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perpendicular permittivities. It is evident that the type I/type II transi-

tion wavelength occurs at414nm. . . . . ... ... ... 110



List of Tables

5.1 Time resolved fluorescence decay results for monomeric and multi-
meric systems with 10 nm and 30 nm fluorophore—NP separation dis-
tances. A, and A, stand for excitation and emission wavelengths, re-
spectively. 71, T, and 73 are the components of the tri-exponential func-
tion used to fit the TCSPC data correlated to each one of active samples.

% is the chi-square function which shows the goodness of the applied fit. 64

7.1 Decay lifetime for sample D, E and F in ns at emission wavelength 570nm. 95

xii



Dedicated to my Nanaji Late. Ch. Brahm Singh
I wish you were with us today

Xiii



Chapter 1

Introduction

1.1 Motivation

Strong absorptive losses affect the performance of all plasmonic devices and metamate-
rials in the optical range, making impossible to harness most of their fascinating proper-
ties for real life applications. It is mandatory to mitigate such losses in order to achieve
further novel applications and extra ordinary electromagnetic properties. Several ways
have been proposed in order to achieve low loss plasmonic devices. Electromagnetic
induced transparency (EIT) and replacement of gold and silver by comparative less ab-
sorptive materials as Titanium Nitride (TiN) can also represent the two ways to tackle
these losses. Furthermore, both the methods have their own limitations. EIT removes
the effect of medium in a narrow wavelength range and offers very selective loss miti-
gation, while TiN can not compete with gold, if compared on applications basis. Incor-
poration of gain at the heart of plasmonic entities is still considered as the best available
strategy to encounter optical losses. Bringing gain media in the close proximity of plas-
monic structures triggers non-radiative energy transfer processes from active materials
to plasmonic NPs, enabling strong exciton-plasmon coupling and mitigating the optical
losses.

This thesis is aimed to study the mitigation of absorptive losses in gain incorporated
plasmonic systems from nanoscale to macroscale level. Starting from the simple gain-
plasmon systems such as gain functionalized nanostructures dispersed in ethanol, suc-

cessful results were also obtained in the meso- and macroscaled plasmonic systems.
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1.2 OQOutline of thesis

Below, you will find a short description of all the chapters that compose this Thesis.
Chapter 2 discusses the field of plasmonics and its development towards novel appli-
cations. Chapter provides literature studies of metal optical response and describes the
significance of metal nanoparticles over bulk metals. Chapter continues with discus-
sions on localized surface plasmon resonances (LSPR), its theoretical description and
also on experimental parameters affecting plasmon band of nanoparticles (NPs). Last
section of the chapter is devoted to theoretical background of surface plasmon polari-
tons (SPPs) and its coupling at metal-dielectric interfaces.

Chapter 3 is completely dedicated to metamaterials. It begins with basic introduction
to metamaterials and an approach towards the realization of metastructures. Then, it
describes optical metamaterials and concerns over absorptive losses due to low value of
figure of merit. Chapter moves forward with discussions on gain induced optical meta-
materials and fabrication methods by top down approach. It further proposes a strategy
to envisage self assembled metamaterials, using plasmonic nanostructures as subunits.
Chapter completes with fundamentals of hyperbolic metamaterials (HMMs) such as its
classification, suitable materials for HMMs and origin of high k modes.

Chapter 4 presents the optical properties of gain materials and energy transfer pro-
cesses, starting from the excitation of fluorophores and all the possible occurred phe-
nomenon. Then, chapter describes Forster radiative energy transfer process (FRET)
among two gain molecules occurring via exciton-exciton coupling and further explains
Gain—Plasmon resonant energy transfer (GPRET), when a gain molecule is replaced
with plasmonic NPs in order to understand gain-plasmon coupling mechanism. Thus,
chapter proposes a strategy to mitigate these losses by incorporating gain media in the
close proximity of plasmonic NPs, which enables non-radiative energy transfer pro-
cesses from gain molecules to plasmonic NPs via gain-plasmon coupling.

Chapter 5 describes the results on gain functionalized plasmonic core—shell nanostruc-
tures disperesed in ethanol, where gain molecules are embedded in silica shells and in-
terlocked by silica spacers, prepared by our French collaborators, in order to investigate
the role played by the inter-distance between the two species. Such single core-shell
nanostructures are considered as monomers, while the grouping of monomers represent
multimers. Emission quenching by means of steady-state fluorescence spectroscopy
combined with significant shortening of the corresponding fluorescence lifetime using
TCSPC data and simultaneous enhancement of Rayleigh scattering and transmittance

reveal more effective absorptive loss mitigation for multimeric systems.
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Chapter 6 explores the effects of exciton-plasmon coupling in two mesoscaled plas-
monic systems which are dispersed in ethanol, such as dye doped plasmonic nanoshells
and gain assisted plasmonic mesocapsules. Plasmonic nanoshells, synthesized by our
French chemistry collaborators, which are consisted of RhB dye doped silica core
coated by a thin gold layer in order to investigate the exciton-plasmon coupling be-
tween chromophores and metallic shells. Performed experiments confirm strong gain-
plasmon coupling and demonstrate transmittance enhancement as a function of gain in
a wide range of optical wavelengths (about 100 nm) and an increase of the absorption
cross section in the nearby spectral region showing the super-absorbing features in the
specific wavelength range.

On the other hand, mesoporous silica capsules embedding gold nanoparticles, prepared
by our Spanish chemistry collaborators, show a broad plasmon resonance band cover-
ing a large portion of the visible spectrum (500-700 nm). Gain-plasmon interplay is
dominated by the location of the gain medium with respect to the spatial distribution
of the local field. Several decisive experiments such as fluorescence quenching, decay
time data and enhanced transmitted pump probe beam as a function of pump energy
along with simulation support, demonstrate a substantial gain induced broadband loss
mitigation.

Chapter 7 deals with three macroscaled plasmonic systems. The first section reports
on exciton-plasmon coupling in nanocomposite polymeric films embedding core-shell
quantum dots (CdSe@ZnS QDs) and gold nanoparticles (Au-NPs). We conceived such
hybrid composite films in order to investigate the energy transfer process between exci-
tons and plasmons in a bulk matrix, which were realized by our chemistry collaborators.
Stable and freestanding films are obtained by simultaneous dispersion of both entities
in a polymer matrix owing to modification of QDs surface chemistry.

Second section of chapter describes the near-field study of thue Morse patterned plas-
monic nanocavities which are fabricated by Naples collaborators using electron beam
lithography and evaporation of a 60 nm gold layer on designed structures.

Third last section of chapter discusses the experimental realization of metal-dielectric
multilayered hyperbolic metamaterials, presenting an inversion point of coexisting anisotropies
in the visible range. In this work, my contribution was the extraction of optical param-
eters by means of spectroscopic ellipsometry measurements.

It is worth to note that, in both last sections, gain materials are not yet included. The
preliminary understanding of the macroscopic optical properties represents a key factor
for the study of the possible exciton-plasmon coupling in such systems.we intended to

incorporate gain in such particular structures in future.
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Overview on Plasmonics

2.1 Plasmonics : From Lycurgus Cup to Optical Meta-

materials

In 1959, Richard Feynman delivered his famous lecture entitled ’Plenty of Room at
the Bottom’ envisaging about the possibilities of fascinating properties at miniature
scale which can not be observed at the macroscale. After the two decades, this new
research field was named as Nanotechnology. There are several examples in the history
when plasmonics was exploited for the coloration of glass, ceramics and as decorative
pigments without any knowledge of real origin behind these surprising optical effects
[1]. In 1000 — 1200 BC, use of metal crystal by Romans to produce various colors is

considered as the oldest example.

The famous Lycurgus cup (4" century AD) still can be seen as an evident example at
British Museum showing the unique feature of changing color depending upon the in-

cident light in which it is seen. The cup looks green when it is viewed in reflected light,

4



Chapter 2. Overview on Plasmonics 5

FIGURE 2.1: Here, the two examples demonstrate the development in the field of
plasmonics. (a) The Lycurgus cup, the specimen of Roman Nanotechnology looks
green in the reflected light and red in the transmitted light [2]. (b) Hyperbolic nanorods
metamaterial designed in 2015, is applicable in biosensors and nanophotonic devices

[3].

but turns out red color when the light is incident from inside and viewed in the transmit-
ted light [2]. Change in color is attributed to the mixture of tiny gold and silver metal
crystal in an approximate molar ratio of 14 : 1. Unfortunately, the further progress was
limited due to lack of metallic synthesis methods. However, significant development in
the fabrication and novel manipulation methods of nanometer-sized objects in the last
decades allowed us to enter into the fascinating world at the length scale of molecules.
Plasmonics enables various interdisciplinary applications such as biosensing [4], abil-
ity to make the things invisible named as cloaking [5], inventing novel methods for
cancer treatment and predictions of superfast computer chips [6] and the realization of

metamaterials in the visible range [7].

The secret of all these amazing optical properties is the ability to confine light on sub-
wavelength scale. Plasmonics makes a connection between two different length scales.
The empire of plasmonics is at the basis of metallic nanostructures and thin metal films.
Under the irradiation of light, nanostructures confine the light enhancing absorption
while the electron density waves propagate along the interface of a metal films and a
dielectric like the ripples that spread across a water surface after throwing a stone into
the water [6].

2.2 Optical response of metals

The optical properties of noble metals are assumed to be determined mainly by two

aspects: (i) the conduction electrons can move freely within the bulk of material (ii) the
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inter-band excitations can take place if the energy of the incoming photons exceeds the
band gap energy of the respective metal. In the early of 20" century a German physicist,
called Paul Drude, devised a very simple model to understand the response of metallic
particles. Drude successfully applied the kinetic theory of gases to explain the electrical
and optical properties of metals with three assumptions [8] :

(1) Interactions of an electron with another electrons and with ions are neglected be-
tween collisions.

(2) Electron-electron scattering is neglected.

(3) Electrons experience a collision probability per unit time of 1/, where 7 is the in-
terval time between two adjacent collisions.

Drude model considers the motion of a whole electron cloud as the summation of the
motion of the individual electrons. All the free electrons in a metal oscillate in coherent
phase under a time dependent electrical field, exhibiting bulk plasmon resonance [9].
Maxwell’s equations represent the interaction of an electromagnetic wave with metal
and show a relation between the electric field E, the electric polarization P to the elec-

tric displacement D, magnetization M, the magnetic field H to magnetic induction B;
D =gE+P=¢geE 2.1

B = po(H+M) 2.2)

Where €&, 1o and &, are the permittivity of free space, vacuum permeability and dielec-

tric constant of the bulk medium.

On the application of Drude model for the free-electron gas, the displacement x of an
electron in the presence of an electric field and the macroscopic polarization P can
be obtained by solving the motion equation of the electrons under the influence of an
external field

2
d°x dx o

mm + myg = —eEpe 2.3)

The second term of left hand side of above differential equation is a viscous friction due
to various factors such as free electron inelastic collisions, electron phonon coupling,
defects and impurities. 7 is the corresponding collision frequency which is also the bulk
metal damping constant. The right hand side of the motion equation is the force due to
the electric field. Time dependent electric field has the plane wave form E(t) = Ege ",
A solution of above differential equation is given by x(¢) = Xpe™'’. Permittivity as
the function of frequency €(®) can be calculated, initiating from expression of time

dependent electrons displacement, which is obtained from equation 1.3.
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e

X(t) = ————=E(1). (2.4)

- m(0?+iyw)

Since the electric displacement D and the macroscopic polarization P are given by:

D =¢E+P = ¢g¢cE (2.5)
P = —Nex (2.6)

N refers to the number of electrons per unit volume. Thus,

N. 2
D—gE—— % _E 2.7)
m(w?+ iyw)
and
&7
clw)=1-— 2.8
(@) ®> +iyo 28)

The above relation represents the dielectric function in the Drude model, where @, is

the plasma frequency of the free electron gas, defined as:

o 1/2
o= (52 29)

Eom

Separating real and imaginary parts, equation (1.8) can be simplified such as

e(w) =€ (w)+ig () are given by:

w21?
g(w)=1- m (2.10)
o 2.11
82((0)_ 0)(1+0)2T2) ( . )

The real component (&;(®)) describes group velocity dispersion, while imaginary part
(&2(w)) shows the dissipation of electrons energy in metal. Drude model partially sat-
isfies the experimental data for optical constants of noble metals obtained by Johnson
and Christy using reflection and transmission measurements [10]. Experimental model
of optical constants of noble metals (copper, silver and gold) obtained by P. B. Johnson
and R. W. Christy through reflection and transmission measurements is an acceptable
reference for evaluating the accuracy of Drude model. In Figure 1.2, the real and the
imaginary parts of dielectric function of gold simulated by Drude model are compared

with Johnson Chrisity data.

Figure 2.2(a) clearly shows that Drude model agrees with experimental data along with
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FIGURE 2.2: (a) Real and (b) imaginary components of the dielectric constant for gold
calculated by Drude free electron model (red line) and Johnson & Christy experimental
data (blue solid line).

the negative real part of permitivity of gold in wavelength higher than 450nm, but does
not follow the experimental imaginary part in visible range as shown in figure 2.2(b).
Deviation of Drude model from experimental data causes due to the exclusion of the
effect of bound electrons as this model is based on existence of only free electrons in

the metal.

2.2.1 Bound electrons contribution to Drude model in metal nanos-

tructures

Drude model deviation from experimental data can be improved by considering bound
electrons in the metals. The induced dipolar charge separation imposes force on the
electron cloud. The electrons undergo a restoring force in the opposite direction to
the external electric field. Such system is considered equivalent to classical mechanical
oscillators, the position x of an electron placed in the oscillating cloud of a nanoparticles
is then governed by following equation, where K is the spring constant of the potential
that keeps the electron in place and symbolizes the damping constant describing mainly

radiative damping in the case of bound electrons with effective mass m [11].

02 0 -
ma—; + m}/a—); + Kx = —eEpe '™ (2.12)

The above equation shows the movement of a forced and damped harmonic oscilla-

tor. The contribution of bound electrons to the dielectric function can be written in a
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standard Lorentz form as

;
—r (2.13)
oF — 0 —iyw

g(w)=1+

Where w, and @y stand for the plasma frequency in Drude model and oscillation fre-
quency of bound electrons under applied electric potential, respectively [9]. The con-

clusive dielectric constant, considering free electrons as well as bound electrons can be

expressed such as

e(0) = () + €0 — —5—L— (2.14)

~aa
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FIGURE 2.3: Real components (green dashed curve) and imaginary components (red
solid line) of dielectric constant of gold due to bound electrons. The used parameters
are @, =46 x 10, y= 0.6 eV, A9= 450 nm.

The effect of bound electrons contribution to the dielectric constant of gold has been
shown in figure 2.3. The observed negative real permittivity in visible range of fre-
quency allows to imagine towards plasmonic metamaterials, involving the optical losses

due to increase in the positive imaginary permittivity of gold.

2.3 Importance of metal nanoparticles over metals

A material can exhibit the different properties at different scales. Metals become size
and shape dependent at nanoscale with respect to that in bulk. Metal nanostructures

have become centre of attraction both for both fundamental and technological reasons
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because of their unique physical and chemical properties and functionalities compared
to their bulk counterparts. One of the most fascinating property is constituted by their
optical response. At nanoscale, metals such as silver and gold, exhibit strong absorption
in the visible range along with different colors such as yellowish for silver and violet
for gold spherical particles. The origin of this absorption is attributed to collective os-
cillations of conduction band electrons in response to the electrical field of the electro-
magnetic radiation of light [12]. This optical absorption is referred to surface plasmons
as net charges are displaced transiently on the particle surface during electron oscilla-
tion. Thus, the surface plasmon band (SPB) is a strong and broad band observed in the
absorption for metallic nanoparticles (NPs) for bigger than 2 nm. For smaller particles,
quantum effects are predominant and no SPB is observed [1]. The color and surface
plasmon absorption bands of nanostructures are size and shape dependent. Metals such
as silver or gold are so important because almost any color or absorption in any part of
the visible spectrum can be produced by controlling the shape or structure of the nano-
materials. Examples of various nonspherical metal nanostructures reported in the liter-
ature include nanorods, nanoshells, nanowires, nanocages, nanoprisms, and nanoplates
[12]. These days, the applications of metal nanostructures have been extended in various

interdisciplinary fields such as biomedicine, energy environment, sensing and therapy.

2.4 Localized surface plasmon resonances

When NPs have diameters much lower than incident light wavelength and the pene-
tration depth of the field (diameter around 20nm), the electron cloud of the particle is
entirely probed by the electric field. The whole assembly of electrons is polarized, accu-
mulating surface charges alternately on opposite ends of the particle and their collective
oscillations are termed as surface plasmon resonance (SPR). Plasmon resonances of
NPs under such subwavelength condition confine the electromagnetic field of the light
in a nanoscale volume. Such plasmon oscillations are called Localized Surface Plasmon

Resonances (LSPRs) as shown in figure 2.4.

The main properties of LSPRs can be understood within the dipolar model and can be

summarized as follows:

e Plasmon resonance appears in the UV-Visible (UV-VIS) or Near-Infrared (NR)

range for gold or silver nanoparticles. A light beam passing through an assembly
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Nanoparticle

Electric field

Light wave

FIGURE 2.4: Sketch of the mechanism of the Surface Plasmon Resonance in a spheri-
cal gold nanoparticle.

of homogeneous nanoparticles is partially absorbed at the plasmon resonance fre-
quency so that the emerging beam displays a spectrum with a sharp absorption at
Oplasmon- At the same time the nanoparticles exhibit light scattering with a cross

section much larger than conventional dye [13].
e [SPRs strongly depend on the environment close to the particle surface.

e When excited at the resonance, the dipole radiates a near-field electromagnetic
wave, whose amplitude can be enhanced by a factor up to 10. This plasmon

amplification is widely used for enhancing the sensitivity of biosensors.

2.4.1 Theoretical Description of the Localized Plasmon Resonance

When light beam is incident on a nanoparticle, the optical electric field induces oscil-
lations of electrical charges of matter (conduction electrons and protons). As a conse-
quence, one fraction of the impinging beam is absorbed and other is scattered. In order
to describe both effects, it is necessary to write down the expressions of electromag-
netic fields E, H starting from Maxwell’s equations. The most famous exact solution of
Maxwell’s equations for the case of small particles with arbitrary radius and refractive
index, has been obtained in the framework of Mie theory [14, 15], developed by Gustav

Mie in order to explain observed different colors in absorption and scattering processes
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in small colloidal gold nanoparticles dispersed in water. In a linear, isotropic, homo-
geneous and non-radiative medium, a plane wave, constituted by electric and magnetic

fields (E,H), is incident on small particles and satisfy the following waves equation:

V2E + r?k’E = 0 (2.15)
VZH + 2 k*H =0 (2.16)

where k is the wave vector and r is the refractive index.

The basic idea of Mie theory is to rewrite the incident plane wave as a superposition of
spherical waves (through a series expansion) inside and outside the sphere and to impose
boundary conditions on the surface to obtain the coefficients of the development. In

particular, we can write that inside the sphere:

a 2n—+1

® cos 2 Y 1>P,i(coks‘9)jn(kr) (2.17)
- n 2n+1
Ot Sing Z_: (Zi l)P,i(cose)jn(kr) (2.18)

where P! are the associated Legendre functions and j, are the spherical Bessel functions
of the first kind. In spherical coordinates the wave equation is factored and has solutions

of the type:

W = coslOPL(cos0)z,(mkr) (2.19)
Yol = sinl P (cos0)z,(mkr) (2.20)

where n and / are integer numbers, z,, are the spherical Bessel function.

By imposing the boundary conditions on the surface of the sphere and introducing the

27a

parameter x = == we obtain scattering coefficients:

 YLm) ) — my () ()
" ) 6 () — () () 22D
iy () (x) — m () ()

o = oy (mx) () — mp () L (3] (2:22)
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where y and ¢ are the Riccati-Bessel functions. The scattering cross section is related

to a, and b, by the relation:

n oo

For small particles (< 60nm), it is sufficient to restrain the multipole expansion to its
first term (n=1) which correspond to a dipolar case. This approximation is indicated
with the dipolar approximation, also called the quasistatic or Rayleigh limit [16]. Mie-
coefficient are directly involved in the expression of scattering cross section and polariz-
ability of the sphere. In fact, the scattering cross section Cy, 1s the area associated to the
sphere that takes into account the amount of scattered energy. C;, is the ratio of total
scattered energy per second to the incident energy per square meter per second. Since
E; and H; are known quantities, by exploiting the Poynting vector, we can evaluate the

scattered energy and scattering cross section:
n (o]
Cyea = f =7 Z 2n+1) (Jan)* + [ba]?) (2.24)

Using the simple quasi-static approximation a < A4 in the framework of an electrostatic
approach, a solution of the Laplace equation for the potential, V>® = 0, which will
enable calculation of the electric field E = —V®. Due to the azimuthal symmetry of the

problem, a general solution can be written such as [17].

(o)

o(r,0)=Y [A,rl +B,r—<l+‘>] Py(cos 6) (2.25)
=0

By solving and using above solution,

0P 10® 1 0P
E=-Vb=——¢6————¢€———¢
or " 796 rsine 8(peq)

Above expression leads to the calculation of internal field and dipolar field of nanopar-

(2.26)

ticle

3¢
E, = E 2.27
in 8+28,n 0 ( )
3n(n-p)—p 1
Eyu — Eo+ n0P) =P 1 (2.28)

AmenE, 13
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Estimation of the scattered electric field from an ideal dipole, with dipole moment

p(t) = €€, 0Ege™'®" allows to calculate the cross sections:

Ko 8T, | e—em |
Cooa = a2 = T ptgs| E—Em. 2.29
46 | 304 ex 2¢, (2.292)
Cops = k3 [0] = 4k’ Im | =5 (2.29b)
abs = = e 126, :

For small particles whose radius a < A, absorption is propotional to a* and dominates
over the scattering which is propotinal to a®. For metal nanoparticles both absorption
and scattering are resonantly enhanced when the Frohlich condition (R[e(w)] = —2¢,,)
is fulfilled. For a sphere of volume V and dielectric function € = € + i€, in the quasi-
static limit and &,, is the dielectric constant of medium , the explicit expression for the

extinction cross section Ceyy = Cyps + Cicq 18

0)

&
c

[e1 + 2£m]2 +&2

(2.30)

Furthermore, if the metallic nanoparticles are immersed in a surrounding medium with
gain, another interesting theory is introduced. Such case can be treated by analyzing
the case of a sub-wavelength metal nanosphere embedded in a homogeneous medium
exhibiting optical gain. The quasi-static approach can be followed, and the presence
of gain can be incorporated by replacing the real dielectric constant &,, of the insulator
surrounding the sphere with a complex dielectric function & (®). Using this straightfor-
ward analytical model, Lawandy has shown that the presence of gain leads to a signifi-
cant strength of the plasmon resonance, tackling the optical losses [18]. Incorporation
of gain medium to plasmonic structures will be discussed in detail in another chapter of
the thesis.

