in MATLAB

%fo r j j =1:100
% theta ( j j )=42+ j j ∗(52−42)/100;
%f o r g=1: l ength ( theta ) ;
w=2∗pi ∗c/lambda ; % omega
f =0.5;% f=1 means 100 % pure gold
M=(3∗ f −1)∗e2+(2−3∗ f )∗ e3 ;
v=(M^2)+8∗ e2∗ e3 ;
vo l=imag (v ^ 0 . 5 ) ;
%mol=imag (M) ;
i f vol<0

e2brug=(M−(v ^ 0 . 5 ) ) / 4 ;
e l s e

e2brug=(M+(v ^0 . 5 ) ) / 4 ;
end

RE=( r e a l ( e2brug ) ) ^ 2 ;
IE=(imag ( e2brug ) ) ^ 2 ;
UN = RE + IE ;
n=(0.5∗ ( UN^0.5 + RE^0.5 ) ) ^ 0 . 5 ;
s =(0.5∗ ( UN^0.5 − RE^0.5 ) ) ^ 0 . 5 ;
t1 =2∗3.5/(3.5+n ) ;
t3=2∗n/(1+n ) ;

g1=0;%theta ( g ) ;
kx=(w/c )∗ ( ( e1 )^0 . 5 )∗ s i n ( g1 ) ; % +ve
%kz1 =(((w^2/c ^2)∗ e1)−kx ^2 )^0 . 5 ; %( i s r e a l number )
kz2 =(((w^2/c ^2)∗ e2brug)−kx ^2 )^0 . 5 ; %( i s a Complex no . )
%kz3 =(((w^2/c ^2)∗ e3)−kx ^2 )^0 . 5 ; %(should be pure ly imaginary )
Int=(t1 ∗ t3 ∗exp(−imag ( kz2 )∗d ) ) ^2 ;
x=lambda;%g1 ;
y=Int ;
%ax i s ( [ 3 00 1800 0 0 . 2 ] )
%f p r i n t f ( f i d , ’%E\n ’ , y ) ;
p l o t (x , y ) ;
% end
end
%f c l o s e ( f i d ) ;
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