2.5 Experimental parameters influencing plasmon band
of NPs

The plasmon band of NPs strictly depends on various parameters such as their size,
shape, geometry, metal composition, nature of dielectric environment and the electronic
interactions between the stabilizing ligands with NPs [1]. By changing these parame-

ters, plasmon band can be tuned as a function of wavelength as well as its intensity. In
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this section, the effects of such parameters on NPs plasmon band have been discussed

in brief.

2.5.1 Size Effects

In order to understand the impact of NPs size in a clear way, the general approach
must be distinguished in two regimes such as small NPs having size smaller than inci-
dent light wavelength and large NPs with the size comparable to the light wavelength.
Smaller NPs whose radius is up to 50nm, can be properly described by a dielectric
dipole. In such case, NPs size only affects the width and the intensity of the plasmon
band, while the shift in the resonance wavelength is almost negligible as shown in figure
2.5 [19].

j T ‘ T T T T T
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FIGURE 2.5: Plasmon bands of Ag NPs with different sizes calculated according to
the Mie theory. (b) FWHM as a function of the particle radius. Inset shows the linear
relationship between FWHM and the inverse of the radius [19].

On the other hand, the nanoparticles having radii more than 50 nm are not enough
smaller than incident light wavelength and can not be described by a dipole. Multipolar
terms are further required which leads splitting in the plasmon bands into several peaks
such as two peaks for quadrupole and three peaks for an octopole [20]. Figure 2.6
shows the contribution of the various terms to the extinction cross section of Au NPs.
For Au NPs with radius below 60 nm, the quadrupolar term (L = 2) can be neglected.
But, multipolar effects must be taken into account, if NP size is further increased. NPs
cannot be considered anymore as multipoles and SPs become propagating waves with

well-defined modes or dispersion relations [19].
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FIGURE 2.6: Plasmon band for Au NP with different sizes calculated according to
the Mie theory, and the contribution of the different multipolar terms as a function of
wavelength [19].

2.5.2 Shape Effects

The plasmon band is strongly affected by the particle shape. Since, the restoring force
for SPs is related to the charge accumulated at the particle surface, it will be definitely
influenced by the particle geometry. In order to explain shape effects, nanorods are
the best example [21]. As figure 2.7(a) explains in the case of nanorod, the charge
accumulation at the NP surface will be different for electron oscillations along the rod
axis (longitudinal plasmons) and along a perpendicular direction (transversal plasmons).
It is evident that the charge accumulation will be maximum for transversal plasmons and
minimum for electron displacement along the rod axis (longitudinal plasmons). Thus,

the restoring force directly depends on the charge accumulation.
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FIGURE 2.7: (a) charge accumulation for longitudinal and transversal SPs in nanorod.

(b) Calculated plasmon band for gold nanorods with different aspect ratios indicated

as shown in figure [19]. (c) Extinction efficiencies as a function of incident light wave-
length of a silver cube, different truncated cubes and a spherical nanoparticle [22].
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Smaller forces are expected for electrons oscillating along the rod axis and eventually,
which refers to smaller resonance frequencies (larger resonant wavelengths). When
the nanorod aspect ratio increases, resonant frequency of transversal plasmons occurs
on the same position as for spherical NPs (actually, at wavelengths slightly smaller)
the resonance of longitudinal plasmons shifts towards longer wavelengths as shown in
figure 2.7(b). This behaviour provides a way to tune the resonance of the SP at the
desired wavelength by controlling the aspect ratio. Tuning of plasmon resonances is
especially useful for biomedical purposes [19]. Figure 2.7 (c) demonstrates the changes
in the extinction efficiency and plasmon resonances as a function of wavelength, when
nanocube is truncated to the sphere, approaching through various truncated cubes. Same
numbers of polariser entities in all the nanostructures allows the influence of only shape

on the plasmon band [22].

2.5.3 Dielectric Environment Effect

Extinction cross-section for small NP calculated by Mie explains the significant role of
surrounding medium in order to determine plasmon peak position and intensity. Di-
electric function of the surrounding medium affects the light wavelength at the vicinity
of the NPs and changes the geometry of electric field at the surface of NPs. Charge
accumulation creates an electric field closed to the vicinity of NPs. Nature of dielectric
function of medium affects charge accumulation, larger value of €, enhances the polar-
ization charge at the interface between metal NPs and dielectric medium. This effect
reduces the net charge at NP surface causing a reduction in the restoring force. it is
obvious that reducing the restoring force leads to smaller resonant frequency. Enhance-
ment in dielectric constant of the surrounding media shifts the SP resonant band towards
larger wavelengths as shown in figure 2.8(a) [19]. Figure 2.8(b) exhibits the change in
color of gold sole dispersed in water from pale red to violet with respect to the change
in refractive indices of surrounding media. This means that dispersion of similar NPs
in different dielectric media such as water, ethanol and other transparent oxide matrices

leads to a remarkable shift in the plasmon band of NPs.

2.5.4 Metal Composition and Aggregation Effects

Noble metals like any other material shows its unique electromagnetic characteristic.

Ag, Au and Cu show the plasmon bands at different wavelengths resulting red shift,
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Optical absorption (arb. units)

Wavelength (nm)

FIGURE 2.8: (a) Plasmon bands for 10nm Au in a dielectric medium with different

dielectric functions calculated according to Mie theory [19].(b) Color variation of gold

sols from pale red to violet, induced by changing the solvent refractive index. Refrac-

tive indices of the solutions at the absorption band maximum are 1.336, 1.407, 1.481,
1.525 and 1.583, respectively [23].

respectively. On the other hand, aggregation in nanoparticles completely changes its
plasmonic properties, exhibiting a shift in plasmon band position and change in the
band intensity as well as absorption broadening. For an example, the plasmon band
of 12 — 14 nm gold NPs dispersed in water was observed at 527 nm. Whereas, due
to aggregation effect, broad plasmon band along with lower intensity appears around
575nm. Shift in the plasmon band position due to aggregation also changes the color of

solutions.

2.6 Surface Plasmon Polaritons

Surface plasmon polaritons (SPPs) are electromagnetic excitations existing at interface
of a metal and a dielectric material. The resonant interaction between SPPs and the
electromagnetic radiation at metallic interfaces results in a remarkably enhanced opti-
cal near-field. SPPs were first observed by Wood in 1902 when he found unexplained
features in optical reflection measurements on metallic gratings [24]. Fundamental
research and development of SPP-based structures and devices have received centre
of attraction due to its peculiar properties and unique applications in optics, surface-
enhanced Raman spectroscopy (SERS), data storage, solar cells and sensors [25].

One of the most attractive aspects of SPPs is the way in which they are able to concen-
trate and channel light using subwavelength structures. This could lead to miniaturized
photonic circuits with length scales much smaller than achieved in past. Such circuits
would first convert light into SPPs, which would then propagate and be processed by

logic elements, before being converted back into light. To build such a circuit one would
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require a variety of components: waveguides, switches, couplers and so on. Recently,

lot of efforts are being devoted to develop such SPPs devices [26].

2.6.1 Coupling to surface plasmons at metal dielectric interface

When electromagnetic wave is incident on metal dielectric interface, interaction be-
tween the surface charge density and the electromagnetic field results in the momentum
of the SP mode 7iksp, which is greater than the momentum of em wave in free space
hK;.. Momentum mismatch between incident light and SPs modes can be understood
by this expression.

€(®)Ediel

() + €gier (231

Ksp = Kinc

Here, frequency dependent permitivity of the metal (¢(®)) and dielectric constant of
dielectric medium (€&4;.;), must have opposite signs for the possibilty of SPs propaga-
tion at such an interface. For such condition, metal is suitable candidate as €(®) is both

negative and complex [26, 27]. Figure 2.9 also demonstrates the momentum-mismatch

@

* Ksp

FIGURE 2.9: Red line shows the SP dispersion relation. The dotted line refers to light

line. Electromagnetic wave requires an additional G momentum in order to couple with
SP mode [28].

between wave vector of incident (blue dotted line) and SPPs modes (red solid line),
which can be provided by many techniques. American scientist R. W. Wood proposed
a way to provide missing momentum using periodic corrugation in the metal surface
which can diffract incident light into the plane of the metal-dielectric interface and re-
sults resonant coupling of light with SPs [24]. Figure 2.10 shows two methods to form
SPPs on metal dielectric interface such as grating coupling and prism coupling. Mis-

match of momenta can be overcome by patterning the metal surface with a periodic
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grating of grooves. Moreover, Prism coupling which is also known as attenuated to-
tal internal reflection involves two configurations such as Kretschmann configuration
and Otto configuration. In the Kretschmann configuration, the prism is in contact with
a metal film as shown in figure 2.10(b), while there is an air gap between prism and
metal in the Otto configuration (figure 2.10(c)) [27]. Furthermore, periodic and aperi-
odic hole arrays on metal films also form surface plasmon polaritons and demonstrate
exciting new opportunities in applications ranging from subwavelength optics and op-

toelectronics to chemical sensing and biophysics [28].

Incident light Reflected light

(a) SPP
T |

(b) (c)

>

FIGURE 2.10: (a) Phase-matching of light to SPPs using a grating. Blue arrow shows
the direction of SPPs . (b) Prism coupling to SPPs using attenuated total internal re-
flection in the Kretschmann configuration. (c¢) Prism coupling to SPPs in Otto
configuration.

2.6.2 Theory of Surface Plasmon Polaritons

Propagation of surface plasmon polaritons (SPPs) can be explained by using classi-
cal approach. As it is described in the above section, SPPs represent an electromagnetic
excitation propagating at metal dielectric interface, confined evanescently in the perpen-
dicular direction. In order to investigate the physical properties of SPPs, it is convenient

to start from the Helmholtz equation [29].

V?E 4+ k3eE =0 (2.32)
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where kg = @/c is the wave vector of the electromagnetic wave propagating in vac-
uum. This equation is obtained from Maxwell’s equations under some assumptions and
conditions such as absence of external charge V- D = 0 and harmonic time dependen-
dent electromagnetic field E(r,t) = Eo(r)e~'®’ is incident at single interface. Figure
1.5 shows the assumption of one dimensional problem as &€ depends on one spatial
coordinate only: € = £(z); e. m. waves propagate along the x-direction of the carte-
sian coordinate system and do not show spatial variation along the y-direction. Plane
z =0 coincides with the interface. solution under the given conditions can be written as

E(x,y,z) = E(z)e*; thus, equation (2.32) assumes the form

J°E(z)

52+ (ke —B*)E(z) =0 (2.33)

Equation (2.33) can be used to determine the spatial field profile and the dispersion of
propagating waves. Explicit expressions for the different field components of E and
H should be drived. This can be achieved by using the curl of Maxwell’s equation in
the absence of external charge along with specific case of harmonic time dependence
(% = —iw), propagation along the x-direction (% = if3) and homogeneity in the y-

direction (% = 0). The obtained system of equations is

JE

JE,
3. iBE; = ioupH, (2.34b)

z
iBE, = iooH, (2.34c¢)

JH.

a—zy = iweyeE, (2.344d)

J0H,
—ifH, = —iw&y€eE, (2.34e)

dz
iBH, = —iweyEE, (2.341)

The above equations provide two sets of self-consistent solutions with different polar-
ization characteristics of the propagating waves as the Transverse Magnetic mode (TM),
which contains nonzero field components E, , E; and H, and the Transverse Electric
mode (TE), having nonzero H, , H, and E,. For TM modes, by starting from (2.34d)
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and (2.34f) we obtain the expression of E and E, as functions of H,:

1 OH
E,=— -2 2.35
B
E,—— H 2.35b
z wege ( )
Here, H, has to be obtained from the solution of the TM wave equation
0°H 5 )
yzy + (ke — B*)Hy, =0 (2.35¢)
For TE modes, the analogous set is
1 O0E
H =i——2 (2.36a)
oLy 0z
H,= —iEy (2.36b)
0]
where E), has to be obtained from the TE wave equation
9°E
TE (e~ B, ~0 (2360
Z

Using above equations, SPPs can be described at a single, flat interface (Figurel.5) be-
tween a dielectric, non-absorbing half space (z > 0) characterized by a positive real
dielectric constant €4, and a conducting half space (z < 0) characterized by a di-
electric function €(®). Propagating waves can be observed at the interface, i.e. with
evanescent decay in the perpendicular z-direction. Propagation of SPPs can be under-
stood on the basis of two cases TM and TE.

For TM case. Using the equation set (2.35) in both half spaces, and searching for so-
lutions of (2.35c) that are propagating in the x-direction and exponentially decreasing

along the z-direction, solutions are obtained

Hy(z) = Age'Pre (2.37a)
1 .

E(z) = iA; s kpe'Preko (2.37b)

E.(z) = —iA; P Prehor (2.37¢)
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for z > 0 and
Hy(z) = Aje'Prehi: (2.38a)
E(z) = —iA, kie'Prekiz (2.38b)
WEHYET
E.(2) = —Al&eiﬁxeklz (2.38¢)
for z < 0.

Here A, A, are magnetic field amplitudes, k,; (i = 1,2) is the component of the wave
1 de-
e 4

fines the evanescent decay length of fields perpendicular to the interface, which quan-

vector perpendicular to the interface in the two media; its reciprocal value, 7 =

tifies the confinement of the wave. Continuity of Hy, E, and &E; at the interface (z = 0)

requires that A; = A, and
ky _ Edie
ki (o)

According to the convention assumed for signs in the exponents in (2.37, 2.38), confine-

(2.39)

ment to the surface demands that R[e(w)] < 0if €4, > 0, thus surface waves can exist
only at interfaces between materials with opposite signs of the real part of their dielec-
tric permittivity, i.e. between a conductor and an insulator. In addition, the expression

for Hy has to fulfill the wave equation (2.35¢), yielding

k= B2 —kie(o) (2.40a)
i3 = B* — ki€aiel (2.40b)

By combining equations (2.39) and (2.40) we obtain the main result concerning the ar-
gument of this section, that is the dispersion relation of SPPs propagating at the interface

between a conductor half space and an insulator one:

£(W)€gjel
8(60) + Edjel

B =ko (2.41)
This expression is valid both for real and complex &€, i.e. for conductors without and

with attenuation.
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For TE case, expressions for the field components can be obtained by using equation
(2.36),

Ey(z) = AgelPreko? (2.42a)
1 .
Hy(2) = —iAy——kye'Prehor (2.42b)
OHo
B ipx -k
Hy(z) =A Brp—hoz 2.42
2(2) ot € (2.42¢)
forz > 0, and
Ey(z) = AePrekiz (2.43a)
1 .
Hy(z) = iA| —k; ePreh1z (2.43b)
WMo
H,(z) = Ay %e"ﬁxeklZ (2.43¢)
for z < 0.

Here, Ay, A, are now electric field amplitudes. Continuity of E\ and H, at the interface

leads to the condition A; = A, and
A (/q —}—kz) =0. (2.44)

Condition (2.44) cab be only fulfilled if A; = 0, which also means means A, = 0. It con-
cludes that no surface modes can exist with TE polarization. In the case of multilayers,
consisting alternate conducting and dielectric thin films, each single interface supports
bound SPPs. When the separation between adjacent interfaces is comparable or smaller
than the decay length Z of the interface mode. Interactions between SPPs give rise to

coupled modes [27].
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Introduction to Metamaterials

3.1 What are Metamaterials ?

Refractive index is one of the most essential parameters of light propagation in ma-
terials. Dexterous control of refractive index in materials and devices leads towards
innumerable and innovative real life applications. The refractive index is a complex
number

n=nj;+iny 3.1

Where the real part of the refractive index n| reports how phase velocity of light de-
creases in materials with respect to vacuum. The imaginary part n, belongs to light ex-

tinction (losses) in the systems [30]. Moreover, refractive index is obtained on the basis

25
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of electric permitivity € and magnetic permeability ¢ of materials, which represent the
coupling of material to the electric and magnetic field components of light, respectively.
Basically, permitivity and permeability describe how electric and magnetic fields affect
and get affected by a medium, respectively depending on the ability of a material to
polarize in response to the electric and magnetic fields. Material parameter space has
been formed and divided into four quadrants based on the classification of sign of €

and u. The first quadrant ( € > 0 and u > 0) covers right-handed materials (RHM) as

Nz

Negative Index Materials

Nihility

Evanescent Waves

0 u<0

Magnetic Plasma

FIGURE 3.1: Material parameter space characterized by electric permittivity (€) and
magnetic permeability (i).

shown in figure 3.1. According to Maxwell’s equations for the positive € and u, electric
field E, magnetic field H, and wave vector k form a right-handed system, supporting
the forward propagating waves. Transparent dielectric materials and almost all natural
materials lie in this quadrant [31]. Second and fourth quadrants represent the materials
with one of two parameters € or p with negative sign, resulting purely imaginary re-
fractive index. In such media, a negative sign of € or 1 means that the direction of the
electric (magnetic) field induced inside the material is in the opposite direction to the
incident field, and consequently, propagation of waves cannot be supported. In the case
of negative € and positive U, second quadrant includes metals, ferroelectric materials
and doped semiconductors demonstrating negative permittivity at certain frequencies

(below the plasma frequency). While, the fourth quadrant ( € > 0 and u < 0) refers to
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magnetic plasma in which negative permeability can be found in ferromagnetic media

closed to resonance frequency.

The third quadrant ( € < 0 and u < 0) embraces the presence of negative phase veloc-
ity of electromagnetic waves due to the presence of negative refractive index. Under
this condition, E, H and K form left handed system, resulting the wave vector K and
Poynting vector S oriented in opposite directions. Such systems were proposed by Vese-
lago and also known as Veselago materials [32] or Negative Index Materials (NIMs).
However, no natural materials exhibit negative refractive indices. Veselago’s fabulous
theoretical work on NIMs was hibernated until 2000. Sir John Pendry, who first pro-
posed to use artificial materials as a perfect lens in order to exploit an extra ordinary
electromagnetic properties [33] and a opened up completely new research area called
Metamaterials. The word ‘meta’ means ‘beyond’ in Greek, metamaterials refer to the
materials whose properties go beyond conventional materials.

Thus, Metamaterials are defined as artificially engineered structures, consisted of sub-
wavelength subunits which demonstrate unprecedented electromagnetic properties that

cannot be obtained in natural materials.

3.2 Journey towards the realisation of metamaterials

Before fabricating a metastructure which consists of periodically or random distributed
subwavelength elements, it is noteworthy that electromagnetic wave can not be incident
on a single structured element. An overall permittivity € and permeability tt of the
system must be taken in account in terms of effective permitivity &, and effective
permeability L, ¢ in order to understand the negative refraction behaviour of the system.
By designing the subwavelength elements, € and L.rr can be controlled to have

negative values, a necessary condition for metamaterials.

In 1996, Pendry proposed dilute metals with extremely low plasma frequency. Thin
metallic wires in three dimension configuration exhibit reduced effective electron den-
sity and an increase in effective electron mass due to self inductance of the wire structure
as shown in figure 3.2(a). The effective permittivity of the metallic wire arrays is plotted
in figure 3.2(b) showing the negative real permittivity [34]. Furthermore, Pendry also
showed the observation of negative permeability in nonmagnetic artificial split ring res-
onators (SRRs) which are composed of two concentric split rings with the openings at

the opposite directions as shown in figures 3.2(c) and (d) [31]. Following this approach,
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FIGURE 3.2: Demonstration of metastructutre along with artificial electric and mag-
netic responses. (a) Schematic of periodic wires (with radius r) arranged in a simple
cubic lattice (with lattice constant d). (b) Effective permittivity of wire media, acting
as dilute metals with an extremely low plasma frequency. (c) Schematic of split ring
resonators, with outer radius r and separation s between the two rings. A magnetic field
penetrating the resonator induces a current (j), and thus a magnetic moment (m). (d)
Effective permeability of split ring resonators around the resonance frequency([31].
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theoretically shown by Pendry, Smith and his colleagues successfully demonstrated the

first negative index metamaterial in the microwave region [35, 36]. But, such struc-

tures have difficulty in the observation of negative € and u at single point. The most

exciting metamaterial so called double fishnet cosisted of two layers of metal meshes

separated by a dielectric spacer layer was devised in 2005 and being improved in next

years [37]. Invisible cloak in the microwave region, magnetic resonance imaging, novel

microwave circuits and antennas at microwave region and the prefect lens beating the

diffraction limit are some of the few successful examples which are driven by growing

metamaterials research [31, 33, 38].

3.3 Optical metamaterials

Optical metamaterials received center of attraction among scientific community due to

the possibilities of novel applications such as invisible cloaking, waveguiding and imag-

ing beyond the diffraction limit in the optical range. In order to experimentally realize
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FIGURE 3.3: Figure shows first optical negative index metamaterials (a) Sketch of an
array of paired Au nanorods separated by a SiO;layer (b) field-emission scanning elec-
tron microscope images of the fabricated array (Au(50 nm)—SiO,(50 nm)-Au(50 nm)
stacks)[39].(c) Sketch of a multilayer structure consisting of a dielectric layer between
two metal films perforated with a hole on a glass substrate (d) scanning electron micro-
scope image of the fabricated structure (Au(30 nm) Al,O3(60 nm)—Au(30 nm) stack,
838 nm pitch, 360 nm hole diameter), exhibiting negative index at about A ~ 2um [37].

optical metamaterials, the size of metamaterial subunits has to be much smaller than
incident wavelength and the gap between SRRs should be less than 10 nanometer to
observe magnetic resonance at optical frequencies. The fabrication of optical metama-
terials becomes challenging issue because of high quality of precision, high-throughput
and low-cost manufacturing processes. Despite tremendous advances in nanofabrica-
tion methods, metastructures can not be designed to that extent where the subunits size
is orders of magnitude smaller than the incident wavelength. Negative refractive index
in the optical range was successfully demonstrated almost at the same time for two dif-
ferent metal-dielectric geometries with the pairs of metal rods seperated by dielectric
layer [39] and the inverted system of pair of dielectric voids in a metal—dielectric—metal

multilayer [37].

Shalev and coworkers fabricated an array of pairs of parallel 50 nm thick gold rods sep-
arated by 50 nm of SiO; spacer using electron-beam lithography. Such coupled rods-
based metastucture demostrated a negative refractive index of n =-0.3 at 1.5 um [39] as
shown in figure 3.3 (a) and (b). At the same time, another research group proposed that

two dimensional array of holes in a multilayer structure, designed by 60 nm thick Al, O3
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dielectric layer between two 30 nm thick Au layers exhibit a negative refractive index
of -2 around 2um [37]. Such structures occur negative real permeability along large
positive peak in imaginary permeability, inducing the optical looses in the system. Fig-
ure of merit evaluates the performance of the metastructures. These first experimentally
realised metamaterials have a high loss coefficient, which exhibit improved efficiency
by designing the ellipsoidal voids instead of circular voids as shown in figure 3.3(c) and
(d) and using fishnet structure rather than metal rods [40]. Despite such improvements,
the optical losses still remains a big problem, limiting the performance of metamaterials

and shadowing novel applications.

3.3.1 Figure of Merit

Figure of Merit (FOM) represents the efficiency of a designed metamaterial and is de-

fined as the ratio of the real part to the imaginary part of the effective refractive index.

Re[neff(w)]

O = e (@)

(3.2)
As the above equation suggests itself, in order to have high FOM, one should design the
metastructure, exhibiting low value of imaginary effective refractive index. Fabrication
of a device with lower imaginary refractive index leads towards the efficient and low
loss devices. Noteworthy noble metal nanoparticles (NPs), exploited as subwavelength
structural elements for plasmonic metamaterials also exhibit large values of imaginary
part in visible range, which make optical metamaterials obstructive for most optical
applications. Many strategies are still being implemented to tackle absorptive losses
including incorporation of gain media, electromagnetic induced transparency and search

of alternative materials instead of metals.

3.4 Gain Induced Metamaterials

Now, it is well known that the optical losses limit the numerous potential applications
for metamaterials. For example, optical losses must decrease exponentially to observe

a linear enhancement in the spatial resolution to enable subwavelength resolution in
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superlens [41]. Stem from surface roughness, quantum size and chemical interface ef-
fects, the resonant nature of their magnetic response and fundamental loss properties
of their constitutive components like metals are the main sources of optical losses in
the metastuctures. The first approach was the use of alternative negative and positive
index layers to tackle the losses in metamaterials [42]. Such stack system reduces the
loss experienced by an electromagnetic wave with respect to the loss in bulk negative-
phase medium. Incorporation of gain media with sufficient level is a fascinating pos-
sibility to compensate the optical losses. Very soon, the positive index layers were

replaced by gain-dielectric layers. The quest to design gain asssited metamaterial en-
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FIGURE 3.4: Scheme of the fabrication method of fishnet subunit. (a) Unit cell of

the fishnet structure with alumina as the spacer material between two silver layers.

(b) One-quarter of the fishnet structure with an alumina spacer. (c) After etching the

alumina, the fishnet structure has air or solvent as the spacer with alumina pillars as

support. (d) After coating with Rh800—epoxy, the fishnet structure has the dye—epoxy
material in the spacer region and above the fishnet structure[43]

couraged towards the development of photonic metamaterials based on metal—dielectric
engineered structures. Gain medium in the form of dye molecules (Rhodamine 6G) or
semiconductor quantum dots (CdSe) have been applied to the top of the negative phase
medium (NIM). Negative index double silver layer seperated by Al,O3 layer immersed
in gain media demonstrates an enhancement in transparency as a function of gain [44].
Furthtermore, gain functionalised fishnet structure led towards an extremely low-loss,
improved figure of merit and active optical negative index metamaterials as shown in
figure 3.4. Such structures have been called active metamaterials as the sum of the
light intensities in transmission and reflection exceed the intensity of the incident beam.

Inclusion of gain layer between the metal layers of near-field superlens improved the
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resolution of superlens[45].

However, design and fabrication of metamaterials along with an optimal amount of gain
medium still remains a challenge for scientific community. In the context of plasmonic
NPs assembled metamaterials, metal NPs are efficient quenchers of fluorescence emis-
sion from gain which limits the use of gain materials with NPs. Effective use of gain in

plasmonic systems will be described in the next chapters of this thesis.

3.5 Fabrication Methods of Optical Metamaterials

Optical metamaterials can be realised by using the both techniques, top down and bot-
tom up approaches. Most of the fabricated optical metamaterials have been fabricated
using lithography-based approaches. Nanofabrication paves a path towards advanced
metamaterials using focused ion beam milling, interference lithography for large scale
fabrication, nanoimprint lithography for high resolution and large fabrication and the
design of 3D metasructure using multilayer approach [46]. These all methods are called
as top down fabricatiopn approach, crafting bulk metal layers to metastructures. Meta-
materials described in figures 3.3and 3.4 demonstrate the examples of top down ap-
proach. On the other hand, Bottom-up fabrication techniques based on nanochemistry
provide new methods and promise novel application which can not be achieved using
top down approaches. metamaterials. Recent advances in nanochemistry route enabled
the synthesis of core-shell NPs, nanorods, nanorice, nanoeggs, nanocups, nanostars and
many more plasmonic systems[47-50]. Such plasmonic nanostructures find applica-
tiopns from biomedicine, sensing to devices.

However, optical metamaterials fabrication at optical wavelength, using e-beam lithog-
raphy or focused ion beam approach involves the use of very delicate and costly in-
struments and produces extremely small sample volumes size on square micrometer
scale. Furthermore, top down approach is only applicable for nano-patterning on hard
substrates, not on flexible substrates, limiting many novel applications. The above dis-
cussed drawbacks create restrictions in the fabrication of optical metamaterials. In such
scenario, bottom up fabrication of optical metamaterials has attracted much attention
due to very simple, low cost and large area sample production using self assembly tech-
niques. Self assembly involves the spontaneous organization of nano elements under
the effect of complex pair interactions and leads to rise of two-dimensional or three-

dimensional metastructures [51, 52].
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3.6 Self Assembled Metamaterials

Theoretical studies suggest that organisation of metal NPs in a particular way, attain
negative magnetic permeability and negative index of refraction at infrared and opti-
cal frequencies. Figure 3.5(a) represents the sketch of arrangement of N nanoparticles
which are displaced by distance r from the origin of Cartesian reference system. Such
arrangement of metal NPs called ring inclusion, demonstrates resonant magnetic dipole
collective response in the visible range and obtain negative effective permeability , when
such nano-inclusions are placed in a host medium. Each NPs induces a circulating cur-

rent in the ring inclusion due to plasmonic resonant feature of the system [53].

® (b)

Jizi(N)-x12

FIGURE 3.5: All magnetic nanoclusters show negative permitivity as well as negative

permeability at optical frequencies. (a) Ring inclusion fabricated of N nanoparticles

symmetrically displaced by distance r from the origin of a Cartesian reference system

[53]. (b) Schematic of optical magnetic nanocluster plasmonic core shell NPs located

on a dielectric core. Cross section of a magnetic nanoclusters. (c) two dimensional
sketch of a bec lattice of magneric nanoclusters [52].

Moreover, Simovski group further studied such structures and reported that it is dif-
ficult to realise the body centered and face centered lattices using the ring inclusions
and purposed a new plasmonic stucture made of the cluster of core-shell nanoparticles
(silica-core and metal-shell) centered by a silica core as shown in figure 3.5(b), (c¢) and
(d) [52]. Such clusters attain negative permitivity and negative permeability at optical

frequencies, but at the cost of high absorptive losses.

3.7 Hyperbolic Metamaterials

Hyperbolic metamaterials (HMMs) can be entitled as one of the most unusual class
of electromagnetic metamaterials. HMMs demostrate hyperbolic dispersion, originat-
ing from one of the principal components of their electric or magnetic effective ten-

sor, exhibiting the opposite sign to other two principal components. Such anisotropic
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metamaterials receive a lot of attention in this decade due to ease of nanofabrication,
broadband nonresonant response, optical wavelength tunability and high figure of merit
with respect to other realised metamaterials and are the promising nanostructures for
the enhanced spontaneous emission, effective superlensing, fluorescence engineering

and nanosensing.

3.7.1 Anisotropic medium

Inspired from Veselago’s theory of left handed materials and Pendry’s perfect lens, re-
search on metamaterials was revolved around realisation of artificial magnetic response
from nonmagnetic materials at optical frequencies in 20" century. But, Landau et al
changed the whole scenario by purposing that permeability (¢t) must be equal to unity

in the optical regime. In an isotopic medium, permeability is defined as

°= 1+47r(%/1) (3.3)

Here M and H refer magnetic dipole moment per unit volume and applied magnetic
field, respectively. At optical frequencies, M can be ignored due to negligible values
[54]. Moreover, It was also pointed out that propagation of wave in linear as well as
nonlinear media can be fully described by electrical permittivity, excluding the magnetic

permeability and H field component. Systems can be defined by using this relation.
D=¢w0,x)E (3.4)

Dielectric tensor &(®, k) itself includes the effect of magnetic response indirectly. Such
systems are allowed to be anisotropic and spatial dispersive due to dielectric tensor [55].
Furthermore, Agranovich successfully applied &(@, k) to describe a system with € < 0
and u < 0, confirming the absence of magnetic dipole type resonance in the left handed

medium.

This approach led towards the development of special class of metamaterials called
Hyperbolic Metamaterials (HMMs).
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3.7.2 Fundamentals of hyperbolic metamaterials

The electric displacement vector D and field E are do not always remain always parallel
in electrically anisotropic media. They are connected by the constitutive equation D =
&(w, k). Hyperbolic behavior originates from uniaxial media, where where &, = €, =
€ and € # ¢,. It is is defined from the isofrequency curve of the medium which is

hyperbolic as opposed to circular as in conventional dielectrics.

In Such media, the constitutive relations connecting the electric displacement D and the

magnetic induction B to the electric and magnetic fields E and H can be written as

D = ¢éEE 3.5
B = iofiH (3.6)

where & andy are vacuum permeability and permittivity, respectively,while and & and
[t stand for relative permeability and permittivity tensors. As discussed in the above
subsection, i simply reduces to the unit tensor and electric permitivity tensor € can be
written in in a Cartesian frame of reference oriented along the so-called principal axes

of the crystal.

& 0 O
E=10 g, 0
0 0 g

All three diagonal components of above matrix are positive and depend on the angular
frequency @. Such media are called biaxial when &, # €,, # &, transform to uniaxial
media when , €, = &, = € and € # ¢&; and become isotropic when &, = €, = €. In order
to understand the dispersion relation of electromagnetic wave in medium, consider the

following two Maxwell’s equations in the absence of sources.

oB
VxE=——" (3.7)
vur=2D (3.8)

ot
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Solving the above equations using electric and magnetic field components £ = Egel@ k1)
and H = Hye @' —%7)_ we get
kxE=owuH
(3.9
kxH=—weE.

These two above equations can also be expressed for isotropic as well as anisotropic

medium.

For istropic medium, the linear dispersion and isotropic behavior of propagating waves
shows a spherical isofrequency surface given by the equation

2

a)
(ki + ko +k7) = — (3.10)

o is the frequency of radiation and c is the velocity of light in free space. On the
other hand, an extraordinary waves (transverse mode polarised) propagate in an uniaxial

medium, this isofrequency relation converts to

K2+k2 g2 2
( . y+—z)=w—2 (3.11)

Dielectric response of uniaxial medium has been shown by a € tensor where the in-
plane isotropic components are & = &y = € and out of plane component is &, = € .
Spherical isofrequency surface of vacuum converts to an ellipsoid for the anisotropic
case. when we have extreme anisotropy which means thatg) - €, <0, the isofrequency
surface opens into an open hyperboloid. Such phenomenon requires the material to
behave like a metal in one direction and a dielectric (insulator) in the other direction
[56].

3.7.3 Classification of hyperbolic metamaterials

Hyperbolic metamaterials can be classified based on the sign of components of dielec-
tric tensor.

Dielectric and Metals : If all the three components of dielectric tensor (&, &y, &)
are negative, such medium behave like an effective metal and propagating wave are not

allowed through this medium. On the other hand, if all the components are positive, we



Chapter 3. Introduction to Metamaterials 37

(b)

Energy
()

Momentum
(k~1/A)

k

FIGURE 3.6: (a) Spherical isofrequency surface for an isotropic dielectric. Inset shows

energy versus momentum relationship with the red dot indicating the operating fre-

quency for the derived isofrequency surface. (b) Hyperboloid isofrequency surface for

a uniaxial medium with an extremely anistropic dielectric response for Type I HMM

(&> &y > 0 and g, < 0). (c) Hyperboloid isofrequency surface for an extremely

anistropic uniaxial medium with two negative components of the dielectric tensor for
Type Il HMM (g, &y, < 0 and &, > 0) [56].

will have a dielectric medium as shown in figure 3.6 (a) .

Type I HMMs : If there is only one negative component in tensor and other two are
positive such as &;; < 0 and &, &, > 0. Such metamaterials are called Type I HMMs
as shown in figure 3.6(b) and have low losses because of dominated dielectric nature,
but are difficult to realise experimentally due to nanofabrication limitation.

Type I HMMs : In reverse case with respect to Type I HMMs, Type I HMMs have
two components are positive and one negative such as &y, €,y < 0 and &;; > 0 as shown
in figure 3.6 (c). Such memataterials have higher losses and high impedance mismatach
with vacuum due to metallic behavior of Type Il HMM [57].

Type I and Type II metamaterials can support waves with infinitely large wavevectors in
the effective medium limit. Such waves are evanescent and decay away exponentially

in vacuum.

3.7.4 Realization and materials for HMMs

Metals exhibit negative real part of the dielectric function below the plasma frequency
due to opposite directional polarization response of free moving electrons with respect
to the electric field. In hyperbolic media, the components of the dielectric tensor are
negative in only one or two spatial directions, which can be achieved by restricting

free electron motion to these directions [57]. Most common way to realize hyperbolic
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FIGURE 3.7: Fabrication of hyperbolic metamaterials: (a) Materials used to create
HMM depending on region of operation in the electromagnetic spectrum (UV to mid-
IR and THZ frequencies). (b) Multilayer structure consisting of alternating metallic
and dielectric layers forming a metal-dielectric superlattice. (c¢) Nanowire structure
consisting of metallic nanorods embedded in a dielectric host [56].
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metamaterials is layered metal—-dielectric structures. There is also another approach to
fabricate hyperbolic metamaterials using metallic nanowires in a dielectric host. How-
ever, the problem of silver overfilling or discontinious islands with the pores makes

nanowire HMM fabrication quite challenging.

Figure 3.7(a) describes about a wide available plasmonic metals and high index di-
electrics in order to fabricate hyperbolic metamaterials. Either gold or silver as al-
ternating multilayers with alumina form HMMs in the ultraviolet regime. To observe
hyrperbolic behavior in the visible range, high index dielectric such as TiO; or SiN is
required [58]. While, alternate plasmonic materials based on transition metal nitrides
or transparent conducting oxides for hyperbolic media are the promising candidates for
near-infrared (IR) wavelengths [59]. For mid infrared region, III-V degenerately doped
semiconductors have been used in place of metallic components in HMMs. Noteworthy,
SiC function as metallic building block due to narrow reststrahlen band for hyperbolic
media [60]. Multilayer graphene super-lattices are also capable to show hyperbolic
metamaterial response in the THz (far-IR) region. Figures 3.7(b) and (c) demonstrates
the sketch of fabricated Type II and Type I HMMs, using ultra subwavelength thin

metal-dielectric metal layers and nanorods embedded in dielectric host.
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3.7.5 Origin of the high-k modes in HMMs

In designed HMMs, due to the metallic building block required to achieve a negative di-
electric constant in one direction, HMMs support bulk plasmon-polaritonic or phonon-
polaritonic modes. Thus high-k modes of HMM can be considered as engineered bulk
polaritonic modes which owe their large momentum to light-matter coupling. When
evanescent wave is incident on a conventional dielectric as opposed to hyperbolic meta-
material. The evanescent wave decays in a simple dielectric but couples to a high-k
propagating wave in the hyperbolic metamaterial [61]. The high-k mode is seen to arise
due to the coupling between the surface-plasmon-polaritons on each of the interfaces.
Thus the high-k modes are in fact the bloch modes due to the coupled surface plasmon

polaritons on the metal-dielectric multilayer superlattice [62].
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4.1 Gain Materials

Gain materials, which can also be named chromophores, absorb the photons of incident

excitation electromagnetic wave and emit photons at longer wavelength in the visible

spectrum. Such materials have been found applicable in the field of biosensors, solar

cells, LEDs and diode lasers. Gain materials can be categorized into two classes such

as fluorophores and semiconductor quantum dots. Before discussing the optical prop-

erties of fluorophores and QDs, it is necessary to review the occurred processes on the

excitation of chromophores.

40
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4.1.1 Jablonski Diagrams

A Polish professor named Alexander Jablonski devoted his life to the study of molec-
ular absorbance and emission of light. He explained and sketched all the processes in
the schematics, which are known as Jablonski Diagrams [63]. An excited chromophore
molecule can be relaxed to the ground state following two types of transitions. Fluores-
cence and phosphorescence take place if transition to ground state is spin allowed and
spin forbidden, respectively. Energy levels of chromophore and its relaxation process
via radiative and nonradiative channels have been illustrated by the Jablonski diagrams
[64]. In figure 4.1, singlet states are referred by S and triplet by T. Radiative processes
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FIGURE 4.1: Jablonski diagram representing various radiative and non-radiative relax-
ations of a chromophore molecule along with fluorescence and phosphorescence.

like fluorescence and phosphorescence have been indicated by sinusoidal arrows.

Absorption takes place when fluorophore molecule absorbs a photon with energy equal
or greater than the energy difference between the ground and excited state as shown in
figure 4.1. Molecules approach to excited states when exposed to light of a wavelength
(energy level) equal to the energy gap between the ground state and excited state. This
process is called molecular absorbance of light. The amount of light absorbed is pro-

portional to the concentration of the absorbing molecule. Lambert-Beers law calculates
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absorbance A such as

I
A =log,, (7") — e pecl 4.1

where A is the absorbance and Iy and I refer to the intensity of incident and transmit-
ted light, €, and ¢ are the molar absorptivity and the concentration of fluorophores,
respectively, while / is the effective thickness of used cuvette in cm. On the other hand
, photons with lower energies are not allowed to higher energy states and will be trans-
mitted [65].

Fluorescence process occurs as an outcome of light absorption by fluorophore. Incident
light energy promotes the electrons from occupied orbitals to unoccupied ones, leaving
the molecules into excited states. Excited electrons release their energy to the lowest
level of singlet by vibrational relaxations and internal conversion in the case of pop-
ulating higher excited singlets (S,). Relaxation through emission of light in principle
always occur from the lowest energy excited electronic state of a molecule (Sy). In this
case, electron spends 1085 in the S| excited state and de-excites to the ground state S
within 10~1%s. The mechanism of the radiative relaxation named as fluorescence (green
lines transition) can be understood from the figure 4.1. Moreover, there is a loss of
energy through light emission due to another present radiative channels like vibrational
relaxations and internal conversion. Fluorescence emission is always red shifted (to-
wards longer wavelengths) relative to the excitation wavelength of light. The difference
between excitation and emission wavelength is known as Stokes shift, demonstrating
energy losses.

Internal and external Conversion are non radiative processes which take place dur-
ing the transition from excited state to ground state and lead towards the conversion
of all the excitation energy into heat. Internal conversion occurs due to direct vibra-
tional coupling and quantum mechanical tunneling between the ground and excited
electronic states. On the other hand, external conversion occurs due to collisions of
excited molecules in higher energy states [63].

Phosphorescence involves a radiative transition from triplet state to the singlet ground
state. Triplet states have longer life time and are located at lower energy levels with
respect to excited singlet states which results in the appearance of phosphorescence as
a very slow process in the time range from 10~3s to few seconds (even sometime to few
minutes too) at higher wavelength with respect to fluorescence emission. Such types of

transitions are classically forbidden [66].
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4.1.2 Parameters affecting fluorescence emission

Local environment effects

Fluorescence emission strictly depends on the surrounding local environment of a flu-
orophore. Parameters like pH value, temperature, concentration and polarity affect the
emission of gain materials. The polarity of the solvent causes a shift in the emission.
When the molecule is excited, the dipole moment is higher than in the ground state.
In a highly polar environment a “solvent” relaxation will occur, making the dipole mo-
ment between ground state and excited state smaller, and thus a lower energy difference
between the two states. This will lead to a shorter emission wavelength (a blue shift)
compared to the same molecule in a non polar environment. This is relevant when mea-
suring a fluorophore in different solvents, but also when measuring macro molecules
such as proteins that can contain several fluorescing groups functionalized at different
groups [67].

Concentration effect

fluorescence intensity also depends on the concentration of the fluorophore, but also
from other absorbing substances in the sample. At low concentrations, the relation
between concentration and intensity known from Lambert-Beers law is also valid for
fluorescence emission, while it can be affected by concentration quenching at high con-
centrations. Fraction of the excitation and/or emitted light is reabsorbed by the sample
and the measured intensity of the fluorescence is thus decreased (quenched). In high
concentration samples, the linear relation between concentration and fluorescence in-
tensity is no longer valid which means Lambert-Beers law is not followed any more.
Concentration quenching can be lowered by reducing the absorbance in the sample by
either diluting the sample or by reducing the pathway (decreasing the thickness of the
cuvette) [68].

4.1.3 Gain media : Organic dyes and Quantum dots

As it is already described, gain media can be classified into organic dyes and quantum
dots (QDs) and are capable to emit light in visible range. Organic dyes are the most used
chemical compounds for energy transfer processes due to large stock shift, higher quan-
tum yield and the invention of easy chemical methods to functionalize dye molecules
with plasmonic structures. However organic dyes also exhibit few shortcomings like

low chemical, photo bleaching and optical stability.
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On the other hand, QDs efficiently fulfills all the drawbacks of organic dyes. Basi-
cally, QDs are fluorescent semiconductors with extra-ordinary optical properties. They
have unique photo-physical properties like size-tunable light emission, improved signal
brightness, resistance against photobleaching, and simultaneous excitation of multiple
fluorescence colors. Furthermore, QDs are useful in a variety of in vitro and in vivo
applications. QDs can be used to target cell biomarkers because of high luminescence
and stability. Thus, QDs have the ability to become a novel class of fluorescent probes

[69]. The following example displays the superiority of QDs over Organic dyes. Figure
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FIGURE 4.2: (A) Series of CdSe QDs prepared in this experiment (Svials on left) and

a mixture of these components illuminated with a black light, (B) a series of dyes (

rhodamine 610, rhodamine 590, coumarin 6, and coumarin 460) and a mixture of the

dyes (top) illuminated with the same black light, (C) Fluorescence emission spectra of

two different mixtures: QDs mixture containing two sizes of QD, excited at 350 nm

and (D) a mixture of coumarin 6 and rhodamine 610 which were excited at 469 nm and
543 nm, respectively [70].

4.2(A) shows the emission of solution of QDs at different sizes and mixture of these
QDs. Solutions of mixtures of emit colors are the sum of the fluorescence wavelengths
of the individual QD components. When mixed in the appropriate relative quantities
some QD mixtures emit nearly white light. On the other hand, when organic dyes are
mixed, the black light excites only a single species and only one emission color is ob-
served as shown in figure 4.2(B). In order to understand this phenomenon, the fluores-

cence emission of the mixture samples of QDs and organic dyes have been acquired with
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respect to their individual ones as shown in figure 4.2(C) and (D), respectively. These
results and observations demonstrate that mixtures of QDs uniquely possess emission
colors that are the sum the individual QD components so that even white light can be
produced from simple mixtures. While, the fluorescence emission spectrum of a binary
mixture of organic dyes (rhodamine 610 and coumarin 6), as shown in shown in figure
4.2 (D) contains only one dominant peak which depends on wavelength rather than the

components in solution [70].

4.2 Forster Resonance Energy Transfer : Exciton-Exciton

Coupling

Electromagnetic induced electronic excitation of gain materials in the close proximity
of an emissive or non emissive quenchers leads to energy transfer from excited ac-
tive molecules to another entity either followed by a photon emission (Radiative re-
absorption), non-radiative channels (Forster type), or electron-exchange (Dexter type).
In order to understand the energy transfer processes, it is convenient to initiate with
FRET, which is the most basic transfer process between a pair of gain molecules (dyes,
QDs or combination of both). This can be considered as the principle near field interac-
tion process and another energy transfer mechanisms among the more complex entities

can also be explained on the basis of FRET process. Theoretical results confirm the

FRET

&rf'm,,b v f\ & musw“
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Donor Acceptor

FIGURE 4.3: Absorption and fluorescence spectra of an ideal donor-acceptor pair.
Light pink colored region is the spectral overlap between the fluorescence spectrum of
donor and absorption spectrum of acceptor.

presence of a near field communication between the two excited gain molecules, if such
molecules are located in few nanometer range with respect to each other and considered
as an oscillating dipoles [63]. Close proximity enables an exciton-exciton coupling

and the mechanism of such coupling has been explained by German scientist Theodor
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Forster, so, this phenomenon was named as Forster Resonance Energy Transfer in his
honor.

FRET is a radiationless dipole-dipole interaction between two excited gain molecules
which takes place when an initially excited gain molecule relaxes to the ground state
by transferring its energy to a nearby molecule in a nonradiative way [71]. FRET can
occur between a pair of gain molecules such as QD-QD, QD-dye and dye-dye pairs.

Such pairs can also be seen as donor-acceptor pair.

Figure 4.3 shows the spectral overlapping (defined by J(A)) between the emission of
donor and absorption of acceptor, which is a necessary condition for any energy trans-
fer processes. Noteworthy, FRET only requires the donor to be fluorescent, not to the

acceptor. FRET process has been explained by modified Jablonski diagram as shown in
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FIGURE 4.4: Jablonski diagramdemonstrates fluorescence resonance energy transfer
(FRET) among donor and acceptor molecules. S; and Sg are the excited and ground
singlet states, respectively.

figure 4.4 demonstrating an additional relaxation channel for excited donor molecules.
Donor molecules approach to the higher energy states, when excited by external source.
The mechanism of FRET involves a donor fluorophore in an excited electronic state,
which may transfer its excitation energy to a nearby acceptor chromophore in a non-
radiative fashion through long-range dipole-dipole interactions. The theory supporting
energy transfer is based on the concept of treating an excited fluorophore as an os-

cillating dipole that can undergo an energy exchange with a second dipole having a
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similar resonance frequency. In this regard, resonance energy transfer is analogous
to the behavior of coupled oscillators, such as a pair of tuning forks vibrating at the
same frequency. Such non-radiative energy transfer can be confirmed experimentally
by observing decrease in the donors fluorescence intensity and shortening in its excited
lifetime.

When donor as well as acceptor molecules are fluoroscent, energy transfer processes are
named as fluorescence resonance energy transfer. FRET typically takes place among

donor and acceptor molecules within the seperation distance of 0.5 nm to 10 nm.

4.2.1 Factors affecting FRET

Rate of FRET depends upon the extent of spectral overlap (J(A)) between the donor
and acceptor pair as shown in figure 4.3, the quantum yield of the donor, the relative
orientation of the donor-acceptor transition dipole moments and the distance separating
the donor-acceptor molecules. Any event or process that affects the distance between
the donor-acceptor pair will affect the FRET rate.
Moreover, Forster calculated that the efficiency of the FRET process ( Erger ) depends
on the inverse sixth power of the distance between the donor and acceptor pair (r) and
is formulated by

R6

0

R8 + 6

Errer = 4.2)

Where Ry is the Forster radius at which half of the excitation energy of donor is trans-
ferred to the acceptor chromophore. Therefore Forster radius Ry is referred to as the
distance at which the efficiency of energy transfer is 50%. The Forster radius (Rp)
depends on the fluorescence quantum yield (defined as the ratio of the number of lumi-
nescent molecules to the total number of excited molecules) of the donor in the absence
of acceptor, the refractive index of the solution, the dipole angular orientation of each

molecule and the spectral overlap integral of the donor-acceptor pair [71].

4.2.2 Application of Fluorescence Resonance Energy
Transfer (FRET)

Due to strong distance-dependence nature, FRET efficiency has been widely utilized

in studying the structure and dynamics of proteins and nucleic acids, in the detection
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and visualization of intermolecular association and in the development of intermolec-
ular binding assays [72, 73]. Thus, such energy transfer rates have found applications
as spectroscopic ruler. The distance over which energy can be transferred is dependent
on the spectral characteristics of the fluorophores, which is generally in the range of 0.5
nm to 10 nm. Thus, if fluorophores can be attached to known sites within molecules,
measurement of the efficiency of energy transfer provides an ideal probe of inter- or
intramolecular distances over macromolecular length scales. Indeed, fluorophores used
for this purpose are often called Probes. FRET has been used for measuring the struc-
ture, conformational changes and interactions between molecules and as a powerful
indicator of biochemical events [74]. Although the challenges of labeling molecules
with fluorophores and making accurate measurements of the fluorescence emitted by
them are being overcome, but, a number of difficulties still remain when examining

real-life systems.

4.3 Gain-Plasmon Energy Transfer process : Exciton-

Plasmon Coupling

Successful implementation of FRET towards various innovative applications, as de-
scribed in above section sparks curiosity to study the interaction of a gain molecule
and a plasmonic nanostructures, when placed in close proximity. Such interaction leads
to the coupling of electric dipoles of gain materials and plasmon modes of metallic
nanostructures. Theoretical and experimental studies confirm that cross talk between
resonant dipoles of active molecules and plasmon modes of NPs triggers non-radiative
energy transfer process from gain material to absorptive NPs, following certain condi-
tions [75-78]. Before going in detail on gain-plasmon energy transfer process (GPET),
it is important to discuss such conditions, which play very important role in the transfer

Processes.

4.3.1 Necessary conditions for exciton-plasmon coupling

(A) Spectral overlapping between donor and acceptor
An appropriate spectral overlapping between donor molecule emission and acceptor ab-
sorption spectrum is one of the most important condition in order to achieve efficient

RET process. Figure 4.5 represents an example of proper spectral overlap between the
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emission spectra of donor coumarin 520 molecules (red line) with plasmon band of

45 nm gold core- silica shell (Au@SiO,) NPs (black line). Spectral overlapping al-
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FIGURE 4.5: An example of perfect overlaping between the emission spectrum of
coumarin and plasmon band of core-shell NPs.

lows us the inter-band transitions via dipole-dipole interactions of donor and acceptor
in FRET. On the other hand GPET opens up an extra channel of energy transfer process
due to strong coupling between plasmon modes NPs and dipoles of the excited donor
molecule, resulting in a significant donor emission quenching.

(B) Gain to plasmon seperation dependence

It is well known that plasmonic NPs are considered efficient quencher of emission in
comparison to acceptor fluorophore in FRET. Thus, GPET can take place in the long
range within 1 to 40 nm with respect to donor-acceptor seperation distance (1 to 10 nm)
in FRET [79]. Energy transfer rate from a chromophore to a small NP via Nanoparticle
surface energy transfer process follows R™* distance dependence, while for dipole-
dipole interactions, such dependence varies to R~ [71]. Therefore, energy transfer rate
from gain molecule towards a NP must lie in the middle between these two extreme
cases, following R™" distance dependence, where n is between 4 and 6 [80].

(C) Geometry and shape influence

Geometry and shape of the plasmonic system affects the spectral overlapping plasmon
band with emission spectrum of gain materials simply and eventually, GPET process.
For example, it has already been discussed that spherical NPs having size less than 2
nm, cannot support the surface plasmons and attain broader and weak absorption band.
Such plasmonic NPs are not suitable for energy transfer processes due to less effective
spectral overlaping.

(D) Dipole orientation dependence on gain-plasmon coupling
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Dipole orientation of a chromophore molecule with respect to the induced dipole of NP
controls the energy transfer rate whether is increased or decreased [81]. Due to sym-
metry of the spherical NPs, the orientation dependence in gain molecules-Au NPs is
different with respect to a pair of dye-dye or dye-QD. If dipoles of two chromophores
are oriented perpendicular to each other, which means 6=0° for one gain molecule
and 6 =90° foe second one leads no energy transfer between the two actors. On the
other hand, when the chromophores dipoles are parallel to each other, the rate of energy
transfer is either maximum for both dipoles at 6=0° or a quarter of maximum value of
energy transfer rate, when both are mutually situated at 90° [80]. However, the energy
transfer process in GPET takes place when gain molecule is rotated along the NP sur-
face from the perpendicular to the parallel orientation which is a completely different
way as compared to FRET mechanism. the ratio of the maximum energy transfer rate to
minimum one approaches 4 at large separation distances and there is no orientation that
forbids energy transfer like FRET. Interestingly, the orientation dependence becomes

weaker at smaller distances [80, 82]. The relative dipole moment orientation of a chro-

(b)
(a)

FIGURE 4.6: An example of perfect overlaping between the emission spectrum of
coumarin and plasmon band of core-shell NPs.

mophore with respect to the induced dipole of NP determines whether the radiative rate
is increased or decreased. Figure 4.6 represents schemes of the relative orientation of
interacting dipole moments, resulting in modification of the radiative and non-radiative
decay rates. Parallel orientation of chromophore dipole moment to the surface of the
NP as shown in figure 4.6 (a) motivates dipoles of donor and plasmonic NPs to radi-
ate out of phase, decreasing the net dipole moment of the system. Thus, destructive
interference takes place which reduces radiative decay rate and enhances non-radiative
rate [81]. Presence of enhanced non-radiative decay rate can be confirmed by observing
fluorescence quenching, shortening of life time and decrease in quantum efficiency of
donor.

While, if the chromophore transition dipole is orientated in perpendicular way toward
NP surface as shown in figure 4.6 (b), total dipole moment is enhanced due to the con-

structive fields interferences of the chromophore dipole with plasmonic dipole [83].



Chapter 4. Gain-Plasmon Coupling: Energy Transfer Processes 51

This leads to the improvement of absorption rate, resulting in the enhancement of ra-
diative rate. Noteworthy, non-radiative rate is even enhanced due to the energy transfer
for radial polarization, But, radiative decay rate dominates leading towards enhanced
fluorescence [84].

(D) Quantum Yield of donor molecules

Quantum efficiency of donor can influence the interparticle distance for obtaining an
effective RET in a gain-plasmon composite. In fact, higher values of the quantum
yield can improve the efficiency of GPET process even for longer gain-plasmon sep-
aration distances. If gain medium exhibiting low values of quantum yield has been
selected for the energy transfer process, such material cannot exhibit an intensive fluo-
rescence signal. Non-radiative relaxation pathways even in the absence of any quencher
already dominate in such systems. In order to differentiate the opening of non-radiative
channel due to gain-plasmon coupling, higher values of donor quantum yield must be
preferred, whereas, gain medium with lower quantum yield must be used for metal

enhanced fluorscence processes.

4.3.2 Mitigation of optical losses : description of energy transfer

process via Jablonski diagram

In the frame work of all the above discussed conditions, Jablonski diagram has been
used in order to explain the resonant energy transfer process from a fluorescent molecule
towards a proximal plasmonic NP as shown in figure 4.7. Excitation energy sources
promote chromophores molecules to excited state, which yields in population of fluo-
rophore meta-stable state. Meanwhile, the plasmonic NP absorbs the incoming light,
resulting in the enhancement of their plasmonic local fields and excitation of bipolar
modes of NP.

It is well known that de-excitation process of fluorophores could be performed either by
radiative channels so called spontaneous emission or by nonradiative channels. How-
ever, for a fluorophore placed in close vicinity of a metallic NP, nonradiative relaxing
channels significantly enhance through RET process from chromophores to absorptive
NPs. As a result of this process, intrinsic emission of fluorescent materials either QDs
or organic dyes strongly can be quenched. Obviously, both parameters of fluorescence

lifetime and quantum yield of donor molecules will be modified, as well. The new
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FIGURE 4.7: Jablonski diagram, sketching gain-plasmon energy trasnfer processes in
gain functionalized core-shell NPs.

lifetime of donor molecule is expressed by

1

_ 4.3)
ky 4 knro + kGpET

TDA

where k,is the quenched donor emission. Also, the term kgpgrT represents the presence
of nonradiative energy transfer from donors to plasmonic acceptors. The sum of energy
transfer rate with k,,,,, denotes total non-rative decay rate of a single fluorescent molecule
( kyr) in the presence of metal acceptor. Take it into account that the enhancement of
non-radiative rate is outweighed respect to dropping of radiative rate. Hence, radiative
lifetime of the donor is shortened. Respect to the relation of quantum yield with lifetime

and radiative rate, we can write,

ky
 ky + knry +kGPET

dpa = Tpa X kr (4.4)
Since, both terms of k, and ¢p4 have been decreased, the reduction of gain material
quantum yield is expected. Briefly, the non-radiative relaxations term (represented by
green dashed arrow) has been demonstrated in figure 4.7 which includes thermal energy
dissipation (electron-phonon coupling) and plasmonic state relaxation of excited elec-
trons. One can confirm the significant presence of non radiative channel by observing
the simulateneous reduction of donor quantum yield, radiative rate and lifetime of do-
mor molecules.

Noteworthy, nonradiative energy transfer from gain molecules to plasmonic NPs is not
only as an additional pathway for releasing the energy of excited gain molecules, but in-

volves collective excitation (plasmons) of compressible electron gas in the nanoparticle.
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This interesting process has been exploited to mitigate the absorptive loss of plasmonic
systems. In fact, the absorptive losses could be compensated with inclusion of sufficient
active gain media, able to transfer energy on propagating SPPs and localized SPRs in
metal nanostructures using stimulated emission. In this respect, several theoretical and
experimental studies have demonstrated how nonradiative RET process from gain ma-
terials to plasmonic nanostructures can mitigate NPs absorptive losses [85-90]. Thus,
the transferred energy from donor on absorptive NPs does not dissipate completely ther-
mally through electron-phonon coupling, but also it can be relevant for decreasing the
radiation damping of NPs in terms of reduction of the imaginary part of the dielectric
permittivity.

As it has already been described in previous chapter, negative permittivity of plasmonic
NPs in visible range which makes them as a promising alternative for constructing the
subunits of optical metamaterials, originates from absorptive nature of metallic NPs.
Hence the intention of introducing gain to plasmonic NPs is not completely eliminating
the absorptive behavior of NP. However, it should be moderated sufficiently to make
NPs enough appropriate for optical applications. Indeed, transferring the energy is the
cost that we must pay to reduce the optical loss of NPs, but also keep alive their plas-

monic resonances.



Chapter 5

Exciton-Plasmon Coupling in

Nanoscaled Systems

Monomers Multimers

5.1 Introduction

In the past decade, plasmonic nanostructures have attracted great interest because of
their extraordinary and promising physical properties, assuming an important role in
emerging science and technological applications. In particular, the wide cross-disciplin-
ary features of plasmonics are being recognized in new research fields, leading to in-
teresting fundamental insights and promising applications in materials science, biology
and medicine. It is also well known from the section 2.4 that the particular optical prop-
erties of noble metal nanoparticles (NPs) are attributed to the localized surface plas-

mon resonance (LSPR), which is the collective coherent oscillation of free electrons
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(with respect to the positive ionic background) on the metal surface in resonance with
the electric component of an incident electromagnetic wave. LSPR contributes to the
strong confinement of optical radiation and a large enhancement of the electromagnetic
field in their proximity. Current research efforts in nanoplasmonics have led to various
photonics, opto-electronic and biomedical applications such as single-particle detection
and biomolecular recognition, optical probes for high resolution imaging, photo-thermal
therapies, photovoltaics, Raman biosensing, colorimetric sensing, hyper-lenses, and op-
tical metamaterials [6, 19, 25, 91, 92]. Negative values of the real part and low values
of the imaginary part of the dielectric permittivity are key factors for plasmonic ap-
plications. However, plasmonic NPs are not ideal resonators and exhibit considerable
optical losses at visible wavelengths that are undesirable for most of their potential ap-
plications.

In this respect, some theoretical and experimental studies have demonstrated how non-
radiative resonant energy transfer (RET) processes may play a role in modifying the
imaginary part of the effective dielectric function of the hybrid systems [85, 88, 90, 93,
94]. As it is already explained in previous chapter, non-radiative energy transfer effi-
ciency in hybrid (plasmon—exciton) systems strongly depends on physical parameters
such as geometry and size of the metal nanostructures, inter-particle distance, relative
spectral position between the excitonic band and surface plasmon band (SPB) of metal
NPs, relative orientation of the chromophore’s transition dipole moment with respect
to the NP’s plasmon modes, strength of the transition dipole moment and ntration and
molar extinction coefficient of the plasmonic and excitonic particles.

Moreover, Bo Peng et al. have reported that the incorporation of gain material at a con-
trolled distance from gold NPs allows for control and optimization of RET mechanisms
[18, 88]. In our former studies, we have investigated the influence of incorporating
excitonic material (chromophores) in the high-local-field areas of plasmon nanostruc-
tures to induce coherent RET processes from chromophores (donors) to plasmon nano-
entities (acceptors), both in gain assisted (NP— dye dispersions) and gain-functionalized
(dye encapsulated into the silica shell) systems [90, 95, 96]. The present work in this
chapter represents a nanoscale approach to ethanol based multimers dispersed ( mix-
ture of monomers, dimers, trimers, quadrimers, etc.) nanostructures consisting of gold-
core/silica spacer/silica shell, in which chromophores (Rhodamine B) have been grafted
at the interface between the silica spacer and the protective external shell. By vary-
ing the intermediate silica shell thickness from 10 to 30 nm, two series of multimeric
nanostructures have been synthesized and dissolved in ethanol solutions: passive (with-

out chromophores) and active ones (functionalized with chromophores). In addition,



Chapter 5. Exciton-Plasmon Coupling in Nanoscaled Systems 56

corresponding passive and active single NPs (monomers) have been synthesized and
used as control samples. Steady-state fluorescence spectroscopy accompanied by ultra-
fast time resolved spectroscopy shows a stronger coherent coupling between the plas-
monic cores and embedded excitonic molecules in multimers as compared to the sim-
ilar monomers. Moreover, Rayleigh scattering measurements and transient absorption
spectroscopy, performed on these two sets of samples, show a stronger plasmon—exciton
coupling in multimeric nanostructures with respect to single nanoparticles (monomers),
revealing a stronger optical loss mitigation in the case of multimeric nanostructures.
Simulation results demonstrate the occurrence of an enhanced local field in multimers
with respect to the corresponding monomers which can be understood within the context
of plasmon hybridization theory in multimeric nanostructures [48, 97, 98]. In addition,
it was investigated that a shorter separation distance between NPs and dye molecules
lead to more efficient non-radiative RET processes, which results in further absorptive
losses mitigation. Eventually, these results confirm that GPRET process occurs at sepa-
ration distances longer than those occurring for Forster resonant energy transfer process
(FRET) [71, 99].

5.2 Synthesis of monomers and multimers

Gold NPs with a diameter of (60+ 5) nm were synthesized through the reduction of hy-
drogen tetrachloroaurate(Ill) (HAuCly) in the presence of sodium citrate (NazCgHs507
-2H50) and sodium borohydride (NaBH4) according to the procedure published by
Brown et al. [100]. Firstly, passive gold nanoparticles (without dye) were coated with
a silica shell (monomer) according to the procedure published by Graf et al. [101] .
The thickness of the shell was controlled by changing the amount of silica precursor
(tetraethyl orthosilicate, TEOS). Active nanoparticles (with dye) have been obtained
from the passive ones by firstly grafting a Rhodamine B derivative with ethoxy-silano
group, which was previously prepared by reacting Rhodamine B isothiocyanate (RhB)
with aminopropyltriethoxysilane in absolute ethanol on the silica shell. To do so, an
amount corresponding to 15 RhB molecules per nm of silica surface was added into an
ammonia (6 % v/v)/ethanol suspension of passive particles. The reactive medium was
heated at 70°C during one hour. The monomers were collected by centrifugation and
washed three times with absolute ethanol. A second protective silica shell of 10 nm
thickness was then grown by drop wise addition of an ethanolic solution of TEOS. The

increase of the concentration of passive and active monomers during the addition of
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the TEOS solution leads to the formation of multimers which are a mixture of dimers,
trimers, quadrimers, heptamers, etc. These multimers are formed as a result of collisions
between monomer particles and are permanently fixed via the hydrolysis and conden-
sation of TEOS molecules on their surface. Synthesized multimers were filtered via
ultra- filtration membranes to separate monomers from multimers. However, filtrating

all monomers is not experimentally achievable.

5.3 Structural characterisation of plasmonic monomers

and multimers

Following the above synthetic procedure, two categories of multi-silica shell NPs have
been investigated such as active and passive multimeric and monomeric nanostructures
(control samples). Passive NPs consist of ethanol solutions of gold-cores (60 nm in
diameter), coated with silica shells 10 and 30 nm thick, labeled as Mo10 and Mo30,
respectively. Correspondingly active NPs, namely Mo+10 and Mo+30, have been syn-
thesized by starting from the Mol0 and Mo30 samples, then grafting Rhodamine B
isothiocyanate (RhB) dye molecules onto the spacer silica shell via click chemistry. Fi-
nally, a second 10 nm protective silica shell has been used to cover all the samples and
protect the RhB molecules on the Mo+10 and Mo+30 samples.

At the same time, multimeric samples have also been produced by selecting monomers,
dimers, trimers, quadrimers, heptamers, etc., of both passive and active monomers with
10 and 30 nm plasmon—chromophore separation distances. Active multimers (main
samples) and the corresponding passive ones (control samples) have been labeled as
Mu+10, Mu+30 and MulO, Mu30, respectively. A sketch of the multimeric system
is presented in figure 5.1(a). Average size uniformity is obtained by statistical analy-
sis of the core diameter, as shown in figure 5.1(b). The monodispersity of the active
monomeric samples (Mo+10) and the uniformity in size and shape of both systems
have been investigated by means of transmission electron microscopy (TEM) as shown
in figure 5.1(c). While the formation of multimers (Mu+10) can be clearly seen in figure
5.1(d).
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FIGURE 5.1: (a) Sketch of the active multimers, (b) statistical analysis of core diame-

ters performed on the Mu+10 system. TEM images of the (c) Mo+10 monomers and

(d) Mu+10 multimers with core diameter of 60 nm, silica spacer of 10 nm and silica
protective shell of 10 nm.

5.4 Red shift in extinction curves of multimers

The extinction cross-section spectra of both systems have been measured by means of an
UV-visible spectrophotometer (Cary500 by Varian). Figure 5.2 (a) and (b) show the nor-
malized extinction cross-section profiles of both passive and active monomers and mul-
timers, respectively. It is well known that the plasmon response of the nanostructures
can be influenced by the thickness of the silica shell, refractive index of the surround-
ing environment and configuration of the nanostructures [102]. In figure 5.2(a) and (b),
SPBs show a slight red-shift for multimeric systems with respect to monomeric ones.
The increase of the local field intensity due to coherent plasmon—plasmon interactions
leading to hybridization processes can result in a more efficient scattering cross-section
of multimers accompanied by a significant red-shift with respect to the absorption ef-
ficiency spectrum [48, 97]. Noteworthy is the increase of the red-shift in extinction
curves for multimers with respect to monomers for a shorter gold core—fluorophores

separation (10 nm) as compared to thicker separation layered samples.
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FIGURE 5.2: Normalized extinction spectra of (a) passive and (b) active monomers

and multimers, including absorption (Agps max = 543 nm) and emission (Agps max = 570

nm) spectra of RhB dye molecules all dispersed in ethanol. The insets of (a) and (b)

precisely show the red-shift of the multimers’ plasmon bands with respect to that of the
corresponding monomers.

5.5 Fluorescence quenching in multimers

Steady-state fluorescence measurements have been performed on the investigated sys-
tems. As evidenced in figure 5.3, the emission spectral position of encapsulated RhB
in NPs shows a significant change with respect to the same molecules dispersed in so-
lution (green dashed dotted line figure 5.2 (b). In fact, the surrounding environment
and probable formation of dye aggregates during the grafting process can modify the
absorption and emission curves [103]. Moreover, excited dye molecules exposed to
intense plasmonic fields may undergo radiative decay from energy levels triggered by
plasmon modes. Steady-state photoluminescence (PL) studies show that the fluores-
cence peak corresponding to multimers is red-shifted with respect to the monomers as
shown in figure 5.3 (a) and (b).

This effect appears more significant in the Mu+10 sample (thinner silica spacer) as
compared to Mu+30, corroborating our hypothesis that strong plasmon fields can trig-
ger radiative resonance with the plasmon modes, that are expected to be at longer wave-
length for Mu+10. Fluorescence quenching effects can be observed because of reso-
nant non-radiative energy transfer processes between excited fluorophores and plasmon
nanostructures. Fluorescence quenching of RhB dye molecules in both multimeric sys-
tems have been observed. Emission spectra of gain molecules grafted in the Mu+10
sample show a 2.8 fold intensity reduction compared with Mo+10 as shown in figure
5.3 (a) whereas, figure 5.3 (b) only shows 1.5 fold quenching in the case of Mu+30
system with respect to Mo+30 one. The obtained results demonstrate that the fluores-

cence quenching process is more efficient in multimers with a thinner spacer, because
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FIGURE 5.3: Fluorescence quenching observed in multimers as compared to

monomers under the same pump energy value. (a) Fluorescence emission maxima

of the Mo+10 sample (black squares) with respect to the Mu+10 sample (red circles).

(b) Fluorescence emission maxima of the Mo+30 sample (black squares) with respect
to the Mu+30 sample (red circles.

of the more effective GPRET process in cases when the excitonic molecules are placed

in close proximity to plasmonic NPs.

5.5.1 Steady-state fluorescence set-up

Steady-state emission spectra were recorded on a HORIBA Jobin-Yvon Fluorolog-3
FL3-211 spectrometer equipped with a 450 W Xenon arc lamp, double grating exci-
tation and single-grating emission monochromators (2.1 nm mm~! dispersion, 1200
grooves per mm), and a Hamamatsu R928 photomultiplier tube. Emission and excita-
tion spectra were corrected for source intensity (lamp and grating) and emission spectral

response (detector and grating) by standard correction curves.

5.6 Time resolved spectroscopy on multimers and

monomers

In order to understand the gain-plasmon coupling in gain functionalized monomers and
multimers, time resolved spectroscopy have been performed on the all set of the sam-
ples. First, the used experimental set-up for time resolved spectroscopy has been de-

scribed and then the obtained results have been discussed.
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5.6.1 Ultrafast time-resolved fluorescence spectroscopy set-up

Fluorescence time decay of the samples have been acquired by means of an advanced
spectro-fluorometer (Edinburgh, FLS 980 Series) using the TCSPC data option. The
used system, an ultrafast time-resolved fluorescence spectroscopic instrument is equipped
by Ti:Sapphire pulsed laser as a tunable excitation source in the 680-1080 nm range
(repetition rate = 80 MHz, pulse width = 140 fs, by Coherent Inc.), and represents the
core of a customized set-up that presents a pulse picker used to decrease the repetition
rate in the range between 1 to 5 MHz, in order to be synchronized with a multi pronged
spectrofluorometer able to perform both steady state measurements and TCSPC inves-
tigations as shown in figure 5.4. The excitation laser source can be tuned in order to
excite the gain meolecules at particular wavelength and to perform time-resolved mea-

surements on the samples. A Second Harmonic Generation (SHG) module is used to

Ti:Sa Pulsed
Laser

|
Pulse
Picker

SHG
Module

FIGURE 5.4: Scheme of the spectrofluorometer set up to perform ultrafast time-
resolved fluorescence spectroscopy.

decrease the excitation wavelength in the range of 340-540 nm (blue beam). All the
above mentioned investigations are performed inside the spectrofluorometer chamber
(sample position S1). A multi channel plate, synchronized with incoming pulses is used
to acquire the fluorescence decay lifetime in the proper temporal range. A broadband
half wave plate (A/2) and high damage threshold polarizer (P) are used to control the
power of excitation pulses. The mounted periscope (PE) has been used to have an in-
plane beam at a different heights. The photons collected at the detector are correlated
by a time-to-amplitude converter (TAC) to the excitation pulse. Signals were collected
by using a photon counting module, and data analysis was performed using the com-
mercially available FOOO software. The fit of data has been acquired by instrument
software and quality of fit was assessed by minimizing the reduced x> function and

visual inspection of the weighted residuals.
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5.6.2 Different life times observed in monomers and multimers

The fluorescence lifetime of all samples of monomers and multimers have been mea-
sured and compared with pure dye solution, using the above discussed set-up (see 5.4).
Samples have been excited at excitation wavelength A, = 375nm. The fluorescence
time decay of dissolved RhB molecules was fitted by a single exponential function,
while for both monomeric and multimeric systems, the time decay curves were fitted
by using tri-exponential decay functions (green dots and blue line fit in figure 5.6 ).
The fitting procedure of the emission intensity decays I(t) uses a tri-exponential model
according to the following expression:

I(t) =) (ajexp(—t/7;) (5.1

™

1

1

where 7; are the decay times and ¢; represent the amplitudes of components at t=0. The
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FIGURE 5.5: Sketch of different coupling configurations between grafted dye
molecules and gold cores.

presence of a very fast decay time 7 is attributed to a significant enhancement of the
nonradiative decay rate due to a strong GPRET process as sketched in figure 5.5. The
intermediate decay time 7, is related to FRET interactions, which may occur via two
main coupling channels such as direct coupling (i.e. the excitonic coupling) and indirect
coupling (i.e. the excitonic coupling assisted by the plasmons) [104, 105]. Finally, the
long-lived emission decay kinetics 73 is attributed to a small percentage of unbound
dye molecules that may have persisted throughout purification of samples for those dye

molecules which have not participated in energy transfer processes.
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FIGURE 5.6: Time-resolved fluorescence decays and relative fitting plots of (a)

monomer (Mo + 10) and multimer (Mu + 10) systems, (b) monomer (Mo + 30) and

multimer (Mu + 30) systems. Panels (c—f) show residuals decay fits of Mo + 10 and
Mu + 10 systems and of Mo + 30 and Mu + 30 systems, respectively.

Figure 5.6 shows the TCSPC data from active samples in order to understand the var-
ious possible gain-plasmon coupling in monomers and multimers systems with differ-
ent spacer shell thicknesses, as sketched in figure 5.5. For an ethanolic solution of
RhB molecules, the time resolved fluorescence decay curve can be fitted with a single-
exponential function resulting in a lifetime of about 7p ~ 3 ns (%2 = 1.192) as shown
in figure 5.6(a) and (b) [106]. The observed results are consistent with previous studies
which have been performed in RhB doped silica beads. Figure 5.6 compares the TC-
SPC data obtained at emission wavelength 572 nm, for dye molecules functionalized
in monomeric (green lines) and multimeric (red lines) systems when irradiated with a
375 nm ultrafast pulsed laser. The results of the TCSPC data fit of these samples are
labeled such as blue dots for monomers and black dots for multimers are presented in
Table 5.1 from figure 5.6. From TCSPC data of Mo+10 system (green dots and blue
line fit), a fast decay (7; = 88 ps, x°= 1.14) is accompanied by an intermediate decay
time (7> = 971 ps) and a long-living emission where the decay kinetics can be assimi-
lated to the fluorescence decay of pure RhB dye molecules (73 = 2.9 ns). Comparative
analysis has been performed on decay curve of Mu+10 nanostructures (red dots and

black line fit), and three decay times of 7; = 70 ps, 7 = 332 ps and 73 = 3 ns have been
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extracted for this system (x> = 1.27). The experimental data show a significant reduc-
tion of the lifetime of exciton states in multimeric systems with respect to a single NP

(monomer), reflecting a stronger plexcitonic coupling in multimers. The obtained re-

Sample | Aex (mm) [ Aey im) [ 71 (ps) | 7 (ps) ups) | x°

Mu+10 375 572 70 £1 323+ 3 3.00 £0.01 | 1.27
Mo+10 375 572 88 +2 971+ 56 | 2.904+0.01 | 1.14
Mu+10 375 572 325 +7 | 1582 +£40 | 5.32 +£0.01 | 1.18
Mo+30 375 572 452 +£10 | 1860 £20 | 3.2+0.1 | 1.07

TABLE 5.1: Time resolved fluorescence decay results for monomeric and multimeric

systems with 10 nm and 30 nm fluorophore—NP separation distances. A, and A, stand

for excitation and emission wavelengths, respectively. 7|, T, and 73 are the components

of the tri-exponential function used to fit the TCSPC data correlated to each one of

active samples. y? is the chi-square function which shows the goodness of the applied
fit.

sults are also in agreement with the steady-state fluorescence spectroscopy data, where
multimers show a higher fluorescence quenching efficiency with respect to the corre-
sponding monomers. Besides the direct coupling between fluorophores embedded in a
single NP, the nanospheres constituting a multimeric structure enhance the indirect cou-
pling between dye molecules via the plasmonic gold core, which results in a shortening
of intermediate decay time 7, for the case of Mu+10 as compared to Mo+10. The long-
living emission decay times 73 of both samples are almost the same, being associated
with the fluorescence decay time of non-interacting supernatant dye molecules.
Furthermore, a comparative set of lifetime measurements has been performed on Mo+
30 and Mu+30 nanostructures, where the chromophores are located 30 nm apart from
the gold cores (see Table 5.1). The acquired lifetimes of Mo+30 and Mu+30 systems
reveal that Mu+30 samples show a reduction in both short- and intermediate lifetimes
with respect to Mo+30 monomers, indicating the occurrence of more effective dye-NP
and dye—dye couplings in the Mu + 30 system.

Hence, these data indicate these important points.

(1) Non-radiative RET processes occur between chromophores and metal cores leading
to very short lifetimes 7

(2) Plasmon—exciton RET is drastically affected by their separation distance.

(3) As a result of the plasmon hybridization process, multimeric systems generally
create more intense plasmonic hot-spots (high local fields), providing stronger plas-
mon—exciton coupling with respect to monomeric systems.

(4) Intermediate decay times (7») infer that the decrease of silica shell thickness as well

as enhanced local fields, further promotes indirect couplings, irrespective of monomeric
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or multimeric systems.

(5) These results show that energy transfer processes between exciton and plasmon
states occur over 30 nm separation distances.

The presence of RET for such inter-distances proves that in contrast to FRET (max
inter-distance 10 nm), plexcitonic RET can occur even for longer interparticle distances

up to 30—40 nm.

5.7 Pump-Probe Rayleigh Experiments

In order to confirm optical loss mitigation phenomenon in designed gain-plasmon sys-
tems, two main experiments of optical transmission and Rayleigh scattering must be

performed based on a pump-probe setup.

5.7.1 Pump-probe Rayleigh Experimental set-up

Scheme of pump-probe Rayleigh setup has been demonstrated in figure 5.7. In this
setup, the sample S is optically lamp-pumped with 4 ns pulses of the third harmonic

of a Nd:YAG laser, Brio manufactured by Quantel. This laser can generate the funda-
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FIGURE 5.7: Normalized Rayleigh scattering (a and c¢) and transmission (b and d)
signals of the probe beam (532 nm) as a function of the pump energy (355 nm) for
multimeric systems: (a and b) Mu+10 and (¢ and d) Mu+30. Lower threshold values of
transmittance and scattering are observed for the Mu+10 system compared to Mu+30.
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mental wavelength of Nd:YAG at 1064 nm or its harmonics (532 nm, 355 nm, 266 nm).
This is achieved by specific modules (2m, 3w , 4w) easily plugged onto the optical head
with no alignment required. The harmonic generator is made with different kinds of the
crystals, depending of the oscillator type and requested wavelength. However, in this
research work, the third harmonic (A= 355nm) of this laser is applied and the second
generated harmonic (A = 532nm) is eliminated by a proper filter, placed in laser beam
path. Pulses are produced with repetition rate of the laser is 20 HZ. The energy of the
output laser beam can be controlled by a half wave plate, indicate by symbol of VA in
figure 5.7.

According to the properties of the synthesized hybrid systems, different types of probe
beam are applied. In fact, the probe wavelength was chosen in the proximity of the over-
lapping region between dye fluorescence and plasmon band maxima, where localized
surface plasmon modes are expected. In particular, the continuous wave diode-pumped
solid-state laser at 532nm manufactured by Laser Quantum is used as a probe beam.
This laser provides the possibility to adjust the intensity of the output beam. However,
during the experiment it operates with a fixed low power which is focused within the
excitation region of the sample. In addition, a xenon based lamp with a monochroma-
tor by LOT-Oriel Group, which can produce a spectrum of light ranged from 250nm
to 1100nm with 1nm wavelength resolution. During the experiment, the power of the
lamp is fixed and the generated light beam is focused within the pumped region of the
sample. Furthermore, this setup is equipped by Helium-Neon gas laser, operating at
633nm. The output beam intensity is tunable by a half-wave plate, positioned in beam
path. The probe light emitted, scattered, or transmitted by samples can be collected by
means of two types of detectors such as

(1) A high-resolution spectrometer, fabricated by HORIBA Jobin-Yvon MicroHR Sym-
phony. This spectrometer features a 140 mm focal length, a 400nm to 700nm wave-
length range and 0.3nm wavelength resolution, with adjustable slits, a high precision
counter, and an interchangeable kinematic grating mount. (2) A broadband compact
spectrometer (SPM-002-ET Hamamatsu S9840 Back-Thinned CCD), manufactured by
Photon-Control. This spectrometer operates in UV-NIR light spectra, ranged from
200nm to 1090nm with wavelength resolution of 2nm, which can connect directly to
a laptop or desktop PC through USB port. The position of the employed spectrometer is
determined depending on the particular experiment. The fiber is positioned at the angle
of 70° relative to the beam propagation direction for scattering (90 °for fluorescence)
experiment, within several millimeters from the sample. In the case of Rayleigh scat-

tering measurement the pump beam is focused onto the sample by means of a spherical
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lens L (f = 100nm), yielding a beam waist of about 100 um at the focus position. Trans-
mission signals are acquired far from the sample, on the same pump beam direction and
with a high neutral filter in front of the fiber head, in order to prevent any possible sig-
nal different from the probe one (high stable power). A pin-hole and a notch filter (F
in figure 5.7) provide the best conditions to avoid stray light and any other undesired

contribution to the transmitted light.

5.7.2 Pump-probe Rayleigh Experiments on active monomers and

multimers

In order to gain further understanding of the effects related to the interplay between
excitons and plasmons in the investigated systems, pump—probe experiments have been
performed as described in figure 5.7. According to the Beer—Lambert law, simulta-
neously measuring Rayleigh scattering and transient absorption, both in the absence
and presence of gain, allow us to determine if the extinction curve of the plasmonic
structure is affected by resonant energy transfer processes. Thus, modifications of the
Rayleigh scattering and transmitted intensity of probe beams have been monitored as a
function of the pump energy for all systems (excitation wavelength A, = 355 nm). The
pumping wavelength was selected to avoid direct excitation of the NP plasmon states
and to excite only the RhB dye molecules. We also made sure that the optical pump-
ing was not inducing significant changes in the sample by measuring transmitted and
scattering intensity before and after pumping events. As first proposed by Lawandy,
the localized SP resonance in metallic nanospheres is expected to show a singularity
when the surrounding dielectric medium provides a critical value of optical gain [18].
This can be evidenced by an increase in the Rayleigh scattering signal because of the
enhancement of the local field around the metal nano-antenna. Pump—probe Rayleigh
scattering experiments have been performed by collinearly launching a probe beam in
a small portion of the volume excited by a pump beam at 355 nm. The modification
of the scattered probe beam is detected at an angle of 70° relative to the beam propa-
gation direction. The scattered probe light, acquired by means of the optical fiber of a
high-resolution spectrometer was observed in the spectrum as a relatively narrow line
centered at 532 nm. Figure 5.8 shows the enhancement of Rayleigh scattering signal
as a function of excitation energy in Mu + 10 multimers. The increase of the scattered
signal above a given threshold value of the pump energy demonstrates the enhancement

of the Rayleigh scattering cross section mediated by GPRET processes [90, 96]
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FIGURE 5.8: Normalized Rayleigh scattering (a and c¢) and transmission (b and d)
signals of the probe beam (532 nm) as a function of the pump energy (355 nm) for
multimeric systems: (a and b) Mu+10 and (¢ and d) Mu+30. Lower threshold values of
transmittance and scattering are observed for the Mu+10 system compared to Mu+30.

Finally, the transmittance of the probe beam has been measured traversing the excited
volume upon varying the pump rate and compared this with the transmittance in the
absence of excitation pump. Figure 5.8 (b) shows the increase of transmission peaks of
the probe signal at 532 nm as a function of excitation energy for the Mu + 10 system.
Accordingly, as mentioned earlier, the simultaneous enhancement of Rayleigh scatter-
ing and optical transmittance imply the mitigation of absorptive losses, specifically in
the Mu+10 hybrid system. Figure 5.8(c) and (d) show the enhancement of the Rayleigh
scattering intensity and optical transmission at 532 nm, as a function of the pump rate
for the Mu+30 sample. This phenomenon confirms the inter-distance dependence of the
non-radiative energy transfer rate among NP—chromophore according to GPRET theory,
dipolar interactions are expected to scale as r~* r being the NP—chromophore separation
distance [80]. Furthermore, critical behavior of the transmission was observed above a
given threshold value of about 0.45 mJ per pulse for Mu+10, whereas the threshold
value for Mu+30 was found to be about 0.63 mJ per pulse, showing a change in the
RET efficiency as a function of the gain [18]. A comparative set of experiments, in-
cluding both Rayleigh scattering and optical transmission have been performed on the

Mo+10 and Mo+30 monomers. The results reported in figure 5.9 indicate a striking
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signals of the probe beam (532 nm) as a function of the pump energy (355 nm) for
monomeric systems (a and b) Mo+10 and (c and d) Mo+30. Lower threshold values
of transmittance and scattering signals are observed for the Mo+10 system relative to

Mo+30.

enhancement in the scattered and transmitted light above a certain gain threshold value.

Evidently, the Mo+10 system demonstrates lower threshold values (0.55 mJ per pulse)

with respect to the Mo+30 system (0.7 mJ per pulse). In addition, the threshold values

of monomers are higher than the corresponding values for multimers. Therefore, ap-

propriate exciton—plasmon distances in combination with stronger local fields result in

a more efficient absorptive loss mitigation in hybrid plasmonic systems.



Chapter 6

Gain-Plasmon Coupling in Mesoscaled

Plasmonic Systems

Plasmonic Nanoshells Plasmonic Mesocapsules

6.1 Gain functionalized Plasmonic nanoshells

6.1.1 Introduction

Metal based nanoshells are fabricated of a dielectric core (usually SiO;) covered by a
thin metal shell, consisting of spherical shape with diameters ranging in size from 10
to 250 nm. They possess an extensive set of optical, chemical and physical properties,
which make them ideal candidates for multiple technological applications approaching
from enhancing cancer detection and treatment, cellular imaging and medical biosens-

ing to structural elements for near zero permitivity metamaterials [85, 107]. Nanoshells

70
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function as appropriate and versatile detectable subunits because of their large extinc-
tion cross-sections, immunity to photobleaching, spectral tunability, absorption/scatter-
ing ratio tunability, electromagnetic near field enhancement and even increased lumi-
nescence. These optical properties are based on surface plasmon resonance (SPR). The
optical cross-sections and luminescent properties of gold nanoshells (NSs), compared
with those of conventional fluorophores and quantum dots result highly enhanced. Wu
et al. found that the absorption of a single 20 nm diameter nanoshell corresponds to
that of 4x 10* molecules of a dye used in photodynamic therapy (indocyanine green,
ICG) [108]. The optical extinction cross-section (3.8 10~ m?) resulted more than
one million times greater than the cross-section of an ICG molecule (1.66x 10~2%m?),
and almost twice the cross-section of a CdSe quantum dot (1.5x10~%m?) with the
same radius for nanoshells with a diameter greater than 130nm [109, 110]. The di-
mensionless extinction coefficient Q,,; of a gold nanoshell typically ranges from ~3
to 7. Park et al. found that 120 nm gold NSs result 140 times brighter than 100 nm
fluoresceinated polystyrene beads, which are commonly used in biological imaging ap-
plications [111]. Moreover, nanoshells offer stability towards photochemical changes
such as photobleaching, whereas conventional fluorophores are highly affected to this
phenomenon [112-114]. The position of the extinction (plasmon resonance) peak and
the relative contributions of scattering and absorption to total extinction of NSs can be
tuned by acting on two parameters, the radius of the inner core (r;) and the outer shell
(rp) as shown in figure 6.1 [115]. For a given r;, the position of the extinction peak is

determined by the core to shell ratio (r;/r;) [116].

s
Increasing
Core : Shell Ratio

80 nm Core Radius 60 nm Core Radius
20 nm Shell 5 nm Shell

20 nm 10 nm
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(b) som
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FIGURE 6.1: (a) Calculated extinction spectra of single Au/Ag nanoshells with a radius
of 27.5 nm and varying shell thickness. (b) Calculated extinction spectra of silica
core/gold shells NPs (core radius 60 nm) with varying shell thickness [115].

For greater core to shell ratios (thinner gold shells), the peak becomes shifted to longer
wavelengths. For gold NSs, the position of the resonant extinction peak can be selec-
tively tuned from 600 nm to greater than 1000 nm, covering the wavelength range that
includes the NIR tissue window (700-900 nm), where tissue is most transparent to light

. The ability of nanoshells to be tuned to the NIR is central to their functionality for
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biological and medicine applications. In addition to spectral tunability, the absorption
to scattering ratio of nanoshells can also be tuned by changing the nanoshell’s outer
radius (7). For smaller nanoshells, absorption dominates scattering, whereas for larger
nanoshells scattering dominates absorption [107]. The contributions of absorption and
scattering to total extinction can be made approximately equal among the two extremes.
It is also possible to design nanoshells for dual imaging and photothermal therapy ap-
plications, where high scattering efficiencies facilitate scatter-based imaging and high
absorption efficiencies facilitate photothermal therapy. Using suitable dimensions of
the two parameters, the relative amounts of absorption and scattering can be selected
across a wide range of wavelengths.

Gold nanoshells also exhibit another unique property, which is distinct from anything
seen in conventional fluorophores. Metallic nanoparticles act as nanolenses, which effi-
ciently focus incident electromagnetic radiation into the near field region close to their
surfaces with subwavelength precision [117, 118]. Averitt et al. have predicted local
field enhancements (E.,;, = Ejocai/Einc) of ~3 for gold nanoshells with outer radii of
12-15 nm [116]. Chien et al. have calculated enhancements of ~450 for assemblies
of gold nanospheres, which can be thought as rows of nanolenses. Since the intensity
scales as the electric field squared, these near-field enhancements produce intensity en-
hancements of many orders of magnitude. For the nanosphere assembly, the localized
surface intensity would increase by a factor of over 2 x 10°. Such enhancements have
important applications in single molecule detection [119].

However, all these extraordinary properties and other possible technological applica-
tions as gain functionalized metamaterials subunits for € near zero permitivity meta-
materials are strongly limited because of the strong intrinsic optical losses suffered by
these metal-based subunits, in terms of high values of imaginary part of permittivity
[85, 120-122]. In fact, they are characterized by significantly low values of the figure
of merit F = Re[e(w)]/Im[e(®w)], achieving to only a few decimals. To solve this draw-
back, and facilitate the use of their extraordinary optical properties, use of gain media
to bring energy to the quasi-static electric field associated with the localized surface
plasmon resonances has been proposed as discussed in the previous chapter. Theoret-
ical studies have shown that bringing gain to metamaterials can modify the absorption
cross section in terms of reduction of the imaginary part of the dielectric permittivity,
by producing only slight modifications of real part £;(®) [18, 87, 123]. Experimental
evidences have demonstrated that exciton-plasmon coupling in gain incorporated plas-
monic systems promote nonradiative energy transfer processes which is able to mitigate

absorptive losses as already described in the previous chapter[87, 90, 95, 96]. In the case
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of mesoscaled gain functionalized plasmonic nanoshells, strong gain-plasmon coupling
not only mitigates the optical losses through nonradiative energy transfer processes, but

also makes the system super absorber in selective wavelength range.

6.1.2 Synthesis of RhB dye doped plasmonic nanoshells

Synthetic process is initiated with the preparation of RITC-APS, by reacting rhodamine
B isothiocyanate (RITC) with aminopropyltriethoxysilane. Later, RITC was incorpo-
rated into the silica core by following the Stober-Fink-Bohn method [124]. The fluo-
rescent particles were collected by centrifugation and washed three times with absolute
ethanol. Their surface functionalization with (aminopropyl) triethoxysilane was carried
out as described in reference [125]. Small gold seed nanoparticles were anchored onto
the amine-modified surface of the Si0; nanoparticles using a modification of the method
reported by Westscott et al [126, 127]. Known methods have been used to grow com-
plete gold shells on the gold-seeded SiO, nanoparticles cores, [50, 128, 129] passing
through different growth steps (see TEM images in figure. 6.2b-c). Different growths
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FIGURE 6.2: (a) Sketch of the dye doped silica core/gold shells. (b) TEM image of

an intermediate step of the growing process of the gold shell (GR1) (bar = 100nm) (c)

TEM image of the complete gold shell (GR2, 170£10nm) around the SiO; core (about

20nm). (d) Normalized extinction cross-section of the two gold growths (dashed and

continuous black curves) and emission of Si0O, + RhB (red dashed curve) and SiO, +
RhB@Au (continuous red curve). Ay = 400nm



Chapter 6. Gain-Plasmon Coupling in Mesoscaled Plasmonic Systems 74

present different extinction curves (dashed and continuous black curves in figure 6.2(d),
GR1 and GR2), showing broad plasmon resonances in both cases. In the same figure,
the normalized emission of bare fluorescent silica cores dispersed in ethanol (red dashed
curve) and the modified emission in presence of the gold shell (continuous red curve)
have been shown. One of the possible responsible of this fluorescence behavior could
be the hybridization of plasmon modes [48]. The good spectral overlapping of the two
bands, obtained by means of functionalization with proper gain molecules placed right
at the heart of the resonant element, has permitted to exploit resonant energy transfer
(RET) processes between RhB molecules and plasmonic nanoshells. RET processes are
at the basis of optical loss compensation mechanisms and require a series of physical
and chemical conditions that have to be strictly satisfied, as spectral overlapping, dye
molecules concentration, nanoparticles-dye molecules interdistance, core-shell size ra-
tios. Material parameters have to be accounted to optimize dipolar as well as multipolar,
interactions which are responsible for non-radiative resonant transfer of the excitation
energy from gain units to plasmonic nano-objects.

In order to understand the impact of the interplay between gold nanoshells and dye
molecules in dye doped plasmonic nanoshells, an ultrafast spectroscopic set-up has
been used and to corroborate evidences of broadband mitigation of absorptive losses
in gold nanoshells, time-resolved fluorescence spectroscopy have been performed on

these systems, proving evidences on dye-NSs coupling and energy transfer processes.

6.1.3 Ultrafast spectroscopic set-up for pump-probe and fluores-

cence spectroscopy experiments

Ultrafast spectroscopic set-up has been used to perform broadband pump-probe mea-
surements in order to investigate simultaneous scattering and transmission enhancement
on a broad wavelength range and life time measurements. The used system consisting of
a femtosecond Ti:Sapphire pulsed laser (red beam in figure 6.3, repetition rate = 80Mhz,
pulse width = 140 fs, by Coherent Inc.), tunable in the 680-1080nm range, represents
the core of a customized set-up that presents two possible investigations lines: first line
includes a Pulse Picker used to decrease the repetition rate in the range between 4 and
5 MHz, in order to be synchronized with a multi pronged spectro-fluorometer able to
perform both steady state measurements (by means of a Xenon lamp and multiple grat-

ings, by Edinburgh) and time correlated single photon counting investigations. In the
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same line, a Second Harmonic Generation (SHG) module is used to decrease the ex-
citation wavelength in the range 340-540nm (blue beam in figure 6.3). All the above
mentioned investigations are performed inside the spectrometer chamber (sample posi-
tion H1). Second investigation line (dashed white on red beam in figure 6.3) includes
all the components used to perform broadband pump-probe analysis, both in transmis-
sion and scattering configuration (D1 and D2). An infrared light beam (from 750nm
to 900nm) is sent to a 30:70 beam splitter without passing through the pulse picker, 70
percentage of the beam is duplicated in frequency and used to excite sample in position
H2 (outside the chamber). At the same time, the remaining 30% is used to generate
super continuum light from a nonlinear photonic crystal fiber, to obtain a probe beam
with a broadband distribution (500-1000nm), phase matched with the primary pulsed

beam. Pump and probe beams are coupled by means of a beam coupler (BC) and co-
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FIGURE 6.3: A schematic view of the Ultrafast spectroscopic set-up used for both
pump-probe experiments and fluorescence spectroscopy measurements.

launched on the 3D holder sample (H2). A larger beam waist is chosen for pump beam
with respect the probe one, in order to be sure to investigate an area really shined by
pump light. Transmitted (D1) and scattered (D2) light are collected with a multimode
fiber and sent inside the spectrometer chamber in order to be spectroscopically analyzed
by means of a CCD camera (by Andor). A multi channel plate, synchronized with the
incoming pulses, is instead used to acquire the fluorescence decay lifetime in the proper
temporal range. Broadband half waveplates (A /2) and high damage threshold polariz-
ers (P) are used to control the pump and probe power. Three periscopes (PE) have been

used to have each time an in-plane beam at different heights.
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FIGURE 6.4: (a) Delta of transmission behavior as a function of excitation energy.

Double behavior observed in the two spectral regions 510-630nm (super absorber) and

630-750nm (enhanced transmission as low lossy). (b) Particular wavelength cuts for

transmitted probe intensity as a function of pump energy showing wavelength depen-
dent double behavior in the system.

6.1.4 RhB doped nanoshells as simulataneous super absorber and

low loss systems

Now, pump- probe experiments have been performed through a systematic approach
either to evaluate known effects which arise during resonant energy transfers and by
measuring key physical quantities as function of excitation energy. An ultrafast spec-
troscopic pump-probe set-up has been used to simultaneously excite and probe the same
volume of ethanol dispersed gain functionalised plasmonic nanoshells in order to ob-
serve transmission and Rayleigh scattering of a probe beam as described in figure 6.3.
A pulsed Ti:S laser has been used at particular wavelength (A = 800nm), as excitation
source to pump after passing through SHG and as a probe beam after passing through
photonic crystal fiber (PCF) in order to generate supercontinuum light in the range 500-
1000nm. Transmitted probe beam experiences two distinct effects due to the reciprocal
overlapping of the wide plasmon resonance and the modified RhB emission. The pres-
ence of a double peak in the RhB emission allows the appearance of two different phe-
nomena in the plasmon-exciton interplay and coupling. Delta of transmission of broad-
band probe beam was measured as a function of the excitation energy (Ae. = 400nm),
in the entire overlapping spectral region. Delta transmission is defined as

Ay — Ir(wp) — It (wop) 6.1)

Ir(wop)
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Where Ir(wp) represents the transmitted intensity when excitation is ON, Ir(wop)
when excitation is OFF, taking into account the fluorescence of the sample and the
background signal. As shown in figure 6.4 (a), in the range 510-630 nm the system
experiences an overall decreasing of delta of transmission (below zero) showing signifi-
cant absorbing behavior, whereas in the spectral range between 630-750nm, Ar become
positive, showing the enhanced transparent nature of system. Thus, The same system
behaves as super-absorber in the 510-630nm range, and as a plasmonic low loss meta-
structure in the 630-750nm band. Furthermore, In order to demonstrate this special
behavior of the system in more clear way, Ar has been extracted for particular wave-
lengths lying in absorbing band and transmission band as a function of pump power.
Figure 6.4 (b) reiterates the super absorbing nature, reporting negative Ay values for
five wavelength cuts ranging 520 to 640 nm and positive ones for 680-740 nm wave-
length cuts, followed by 40 nm wavelength interval.

Figure 6.5 shows the normalized scattering intensity as a function of excitation energy,
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FIGURE 6.5: Normalized scattering intensity behavior of broadband probe beam as a
function of excitation energy.

which remains almost constant for broadband spectral range . Such constant behavior
can be ascribed due to big size of meso-scaled particles where the scattered probe light
cannot be considered as Rayleigh scattering. The whole system can be explained on the
basis of diminished and enhanced transmission as an overall modification of the absorp-
tion cross-section , but in an opposite way in the two spectral regions. which occurs due

to strong plasmon-exciton coupling in the system.

6.1.5 Time resolved fluorescence spectroscopy

To better investigate the interplay between gold nanoshells and dye molecules and to

corroborate evidences of broadband mitigation of absorptive losses in gold nanoshells,
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time-resolved fluorescence spectroscopy have been carried out on RhB dye doped plas-
monic nanoshells in order to prove dye-NSs coupling and energy transfer processes,
using line 1 of ultrafast spectroscopic set-up as shown in figure 6.3. Fluorescence life-
time measurements demonstrate a significant quenching behavior, consistent with the
right separation distance from dyes to the thin gold shell, because of their strong res-
onant coupling. As it is already described in previous chapter in the case gain func-
tionalized NPs that optical emission of fluorescent guest molecules is followed either
by radiative and nonradiative decays. In case of a strong plasmon-exciton coupling the
probability of nonradiative decay can assume a very high rate (K,,,4), so that it may
become the main decay channel of excited dye molecules. Then, radiative decay rate
(K,qq) can be reduced to a little fraction of the total decay rate, producing a consid-
erable effect of fluorescence quenching. It can be understood by this simple relation

Kf1uo(r) = Kyaq(r) + Kyraa(r) [75]. Same ultrafast setup has been used to measure de-
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FIGURE 6.6: (a) Time-resolved fluorescence intensity decays for SiO, + RhB (red dots)

and Si0, + RhB@Au (black squares), together with the tri-exponential fits. While, Inset

shows the first fast and intermediate decay time behavior. (b) Table reporting the three
decay times obtained from the fitting process on the two samples.

cay times. To enable the spectro-fluorometer to be synchronized with the Ti:S pulses,
a pulse picker is used to decrease the repetition rate from 80MHz to 4MHz (see line 1
in figure 6.3, in which HI is the sample position). Figure 6.6 (a) reports the decay time
of SiO, + RhB (red curve) and SiO, + RhB@Au (black curve) with their fitting curves.

The fitting procedure of the emission intensity decays I(¢) uses a tri-exponential model
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according to the following expression,

-

I(t) =) (ajexp(—t/7;) (6.2)

1

Where 7; are the decay times and ¢; represent the amplitudes of components at t=0. Fig-
ure 6.6 (b) shows a table, comparing the all three life time observed in both SiO, + RhB
and SiO; + RhB@Au samples. The presence of a very fast decay time (77) is attributed
to a significant decrease of radiative rate due to embedded dye molecules into the silica
core coupled to the plasmonic gold shells, which experience a strong dipole-metal RET
process. The extracted fit reports a three-fold reduction on this fast decay time, droping
from 180ps to 60ps. The intermediate decay time (7;) is correlated to dipole-dipole
FRET interactions, which can happen as direct coupling between excimers of embed-
ded dye molecules, and indirect coupling of dye excimers via gold shells, observing a
small reduction of only 7.5%. The long-living emission decay kinetics (73) are due to
those dye molecules that do not overcome coupling effects because far from the metal

shell. In this case the two times resulted equals.

6.2 Gain Assisted Plasmonic Mesocapsules

Nanoplasmonics has received a drastically strong boost by the recent development of so-
phisticated characterization techniques and the great advancement of fabrication meth-
ods based on nanochemistry routes and assemblies [130]. Plasmonic mesocapsules rep-
resent a perfect example of chemistry, material science, and optics collaborations and
demonstrate the ability to concentrate light at the nanometer scale for the simultaneous
performance and optical monitoring of thermally activated chemical processes. Such
complex metallo-dielectric systems can also be named as plasmonic nanoreactors, con-
sisting of encapsulation of plasmonic nanoparticles on the inner walls of mesoporous
silica capsules. A Diels alder cycloaddition reaction was carried out in the inner cavities
of these nanoreactors to evidence their efficacy. It has been successfully demonstrated
that reactions can be accomplished in a confined volume without alteration of the tem-
perature of the bulk solvent, while allowing real time monitoring of the reaction progress
[131].

Moreover, gain assisted plasmonic mesocapsules can also play an important role in or-

der to realize plasmonic devices, owing to its broader plasmon band in the visible range
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and its larger size. However, the crucial point of the metal based plasmonic materials re-
mains the intrinsic optical losses located at the resonance frequencies. In fact, the strong
radiation damping at visible wavelengths leads to the shadowing of their extraordinary
electromagnetic properties. Gain-enhanced materials are a potential solution to this
problem [85-87, 132, 133], but the conception of realistic three dimensional designs is
still a challenging task. The idea is to optimize plasmon-gain dynamics so that coherent
and non-radiative energy transfer processes between excitonic states (chromophores-
donor) and plasmon states (metal-acceptor) can effectively occur as described in the
previous chapter. Upon programming this interplay by controlling the dominant param-
eters of plasmon-gain interaction provides a powerful tool to trigger relevant physical
effects such as optical loss compensation, super-absorption, enhanced photolumines-
cence, surface enhanced Raman scattering and laser action.

This section of the chapter reports on the loss mitigation observed in a dispersion of
porous silica mesocapsules embedding plasmonic nanoparticles in a gain-doped solu-
tion. These plasmonic mesocapsules, obtained via colloid chemistry routes, show a
broad plasmon resonance band covering a large portion of the visible spectrum (500-700
nm). The gain assisted plasmonic capsules, a hierarchical organization of metal nanos-
tructures, allow to exploit key physical parameters to promote effective gain-plasmon
interplay. Sophisticated experiments such as ultrafast time resolved spectroscopy and
broadband femtosecond pump-probe laser spectroscopy reveal striking opto-plasmonic
features, demonstrating a substantial gain-induced broad-band loss mitigation. Previ-
ous reported systems, based on the study of gold nanospheres functionalized with gain
refers to selective optical loss mitigation has been observed [90, 95, 96]. In that case, al-
though optical losses were efficiently attenuated which was restricted to a narrow spec-
tral range. Here, the present work shows the first experimental evidence of optical loss
mitigation in such plasmonic system, exhibiting broad plasmon band in visible range.

It represents therefore a step forward in the direction of bulk plasmonic materials.

6.2.1 Synthesis of plasmonic mesocapsules

Plasmonic mesocapsules have been synthesized by our chemistry collaborators. Polystyrene
(PS) beads of 530 nm were functionalized by using the layer by layer assembly tech-
nique(LbL) resulting in an ordered multilayer composed of 4 monolayers of polyelec-
trolyte (PS/PSS/PAH/PSS/PAH) where PAH stands for poly(allylamine hydrochloride)
(Mw 56000) and PSS for poly(sodium styrene sulfonate) (Mw 70000) [134—136]. This
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polyelectrolyte film provides the PS particles with the necessary electrostatic function-
ality for the adsorption of gold seeds. The gold seeds (1-3 nm; [Au] = 1073M) were
synthesized as described elsewhere [126]. In this case, 10 ml of functionalized PS beads
(2.5 mg ml~!) were added dropwise to 50 ml of Au seeds solution under sonication. The
resultant solution was standing for 2h. The excess of gold seeds non deposited on the PS
surface was removed by three centrifugation-redispersion cycles with pure water (5000
rpm, 20 min). The final redispersion was in 5 ml of an 1:1 ethanol/water mixture.

In order to carry out the mesoporous silica coating, the method described by Yonghui
Deng et al. [137] was partially followed. Briefly, the previous PS@ Au-seeds suspen-
sion, 5 mg ml~!, was added drop by drop under sonication to a mixed solution of CTAB
(200 mg), deionized water (80 ml), ammonia aqueous solution (28 wt%, 0.730 ml) and
ethanol (60 ml). The resultant solution was homogenized by sonication for 20 minutes.
Then, 2 ml of a 5% (v/v) solution of tetraethoxysilane (TEOS) in ethanol was added
dropwise to the previous suspension under sonication. This mixture was stirring for
2 days in order to have a homogeneous silica growth. Then it was centrifuged three
times and washed with water. Polystyrene and CTAB templates were removed by cal-
cination at 550°C for 20h. A solution of gold pre-reduced Au™ was prepared and first
growth of gold seeds inside the mesoporous capsules was achieved by adding 57 ml
of Au™ solution and 170 ul of formaldehyde solution (37 wt%) to 10 ml, 2.5mg ml~!
of Au-seeds@Si0O; mesoporous-h under vigorous stirring. After 5 minutes of reaction,
the color of the solution changed from red to purple-blue and 15 minutes later, from
purple-blue to grey-blue. The sample was centrifuged three times and washed with wa-
ter. A second growth was carried out just by adding 40 ml of Au™ solution and 90 ul of
formaldehyde to a volume of 5 ml, 2.5 mg ml~! of the previous solution. After 30 min-
utes of vigorous stirring, the sample was cleaned by three centrifugation-redispersion
cycles with pure water. The final redispersion of the capsules after the first and second

growth was in ethanol.

TEM image have been shown for the synthesized mesocapsules in figure 6.7. It fea-
tures different mesocapsules and evidences the uniformity of the sample in term of
size, morphology and Au NPs distribution. Moreover, In figure 6.8 ,TEM images for
two mesocapsules have been shown at different Au NPs growth level. In particular,
the mesocapsule type in figure 6.8(b) is obtained starting from the one shown in figure
6.8(a) and by using the NPs already present as catalyst seed to grow bigger NPs. If
any trace of gold was present on the outer surface of silica before the catalysis reaction
it would have grown as well. Figure 6.8(b) confirms that gold grows only inside the

cavity.
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FIGURE 6.8: TEM pictures for mesocapsules showing different Au NPs sizes
6.2.2 Incorporation of gain to plasmonic mesocapsules

Figure 6.9 shows designed and fabricated plasmonic structures, with a diameter of 530
nm, resembling a reverse bumpy ball configuration in which multiple Au NPs are en-
grafted on the inner walls of porous silica capsules, as described in above synthesis
section. Plasmonic mesocapsules fabrication procedure and interaction of gain media
to Au NPs have been shown schematically in figure 6.9 (a). Figure 6.9(b) shows the
typical Transmission Electron Microscope (TEM) image of a plasmonic mesocapsule in
which Au NPs supported on the inner wall of the porous silica shell are clearly visible as
dark spots. Figure 6.9(c) shows the statistical distribution of their diameters, its average
is 11.54+1.7 nm. The spatial distribution of the Au NPs growth at the inner wall of the
silica shell is clearly evidenced by the Focused Ion Beam (FIB) cross-section analysis
of a typical plasmonic capsule as shown in figure 6.9(f). Scanning Transmission Elec-
tron Microscopy (STEM) in figure 6.9(d) and X-ray Energy Dispersive Spectroscopy
(XEDS) in figure 6.9(e) provide further evidences about the homogeneous nature of the

silica shell, moreover no trace of gold is detected on its outer surface.
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FIGURE 6.9: (a) Schematic of the synthesis of plasmonic mesocapsules and incorpora-
tion of R6G as gain media to structures. (b) TEM image of a typical plasmonic meso-
capsule (c) Statistical distribution of Au NPs diameters, with an average of 11.5£1.7
nm. (d) STEM and (e) combined XEDS elemental mapping images from the same
mesocapsule, Au = red and SiO, = green; (f) FIB cross-section image.

6.2.3 Spectral overlapping of plasmonic mesocapsules

with gain medium

It must be noticed that plasmonic band resulting from the nanoparticles arrangement,
produces a spectrally wider and red-shifted resonance compared to the one of the sin-
gle metal nanoparticle, which is observed at 520 nm with a narrow peak. In fact, it
is known that nanoresonators alone would produce a specific plasmon resonance, but,
when in close proximity mix and hybridize creating a completely different response.
Nano-porous silica was chosen for the dielectric shell because is a largely used host
material for encapsulating dyes or drugs by means of a simple impregnation approach
[138]. The pores (2-5 nm in diameter) of the silica shell have been loaded with Rho-
damine 6G (R6G) as the gain material by soaking the plasmonic mesostructures in an
ethanolic R6G solution. R6G has been chosen because its emission spectrum overlaps
mesocapsule plasmonic band in order to fulfill the resonant energy transfer condition, as
shown in figure 6.10. As it is described in the previous chapter, dealing with the effect of
isolated metallic nanoparticles on the fluorophores spontaneous emission rate, has been
demonstrated that the non-radiative energy transfer processes are largely dependent on
distance, with a maximum located where the plasmonic field is more intense, namely
at few nanometers from the nanoparticle surface [47, 83, 88, 99]. In the case of plas-

monic mesoporous capsules, impregnation of the hollow cores with the gain molecules
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FIGURE 6.10: Mesocapsules broad plasmonic resonance (black continuous line) and
R6G fluorescence emission spectrum (red dashed line), showing the significant spectral
overlapping.

enables strong gain-plasmon coupling and results to be very effective for the promotion

of non-radiative energy transfer processes.

6.2.4 Fluorescence quenching in gain assisted plasmonic mesocap-

sules

Now, it is well-known that close proximity of gain molecules to plasmonic NPs as a
result of remarkable enhancement of non-radiative decay rate with respect to radiative
decay rate. Such phenomenon leads to a drastic fluorescence quenching of fluorophores.
In order to understand triggered non radiative energy transfer processes in the system,
gain assisted plasmonic mesocapsules has been prepared by mixing R6G at a concen-
tration Cr =1.2 mg ml~! dispersed in ethanol and mesocapsules at Cr = 7.5 mg ml~!
and is labeled as C2-S3 , while the similar solution of R6G is used as reference sample,
naming R6G in the figure 6.11. Fluorescence emission of R6G dye molecules in both
samples, pure ethanol-based R6G solution and R6G assisted plasmonic mesocapsule
have been acquired by optically pumping with large spotted pulse trains of a tripled
Nd:YAG laser (4. = 355 nm) as a function of pump power. Fluorescence quenching

efficiency has been calculated using the values in the inset of figure 6.11 as

Q:l-(?) (6.3)

0
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FIGURE 6.11: Fluorescence quenching efficiency as a function of the pump energy.

Inset of the figure shows the fluorescence maxima of R6G at a concentration Cr =1.2

mg ml~! in ethanol (black squares) and the fluorescence maxima for a isoconcentrated

solution of R6G in which mesocapsules (Cr = 7.5 mg ml~!) (red dots) are dispersed.

The fluorescence quenching efficiency has been calculated by using the data in the
inset.

Where F and F; are the fluorescence signal intensity in presence and in absence of
mesocapsules, as a function of the pump power. The non-linear increasing of Q as a
function of the pump power can be ascribed to the resonant energy transfer processes
occurring between plasmonic mesocapsules and dye molecules. Inset of figure 6.11
shows the fluorescence quenching observed in the gain assisted plasmonic mesocap-
sules (C2-S3) with respect to isoconcentrated ethanol-based R6G solution. If the two
media were uncoupled, the mesocapsules would have act like static quenchers and the

quenching rate would have been constant.

6.2.5 Time resolved spectroscopy on gain assisted mesocapsules

As it has also been explained in the previous chapter in detail, life time of a fluores-
cent system depends on radiative as well as nonradiative decay rates. Shortening of
the lifetime of a dye molecule in close proximity of a plasmonic quencher can be due
to the enhancement of the nonradiative decay rates. Time resolved spectroscopy has
been performed on the two gain assisted different concentrated plasmonic mesocap-
sules (C1=1.25 mg ml~! and C2=7.5 mg ml~"), using line 1 of ultrafast spectroscopic
set-up as shown in figure 6.3. All the sample have been excited at excitation wave-

length (A, = 350 nm) , using femtosecond Ti: S pulsed laser via SHG. A series of
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FIGURE 6.12: Percentage decreasing of the fluorescence life time vs dye concentration

for two different concentration of mesocapsules (C1=1.25 mg ml~'and C2=7.5 mg

ml™!). (b) life time for pure ethanol based R6G solution at concentration Cr=1.2 mg

ml~! (black line) and for two mesocapsule dispersions at concentration C1 (red line)
and C2 (blue line) in an R6G solution (Cr = 1.2 mg ml™).

fluorescence life time measurements has been carried out in order to identify the opti-
mal ratio between fluorophore and mesocapsule concentrations. Figure 6.12 (a-b) show
a maximum reduction of the life time of the 41% in the case sample C2 at particular
R6G concentration. Therefore the corresponding concentrations (C2 = 7.5 mg ml~! for
mesocapsules and Cr=1.2 mg ml~' for R6G) have been used in all the subsequent ex-
periments. Eventually fluorescence spectroscopy gives us the clear proof of a resonant

energy transfer between gain and plasmonic medium.

6.2.6 Gain assisted mesocapsules as loss mitigated system

An ultra-fast pump-probe experiment for the simultaneous measure of Rayleigh scatter-
ing and transmission has been set up in order to demonstrate that gain-plasmon coupling
in such system actually works as a loss-compensating mechanism. As it is already ex-
plained in the previous chapter, according to Beer-Lambert-Bouguer law, by measuring
simultaneously Rayleigh scattering and transmission either in absence or in presence of
pump, we are able to understand if the absorptive power of the material is affected by
the gain presence. The experimental details are already described in figure 6.3 showing
a sketch of the experimental set-up for pump-probe experiments. Femtosecond pulsed
Ti:S laser has been used at particular wavelength (A = 700nm), as an excitation source
to pump after passing through SHG and excites R6G molecules at A, = 350nm and
as a probe beam after passing through photonic crystal fiber (PCF) in order to gen-

erate supercontinuum light in the range 500-750nm. Broad-band enhancement of the
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FIGURE 6.13: Measured percentage change of the transmitted broadband probe beam

(a) by the mesocapsule gain assisted system as a function of pump energy. (b) Particular

cuts of the previous curves for five different wavelengths of transmitted intensity as a
function of pump power.

transmitted probe beam through the sample has been measured, while the scattering in-

tensity of the probe beam seems to be unaffected by excitation energy. It shows a typical

threshold value for the average pump power (about 20mW) above which a super-linear

increase of the transmission was observed. In fact, the transmitted probe light rise up of

an order of magnitude with respect the absence of the exciting field (pump pulses).

Moreover, the enhancement in transmitted probe beam as loss mitigated system has also

been supported by simulation work which was done by our theoretician colleague. To

support the experimental results, an analytical model based on Mie theory was realised
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FIGURE 6.14: Calculated behavior for AGZZ , for different values levels of gain (£§ (@)
from -0.2 to -1.0). (c) They are assumed to be both outside and in the core of mesocap-
sules; (d) Gain elements are assumed to be only outside the core of mesocapsules.
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The results show that, if the presence of gain elements is supposed to be only outside
the gold rich inner shell (namely diluted in ethanol or impregnated in the outer porous
shell) no loss mitigation effects occurs (see figure 6.14b). In particular, the model pre-
dicts an increasing of the absorption cross-section in a spectral range below 550nm,
and a reduction (even negative values) between 550 and 600 nm. On the other hand,
if the gain is infiltrated in the hollow core, the absorption cross-section is broadband
reduced (negative values), corresponding to a loss mitigation on a large spectral region
(see figure 6.14a). This result is not surprising because, in the hollow core of the meso-
capsule, the electric field is spatially uniform and consequently, the coupling is highly
efficient for all the gain molecules present in this region, thus allowing for an effective
loss mitigation. From these results, one can infer that, in the experiments, sufficient
amount of gain molecules are infiltrated the hollow core of mesocapsules, emphasizing
how important is to strategically position the gain in dependence of the geometry of the
plasmonic structure.

Furthermore, it is known that the orientation of the dipole momentum of the gain el-
ements plays a fundamental role in the optimization of the energy exchange [68]. As
a consequence, being the gain elements present in our system dispersed in a solution,
their dipoles momenta are free to reorient according with the electric field even inside
the mesostructures. This makes these system much more efficient for loss mitigation
purposes, than functionalized nanostructures in which the gain elements are embedded

with random orientation within a solid dielectric host.



Chapter 7

Exciton-Plasmon Coupling in

Macroscaled Systems

7.1 Dual Effect of Exciton-Plasmon Coupling in Hybrid

Nanocomposite Films

7.1.1 Introduction

Exciton-plasmon hybrid systems demonstrate promising applications in light harvest-
ing, sensing, plasmon mediated superluminescence, surface enhanced Raman scatter-
ing and sub-wavelength imaging beating the diffraction limit [4, 33, 140]. They are
also expected to promote quantum effects such as electromagnetically induced trans-
parency, cavity quantum electrodynamics, and photon blockade at normal experimen-
tal conditions such as room temperature and atmospheric pressure [141-143]. Sev-
eral approaches have been implemented in order to study exciton-plasmon interaction,

such as using DNA as spacer and placing QDs in close proximity of NPs by using

89
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an atomic force microscope (AFM) tip [144—146]. To exploit exciton-plasmon inter-
action towards real applications, lot of efforts have been made to disperse QDs and
plasmonic NPs in polymer matrices[147, 148]. However, metal losses affect the perfor-
mance of all plasmonic devices and metamaterials in the optical range, making impos-
sible to harness most of their fascinating properties for real life applications. Battling
these absorptive losses will trace the future of plasmonic devices towards technologi-
cal applications. Theoretical and experimental studies suggest that bringing gain close
to plasmonic nanostructures can be a potential solution to solve optical losses issue
[86, 89, 132, 133]. Gain-plasmon interaction also triggers other physical phenomena,
such as super-absorption and enhanced photoluminescence (PL), along with mitigation
of optical losses depending on inter-particle distance between gain media and metal
nanoparticles (NPs) [47, 88, 149]. We already discussed gain assisted plasmonic sys-
tems at nano- and meso-scale in the previous chapters, where both gain encapsulated
and gain assisted plasmonic structures have been dispersed in usual solvents [90, 94—
96, 139]. This chapter explores the effects of gain-plasmon interaction, when QDs and
Au-NPs are dispersed in a thick and flexible plastic matrix. Experimental evidences,
such as fluorescence quenching, decrease of the overall quantum yield and modifica-
tions of fluorescence lifetimes confirm the presence of this strong coupling between
plexcitonic elements. Measurements performed by means of an ultra-fast broadband
pump-probe setup demonstrate a broadband mitigation of plasmonic optical losses of
gold NPs dispersed in a plastic network in presence of gain. At the same time, a feed-
back mechanism induces a superabsorbing effect in QDs embedded in the same flexible
matrices in presence of gold NPs. The close proximity of the two entities enables strong
gain-plasmon coupling, stimulating non-radiative resonance energy transfer (RET) pro-
cesses from excitons to plasmons and viceversa, in a sort of feedback mechanism. These
RET processes from QDs to plasmonic nanoparticles are responsible for mitigating the
metal optical losses, leading to a gain induced transparent system [90, 94, 96, 139, 150].
Moreover, the feedback effect, by acting in a reverse way, enhances QDs absorption
cross section due to the presence of the strong plasmonic field generated in close prox-

imity of metal NPs, [105] originating a super absorber behavior.
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7.1.2 Synthesis and Fabrication of PDMS Nanocomposite Films Based
on Au-NPs and QDs

The synthesis of donor core-shell CdSe@ZnS QDs and acceptor gold NPs is based
on the fulfilling of some parameters, such as the overlapping between donor emission
and acceptor absorption bands, and the homogeneous distribution of nano-objects in
the host polymer. To satisfy the overlapping condition, sizes and functionalization of
Au-NPs and QDs were properly performed. Spherical Au-NPs were synthesized by
the addition of a solution of HAuCls - 3H,0 dissolved in OA into a refluxing solution
of OA and toluene . The particle growth was carried out at 110°C for 120 minutes
[151]. The Au-NPs, collected and purified with methanol from unreacted precursors,
were finally dispersed in hexane. The average size of 11 nm for Au-NPs was confirmed

by TEM characterization [152]. CdSe QDs cores were produced by disintegration of
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FIGURE 7.1: (a) The plasmon band of gold NPs (black dashed line), absorption of

CdSe@ZnS QDs (blue solid line) and fluorescence emission spectrum (red dashed line)

of CdSe@ZnS QDs, both in hexane solution. (b) Sketches of fabrication of nanocom-

posite films based on PDMS and Au-NPs, (c) as prepared (d and e) ligand exchanged
CdSe@ZnS QDs, (f) the mixtures of Au-NPs and QDs [152].

organometallic precursors in hot coordinating solvents and then ZnS shell was grown
over the cores [153]. In the next step of synthesis, an organic capping layer made of tri-
octylphosphine oxide (TOPO) and trioctylphosphine (TOP) was used to coat the QDs.
As this organic layer contains the major fraction of TOPO, QDs will be entitled as
“TOPO-coated QDs”. The synthesized CdSe@ZnS QDs have their maximum absorp-
tion in solution around 561 nm (as shown in figure 7.1a). TEM analysis confirms the 3
nm size of QDs. Now, hybrid nanocomposite polymer films are fabricated by starting
from the synthesis of Oleylamine (OA-) coated Au-NPs and CdSe@ZnS QDs of 11 nm
and 3 nm in diameter, respectively, following the methods reported in these references
[151, 153]. The elastomer was mixed thoroughly with the curing agent in the weight

ratio of 10 : 1 and then degassed under vacuum to remove entrapped air bubbles. OA
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capped Au-NPs ( 100uL, 3 x 10~° M solution in hexane) and/or TOPO-capped and OA
capped QDs (100uL, 6 x 107> M solution in hexane) were added to the pre-polymer
mixture (2 g) and vigorously stirred for 1 hour to obtain a homogeneous mixture. The
resulting mixtures were cast into a support template (2.5 cm x 2.5 cm) and the films
were cured at 70°C for 24 hour to obtain about 3 mm thick homogeneous, transparent

and freestanding films. On the contrary, when colloidal emitting CdSe@ZnS QDs were
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FIGURE 7.2: Images of the reference and main samples. Reference samples refer to
pure (A) PDMS film, (B) low concentrated Au-NPs PDMS film (1 x 10-° M), (C)
higher concentrated Au-NPs PDMS film (3 x 10-% M) and (D) QDs-PDMS film (QDs
concentration = 6 x 10> M). Main samples E and F refer to the dispersion of same
concentration of QDs with lower and higher concentration of Au-NPs in PDMS ma-
trix, respectively. The plasmon band of sample C (black solid line) and fluorescence
emission spectrum of sample D (red dashed line) are reported in the graph.

added into PDMS pre-polymer mixture, crosslinking of elastomer was not observed in
the final films. Absence of crosslinking did not allow PDMS films to be free standing,
homogeneous and transparent, even after a long thermal treatment. To overcome this
hurdle, change in the QDs surface chemistry presented a promising solution to obtain
the desired crosslinking mechanism [154, 155]. OA-capped QDs were successfully in-
corporated into the PDMS host by playing with nanocrystal surface chemistry, without
changing the pre-polymer mixture composition or processing temperature, resulting in
effective cross-linked and stable PDMS orange films [152, 154—156].
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7.1.3 Experimental Evidences of Exciton-Plasmon Coupling

In order to confirm the gain plasmon coupling, several sets of experiments such as
fluorescence quenching, time resolved spectroscopy and study of quantum yield in both

hybrid nanocomposite films have been discussed here extensively.

7.1.3.1 Fluorescence quenching in hybrid films

Fluorescence quenching studies of QDs in presence of Au-NPs has been performed in
order to confirm the presence of this strong coupling between excitons and plasmonic
NPs in hybrid nanocomposite films. Samples D, E and F were excited at the same
intensity by a pulsed laser at A = 355 nm (Nd: YAG with 3ns pulse duration and 20
Hz of rep. rate). Inset of figure 7.3 shows the fluorescence emission quenching of both

sample E and F with respect to sample D. We can notice that the emission quenching in

| —— Sample D
| —@— Sample E
14 | —&— Sample F

12

—_
o 0o
1 1

Sample D
——— Sample E
——Sample F

10 2 i
~ 15 -

] £ 10
6 2 ]

500 520 540 560 580 600 620 640
Wavelength

00 05 10 15 20 25 30
Energy/pulse (mJ)

Maxima of PL Intensity (arb. units)
(0]

FIGURE 7.3: PL maxima of sample E (circular red dots) and sample F (triangular
blue dots) with respect to sample D (square black dots) as a function of the incident
pump energy. Inset shows the quenching of emission spectra of QDs in the presence of
Au-NPs in sample E (red line) and F (blue line) with respect to sample D (black line).

sample F resulted more significant with respect to sample E, due to higher concentration
of plasmonic nano-resonators. Moreover, observed emission quenching has also been
reported as a signature of non-radiative energy transfer processes occurring from QDs
to Au-NPs [90]. In order to elucidate this point, the maxima of PL intensity spectra of
samples E and F are compared to that of reference sample (D) as a function of excitation

energy. If QDs and Au-NPs are uncoupled, Au-NPs would act as a static quencher and
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FIGURE 7.4: (a) Time-resolved fluorescence intensity decays for sample D (black

solid curve), sample E (blue solid curve) and F (red solid curve). Inset shows the

appearance of very fast time decay 7; in sample E and F with respect to sample D. (b)

Shortened fast time decay 7; in sample F with respect to sample E at different emission
wavelengths.

quenching rate must be constant as a function of energy [139]. Different rates have been
instead observed for the two samples as shown in figure 7.3, confirming that a non-

radiative RET process is at the basis of the observed quenching mechanism [90, 139].

7.1.3.2 Time resolved spectroscopy and Quantum yield measurements

Time-resolved fluorescence spectroscopy was carried out on both main samples (E and
F), as well as on reference sample D, in order to study the time dependent behavior
behind the exciton-plasmon coupling and RET processes. Figure 7.4(a) shows that
all samples were excited at 370 nm by a femtosecond Ti:Sapphire pulsed laser (rep-
etition rate = 4 MHz, pulse width = 140 fs, by Coherent Inc.), coupled to a second
harmonic generator (SHG) module as shown in section 5.6.1. The emission wavelength
was fixed at 570 nm in the spectrofluorometer (by Edinburgh Inc.). A bi-exponential
fitting function is necessary to study the decay rate of QDs dispersed in PDMS due to
the formation of QDs micro-aggregates into the plastic matrix [154]. In the presence of
Au-NPs, three decay time components were observed in recorded time resolved data,
introducing a shortest decay time (7). This very short living state is attributed to the
fraction of QDs which is located in close proximity with Au-NPs and take part in the
non-radiative RET process via strong gain-plasmon coupling. Appearance of 7 clearly
shows that fluorescence emission quenching of QDs in the presence of Au-NPs is re-
lated to a faster relaxation dynamics, due to the presence of a non-radiative channel,

confirming a RET mechanism (see table 7.1) for details at emission wavelength of 570
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nm). The intermediate lifetime (7») is due to Forster resonance energy transfer (FRET)
mechanism between the different sizes of QDs micro-aggregates. Life time 73 is origi-
nated from those agglomerates of QDs which did not participate in any kind of energy

transfer processes. Moreover, shortest life time components (7}) related to sample E

Decay Time (ns) | Sample D | Sample E | Sample F
T - 1.96 0.75
(%) 10.7 8.8 6.6
(%) 45.6 38.5 28.5

TABLE 7.1: Decay lifetime for sample D, E and F in ns at emission wavelength 570nm.

and F as a function of emission wavelength were reported as shown in figure 7.4(b). A
large variation in 7; is observed in sample E with respect to an almost constant behavior
of sample F as a function of emission wavelength. This different behavior is attributed
to the presence of a stronger exciton-plasmon coupling that generates a more efficient
non radiative channel in sample F with respect to sample E [157, 158]. Moreover, In
order to separate the radiative and non radiative contribution during the de-excitation
process of QDs in the PDMS matrix, quantum yield measurements have also been used
as an additional support to confirm stong coupling. The fluorescence quantum yield
(¢r) is defined as the ratio of the number of photons emitted through fluorescence and
the number of photons absorbed. In order to measure QD quantum efficiency, sample A
(PDMS matrix) was used as reference for sample D, whereas sample B and C were used
as reference samples for sample E and F, respectively emission quantum yields of the
PDMS films were obtained by means of a 102 mm diameter integrating sphere coated
with Spectralon and mounted in the optical path of the spectrofluorometer. Significant
decrease in QDs quantum efficiency was observed in both main samples. In particu-
lar, sample E presented a decreasing of quantum efficiency of 20 times, from 16.5%
to 0.8%, whereas for sample F a reduction of about 40 times, from 16.5% to 0.4%,
was measured [152, 159]. Quenching in quantum yield confirms non radiative energy
transfer from QDs to Au-NPs via the strong resonant coupling between excitons and

plasmons.

7.1.4 Significance of Strong Coupling in Hybrid Nanocomposite

Films

The above experimental evidences confirm the presence of a strong coupling between

ODs and Au NPs in hybrid nanocomposite films. Noteworthy, this strong coupling
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FIGURE 7.5: (a) Particular wavelength cuts extracted from broadband A7 of sample

E in the spectral overlapping region of plasmon resonances and QDs emission as a

function of pump power, when excitation wavelength A... = 400nm . (b) Particular

wavelength cuts extracted from broadband Ar of sample F for the same probe wave-
lengths.

completely modifies the optical behavior of the system. As discussed above and in pre-
vious chapters, non-radiative energy transfer process from QDs to Au NPs mitigates the
optical losses of the plasmonic system. Furthermore, the enhancement in the absorption
cross section of QDs was observed due to enhanced plasmonic field around NPs as a
feedback effect via plasmonic NPs to QDs. This subsection of the chapter describes the

both observed effects in the hybrid nanocomposite films.

7.1.4.1 Optical loss mitigation in plexitonic hybrid systems

Ultrafast broadband pump probe experiment has been performed to measure simultane-
ously transmission and Rayleigh scattering of hybrid films as described in section 6.1.3.
This will be the proof that RET processes are also responsible of optical loss compensa-
tion mechanisms. Setup consists of a Ti: Sapphire pulsed laser (same characteristics of
above), tunable in the 680 — 1080 nm range, that allows an infrared light beam to pass
through a 30 : 70 beam splitter. 70 % of the beam is sent to the SHG module, used to
duplicate the excitation wavelengths in the range of 340 — 540nm. Remaining fraction
of the beam is used to generate super continuum light from a nonlinear photonic crys-
tal fiber, to obtain a probe beam with a broadband distribution (500 — 1000nm). Pump
and probe beams are coupled by means of a beam coupler (BC) and incident on the 3D

sample holder.



Chapter 7. Exciton-Plasmon Coupling in macroscaled systems 97

Beer-Lambert-Bouguer law states that simultaneous measurements of Rayleigh scatter-
ing and transmission, either in the absence or in the presence of an excitation, allows to
understand if the absorptive power of the system is affected by the gain presence. Delta
transmission Az is defined as (I, —1,)/1,, where I, and I, are the transmitted probe
light in the presence and in the absence of gain. It is clearly evident from figure 7.5(a),
sample E only shows transmission enhancement for the higher pump power exhibiting
thersold value at higher pump power (70 mW) due to weaker exciton plasmon coupling.
On the other hand, strong exciton-plasmon coupling takes place in the case of sample F
with respect to Sample E. Sample F shows the linear enhancement in transmission after
attaining thersold at (10 mW). A7 remains almost constant as a function of pump power
for 500nm probe wavelength which is out of spectral overlapping of plasmon band of
Au-NPs and QDs fluorescence emission for the both samples. (A, = 400nm). But, Ay
increases gradually as the wavelengths inside the spectral overlapping region are probed
in sample F, as shown in figure 7.5(b). Such behavior remains absent in sample E. An
enhancement of almost an order of magnitude in transmitted probe light through sam-
ple F has been observed for 545 nm probe beam. Rayleigh scattering remains constant
for the both sample E and F at all excitation powers. Delta transmission enhancement
clearly explains how non-radiative RET processes from excitons to plasmons induce a

transparency in the film [95, 139].

7.1.4.2 QDs absorption cross-section enhancement in plexitonic hybrid systems

In order to demonstrate that the feedback mechanism causes the appearance of the dual
effect behind the strong exciton-plasmon coupling between QDs and Au-NPs, the super-
absorber nature of excitons in sample F has been investigated. Lawandy reported the
enhancement in the near field of plasmonic NPs, when surrounded by an optimal amount
of gain media [18]. QDs strongly coupled to Au-NPs increase their absorption cross
section in the vicinity of enhanced plasmonic local field as a feedback mechanism [103,
160].

The extinction cross section enhancement is dominated in the overlapping region of
QDs emission and NPs plasmon band as shown in figure 7.6. Presence of Au-NPs in
the vicinity of QDs in sample F enhances the absorption cross section of excitons in
an unusual way. In fact, this effective overlapping leads to an effective coupling be-
tween QDs and Au-NPs, creating a strong resonance that causes the occurrence of a

modified plasmonic local field which interacts with QDs and modifies their absorption
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FIGURE 7.6: Extinction curves for sample D (black solid line), sample C (red dotted

line) and sample F (dark golden dashed line). The mathematical sum of extinction

curves of sample C + sample D (blue dashed line). The images correspond to the real
fabricated PDMS films over a letter “A” written on a white paper.

and emission properties [103]. The extinction cross section enhancement resulted more
pronounced in the overlapping region of QDs emission and NPs plasmon band. Quanti-
tatively, the mathematical sum of extinction curves of sample C and D corresponds to an
increase of only 44% inside the plasmon band, while in the case of the hybrid nanocom-
posite plastic film containing both subunits (F), the enhancement is about 78%. Super
absorbing nature of sample F is clearly observed by naked eyes, when it becomes almost

impossible to distinguish the letter “A” through it.

7.2 Enhanced Transmission and Cavity Modes in Thue

Morse Patterned Plasmonic Nanocavities

7.2.1 Introduction

Controlling photons in the same way as electrons in materials envisages about unique
and novel technology, which can realize the thousand times faster devices than ones
exist in present. Noteworthy, integration of modern electronic devices for information

processing and sensing is rapidly approaching its fundamental speed and bandwidth
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limitation [161]. In such scenario, surface plasmons (SPs) are the hope as the light sig-
nal can be concentrated and channeled using subwavelength structures. Such circuits
would convert light into SPs, then can propagate and will be processed by logical ele-
ments, before being converted again into light [26]. As it is already described in chapter
2.6, propagating surface plasmons are known as surface plasmon polaritons (SPPs),
which may lead to the localization of guided light signals beyond the diffraction limit
along metal—dielectric interfaces. This strategy is quite efficient to concentrate light at
nanoscale level.

It is also well known that SPPs require an additional momentum in order to couple
with metal-dielectric interface, which can be provided using techniques such as prism
coupling, gratings and periodic array of holes [27]. Moreover non-periodic and quasi
periodic structures are also capable to offer missing momentum by exciting the local-
ized surface plasmon modes, when the sub-wavelength structural elements are illumi-
nated [28]. Nano-holes arrays patterned in metallic thin films have become center of
attraction and core elements of optical devices, when Ebbesen et al. successfully chal-
lenged the Bethe’s calculated transmitted efficiency through sub-wavelength nanoholes
and demonstrated that orders of magnitude of more light as compared to Bethe clas-
sical approach could be transmitted through holes [162]. This phenomenon changed
the direction of fundamental research and can be considered the rebirth of surface plas-
mons, opening up numerous novel applications in various inter-disciplinary fields such
as nano-photonics, chemical sensing, waveguiding, wavelength filters, light concentra-
tor in sub-wavelength region and biosensing [26, 28, 163]. Furthermore, plasmonic
quasi-periodic structures demonstrate several advantages over periodic structures. Due
to periodicity and short range order in plasmonic crystals, the excitation of SPPs de-
pends on specific polarization and launch angle. Coupling of light at different excitation
wavelengths requires number of Fourier components, which are not present in periodic
structures [164]. On the other hand, quasi-periodic structures offer large number of
Fourier components and are efficient to excite polaritons at different angles [165].
Here, long-range ordered thue morse patterned plasmonic nanocavities have been fab-
ricated by patterning naho-holes in polymer films using Electron Beam Lithography
(EBL) and depositing gold above the obtained structures. Different diameters (D) of
quasi-crystals have been chosen in such a way that nanocavities appear sub-wavelength
(D =400 nm), wavelength comparable (D= 500 nm) and Mie approximated type struc-
tures (D = 750 nm) in the context of excitation wavelength (A.x. = 532 nm). We demon-

strate the enhanced transmission in sub-wavelength nanocavities and even image it by
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using Scanning Near-field Optical Microscopy in transmission mode. SPPs propagat-
ing on the both sides of gold film, couple with localized surface plasmon modes of
individual nanocavities and transmit through nanocavities [166, 167]. Furthermore, we
observe the different localization of light in terms of cavity modes when nanocavities
of different diameters are illuminated with particular polarization and analyzed at dif-
ferent angles. Noteworthy, plasmonic nanocavities also exhibit dissipative losses due
to metallic nature which dissipate plasmon propagation length. Incorporation of gain
to nanocavities has been intended in order to enhance this propagation length in future,
but clear understanding of the propagating modes in such structures is mandatory before

gain inclusion.

7.2.2 Fabrication of thue morse patterned plasmonic nanocavities

Quasi-periodic plasmonic nanocavities with different radii, have been fabricated by our
Naples collaborators. Electron Beam Lithography (EBL) on a 15nm ITO coated glass,
thermal evaporation of 60 nm thick Au layer, and a lift-off process yielded a nanopat-

terned substrate. 200 nm thick ZEP (Marubeni) positive resist was structured by using a

FIGURE 7.7: Sketch for the realization of plasmonic nanocavities, initiating the pro-
cess with deposition of 200nm thick polymer film on ITO coated glass substrate, pat-
tering of holes in polymer and 60 nm Au evaporation

10 keV electron beam (Raith 150) and subsequently developed. Au was then thermally
evaporated on the nanostructured substrate with a RAVA system. No adhesion layer was

used between Au and glass.
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7.2.3 Enhanced transmission through plasmonic nanocavities

Zero order transmission spectra were recorded for all the plasmonic structures with
an incoherent light source with collinear incident and transmitted light. Figure 7.8 (a)
shows the observed transmission spectra for 400 nm, 500 nm and 750 nm diameter sized
nanocavities. All the curves show a common peak around 500 nm wavelength which is
attributed to intraband transition and is an inherent property of gold [168]. The second
transmission peak observed in subwavelength nanocavities (D = 400 nm) can be ex-
plained clearly as the enhanced transmission which occurs due to the coupling of SPPs
with localized surface plasmon modes [166, 169]. One can argue on the observation
of only one additional peak with respect to numbers of peaks observed as the signature
of extra ordinary or enhanced transmission in literature [162]. Here is noteworthy that
transmission peaks strictly depend on periodicity, hole diameter, thickness and metal-
lic nature of film. Wang et al. showed how intensity of transmission peaks decreases
and shift towards infrared wavelengths, when holes arrays in the film are changed from

periodic to quasi-periodic ones [170].
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FIGURE 7.8: (a) Zero order transmission through different sized nano-cavities (inside

the structure) and gold film (outside the structure). (b) Transmission through the same

nanocavities in terms of PMT counts by means of confocal analysis in transmission
mode

Furthermore, in order to support these results, confocal analysis has been performed on
the structures. WITec Alpha 300S Scanning Near Field Optical Microscope (SNOM)
has been used in confocal transmission mode to focus same energy and polarization of
excitation laser light (A.x. = 532nm) inside and outside (plain gold film) the nanocav-
ities by means of continuous laser. Excitation laser beam is incident on the samples
through top 100x objective (0.75 numerical aperture (NA)), and is collected by bottom
50x objective (0.5 NA) and sent to a photomultiplier tube (PMT). Figure 7.8(b) shows 3
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times enhancement in PMT counts, when sub-wavelength structures (D = 400 nm) are
illuminated with respect to plain gold film, using the same laser energy. As PMT is very
sensitive detector of light, transmitted signal can be considered almost in terms of PMT

counts for other structures, when illuminating inside and outside the structures.

7.2.4 Scanning Near Field Microscopy (SNOM)

WITec Alpha 300 microscope is a powerful instrument which can be used as confocal,
Atomic Force Microscopy (AFM) and scanning near field optical microscope (SNOM)
in different operational modes. SNOM enables to image beyond the far-field visible
diffraction limit with the capability of performing high spatial resolution. Optical mi-
croscopy has been used in various interdisciplinary fields such as cell biology, micro-
electronics, watch making and many more. The resolution of optical microscopy is
limited to approximately half the wavelength of light, which prohibits the investigation
at nano and molecular scale. In 1873, Ernst Abbe reveled that the maximum resolution
for an optical microscope depends on focusing of light beam . At the focal point, the
focused light forms a diffraction pattern consisting of concentric circles. This diffrac-
tion pattern is the smallest unit in image formation. Abbe used the spacing between the

concentric rings to calculate Rayleigh diffraction limit [171].

0614

d= NA (7.1)

where A is the wavelength of light and NA stands for numerical aperture of the focusing
objective. E. H. Synge proposed the idea of using a small aperture to image a surface
with sub-wavelength resolution using optical light. For the small opening, he suggested
using either a pinhole in a metal plate or a quartz cone that is coated with a metal except
for at the tip [171]. Meanwhile, J.A. O’Keefe, a mathematician also proposed the con-
cept of Near-Field Microscopy without knowing about Synge’s earlier work. However,
he addressed the practical difficulties of near field microscopy.

But, in 1980, Binnig and Rohrer invented scanning tunneling microscope (STM) which
was able to control a metallic tip within Angstroms from a conducting surface and scan
the tip across the sample generating atomic-scale topographic images. STM was able to
overcome the optical diffraction limit by using electrons and the principle of quantum

tunneling. Due to nanometer precise control and vibration isolation methods catalyzed
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by STM, Synge’s proposal became a reality when Ash and Nicholls demonstrated fea-
sibility of NSOM using microwaves. The first demonstration of sub-diffraction limit
resolution was shown by Aaron Lewis and co-workers at Cornell and Dieter Pohl’s
lab at IBM Zurich in the mid 1980s, when methods were developed for fabricating sub-
wavelength probes [172].The acronym NSOM was proposed by Lewis but the technique

is also called scanning near-field optical microscopy (SNOM). Thus, the samples are ex-
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FIGURE 7.9: Schematic and beam path of the WITec Alpha 300 SNOM instrument
for confocal, AFM and SNOM configurations.

cited through nanometer sized point sources so called tips, which are able to sense near
field radiation and to collect the high frequency radiation from the sample encoded in
the evanescent waves. Then, such near field waves are sent to far-field detector. Figure
7.9 shows the beams paths for confocal, AFM and SNOM configurations in transmis-
sion mode. SNOM can be performed on both conducting and insulating surfaces unlike
STM, which can also only be used on metallic films. Along with high resolution spatial,
SNOM can be used to perform local spectroscopy including surface enhanced raman

scattering (SERS) and life time fluorescence imaging.
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7.2.5 Imaging enhanced transmission and polarization dependent

cavity modes in nanocavities

In order to investigate enhanced transmission and cavity confined modes, WITec Alpha
300 SNOM uses top objective 20x 0.75 NA, which focuses the excitation laser beam
(Aexe = 532nm) on the plasmonic structures through a metallic nano sized (less than 90
nn) tip. The produced signal is collected by bottom objective 50x 0.75 and referred
to PMT. Figure 7.10(a) and (b) show the topographic and optical near field images of
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FIGURE 7.10: (a) Topography of subwavelength (radius R = 200 nm) thue morse

patterned nanocavities. (b) Corresponding SNOM image to topographic one of quasi

periodic nanocavities as shown in (a) White arrow in the SNOM images shows the

polarization of excitation laser beam. (c¢) Topography and SNOM line profiles of 200

nm radii nanocavities along horizontal red lines drawn on topographic and SNOM
images.

sub-wavelength plasmonic nanocavitiesin transmission mode. White arrow refers the
direction of polarization which is X-polarized as shown in figure 7.10(b). It is clearly
evident that SPPs propagate on the metal dielectric interface and couple to localized sur-

face plasmon modes and transmit through corners of nanocavites, enhancing the PMT
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counts in terms of enhanced transmission [166, 168]. The sharp drop in PMT counts in-
side such nanocavities as shown in figure 7.10 (c) has been justified because excitation
laser beam (A, = 532nm) can not interact and excites SPPs on inner metal-air interface
due to sub-wavelength sizes of plasmonic nanocavities. Noted we observed the same

near field image, when the nanocavities are excited with Y-Pol, but not shown here.
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FIGURE 7.11: (a) Topography of thue morse patterned nanocavities with diameter D
= 500 nm . (b) Corresponding near-field image to topographic one of quasi periodic
nanocavities as shown in (a). (c) Topography and SNOM line profiles of 500 nm diam-
eter nanocavities along horizontal red lines drawn on topographic and SNOM images.

Following the same experimental procedure, 500 nm diameter sized nanocavities are
illuminated by X- polarized light. This time, SNOM tip is able to interact with metal-air
interface and allows the excitation of SPPs without any possibility of propagation due
to cavity. Park et al. theoretically studied the case of nano-holes in thin film and showed
excitation of SPPs at various metal dielectric interfaces and localized surface plasmons
lead to plasmon hybridization in the nano-holes, which strictly depends on diameter
of holes and thickness of film [173]. Same phenomenon takes place in our samples,
when the localization of light in terms of cavity modes is attributed to hybridization of
localized surface plasmon modes and excited SPPs at various metal dielectric interfaces

such as metal-dielectric interfaces inside and outside the nanocavities on the upper side
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as well as underlying side.

Thus, plasmon hybridization depends on diameter of nanocavities and the thickness of
metal film. Figure 7.11 shows particular cavity modes in 500 nm diameter thue-morse
patterned plasmonic cavities. The mapping of SPPs can be seen in figure 7.11(b) and
can be understood how hybridization takes place.The nanocavities are illuminated with

three intense modes as shown in 7.11 (c).

FIGURE 7.12: (a) Topography of thue morse patterned nanocavities with diameter D
=750 nm . (b) Corresponding near-field image to topographic one of quasi periodic
nanocavities as shown in (a), when excited by polarization-X.

Figure 7.12 shows the present cavity modes and topographic images in 750 nm diam-
eter nanocavities. Such cavity modes are referred to Mie approximated type modes as
the radius of cavities are lesser than excitation wavelength (R < A). Lacharmoise et al.
reported the observation of single ring type modes in periodic Mie approximated sized
nanovoids (R= 300 nm) under excitation of green laser beam [174]. Here, we observed
the two ring type modes as an outcome of redistribution of electromagnetic modes due
to cavities diameter dependent plasmon hybridization as shown in figure 7.12.
Moreover, when an analyser (a polarizer placed in the beam path of detected signal
before PMT) is added in the optical path, it is possible to perform measurements by act-
ing on excitation and output polarization. In case of an excitation polarizer in X (Pol-X)
and crossed analyzer, Mie approximated sized structures are able to produce quadrupole
modes as shown in figure 7.13. Day et al. showed the rise of quadrupole modes due to
hybridization-based coupling of nanowire plasmon modes with nano-antenna structure,
mediating an interaction between the nanowire plasmon modes themselves [175].

In the end of the section, we would mention again that all the results have been shown
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FIGURE 7.13: (a) and (b) SNOM images of 750 nm diameter nanocavities referring

left and right perpendicular cut with red line, respectively. (c) and (d) SNOM line

profiles of left and right perpendicular showing the observation of quadrupole modes,
respectively.

here in order to understand the intrinsic behavior of quasi periodic nanocavities. In-
corporation of gain in the structures is expected to enhance SPPs propagation length,
which will affect plasmon hybridization in the systems and eventually distribution of

electromagnetic modes. This project will be completed in next year.
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7.3 Experimental Realization of Simultaneous
Type I/Type 11 Hyperbolic Metamaterials

In the last period of my PhD program, I also participated in the experimental realization
and characterization of very particular anisotropic structures called Hyperbolic Meta-

materials.

7.3.1 Variable angle spectroscopic ellipsometer (VASE)

VASE is based on ellipsometry principle and has been used to extract optical parameters
and determine the thickness of silver and ITO layers. Ellipsometry is a non-destructive
optical technique to investigate the dielectric properties (complex refractive index or
dielectric function) of thin films. Ellipsometry uses the fact that linearly polarized light
at an oblique incidence to a surface changes polarization state, is reflected, it becomes
elliptically polarized.It is very sensitive to the change in the optical response of incident

radiation that interacts with the material being investigated. An ellipsometer measures

Light source : Detector
1
p-pol |
1
Polarizer Analyzer
s-pol @ :
Compensator 1 Compensator
(optional) ! (optional)
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FIGURE 7.14: General working principle of ellipsometry

the changes in the polarization state of light when it is reflected from a sample. If the
sample undergoes a change, for example a thin film on the surface changes its thickness,
then its reflection properties will also change. Measuring these changes in the reflection
properties can allow us to deduce the actual change in the film’s thickness. Since the
general polarization state of polarized light reflected from a surface is elliptical, the
term ellipsometer was chosen. Ellipsometer measures the complex reflectance ratio p

of a system, which may be parametrized by the amplitude component y and the phase



Chapter 7. Exciton-Plasmon Coupling in macroscaled systems 109

difference A, relating in such a way

=

p= tan(l[/)eiA = R_i (7.2)
here, R, and Ry are Fresenel reflection coefficients for p- and s-polarized light. Ellip-
someter can be used to characterize composition, roughness, thickness (depth), crys-
talline nature, doping concentration, electrical conductivity and other material proper-
ties.

The thickness of the silver and ITO layers have been confirmed by performing a spec-
troscopic scan. Ellipsometric parameters such as ¥ and A have been measured and fitted
by using an appropriate optical model, to retrieve the values for n and k for each Ag and

ITO thin films

7.3.2 Inversion point of coexisting anisotropies in Ag/ITO HMM

In chapter 2, it was discussed that the two different types of geometries, which act as an
extreme anisotropic metamaterial, showing completely opposite behavior such as metal
nanowire arrays embedded in a dielectric matrix as Type I HMM and metal-dielectric
periodic stacks as type I HMM. Shekhar et al. theoretically reported a multilayer sys-
tem presenting both the anisotropies, either separated by a dielectric gap or adjacent
each other, showing that an experimental result with a simultaneous type I/type II be-
havior at the same frequency in the visible range would be not easy to achieve [56].

According to extended effective medium theory for low losses

d m
efL;+ €L
Re(g) = L4 (13)
d m
dem
ede™(L;+L
Re(8,) =21 (' (La+ Ln) (7.4)

L€+ L€l

where subscript 1 refers to real parts of £” and €9, that are the permittivities of metal
and dielectric, as L; and L,, are their thicknesses, respectively. An epsilon near zero and
pole (évzp) HMM, which simultaneously shows £ ~ 0 and €, = oo can be designed by
choosing particular conditions such as L,, = L; and &, = —¢&; in the above equations.
Due to its low losses at visible frequencies, silver has been used as metal, while ITO
(Indium Tin Oxide) constitutes an interesting alternative to a common dielectric, due to
its wide utilization in everyday technology, fabrication processes and transparency in

most of the visible range and suitably high refractive index. For all these reasons we
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focused our attention on a ITO/Ag pair. As a first step, 20 nm thick layers of ITO and
Ag have been alternatively deposited on a glass substrate up to 5 bilayers, by means of a

sputtering technique. Figure 7.15(a) demonstrates a sketch of HMM made of 5 bilayers
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FIGURE 7.15: (a) Sketch of the obtained HMM structure made of 5 bilayers of Ag
(20nm) and ITO (20nm). The two laser beams in the sketch represent the different
behavior of the obtained material, that is almost transparent in the UV range, whereas
is reflective above 450nm. Inset shows SEM image of the transversal section of the ob-
tained sample. (b) Effective Medium Theory (EMT) of an ITO/Ag multilayer. Real part
of epsilon parallel (red curve) and epsilon perpendicular (blue) of the entire structure.
In the inset we present the imaginary parts of parallel and perpendicular permittivities.
It is evident that the type I/type II transition wavelength occurs at 414nm.

of Ag (20nm) and ITO (20nm). Inset of figure 7.15(a) shows a Scanning Electron
Microscopy (SEM) image confirming the obtained layer by layer disposition with a fill
fraction of almost 50%. Figure 7.15(b) shows that medium behaves as a dielectric up
to 327 nm because both g| and €, are positive. While The structure opens a type I -
HMM window in the wavelength range between 327 nm and 414 nm, exhibiting & > 0
while €, < 0. At A = 414nm the €yzp behavior clearly shows a strong discontinuity
in €, passing from a very high negative value (virtually —eo) to a very high positive
one (virtually +o0) while, simultaneously, g = 0. Inset of figure 7.15(b) shows the
imaginary parts of €| and €, which are plotted in orde to show a very sharp Lorentzian
shape for €, peaked exactly at the transition wavelength. HMM exhibits a type II
behavior at A > 414nm.
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Conclusions

In conclusion, we successfully demonstrated a multiscale strategy to tackle absorptive
losses in the different metasubunits. Incorporation of gain in the close proximity of plas-
monic structures leads to strong excition-plasmon coupling and enables non-radiative
energy transfer process from gain media to metallic NPs, which mitigates the absorp-
tive losses in the gain functionalized plasmonic systems. We followed across scales
approach from dispersed nanoscale level to bulk macroscale towards the realization of
gain incorporated bulk plasmonic devices and studied the following plexitonic systems.
Nanoscaled gain functionalized monomers and multimeric structures

The exciton—plasmon interplay in monomers and multimers of gain functionalized multi-
shell nanostructures with different silica shell thickness (10 and 30 nm) has been inves-
tigated. These nano-composite systems permitted a systematic investigation of the RET
process between excitonic molecules and localized plasmons as a function of NP con-
figurations and spacer thicknesses. Time resolved fluorescence spectroscopy allowed us
to investigate a remarkable resonant coupling difference between monomers and mul-
timers. The obtained results, in combination with steady-state measurements, demon-
strate that multimers experience a more effective exciton—plasmon RET because of the
enhancement of the local field related to plasmon hybridization effects. Moreover, our
results show that reducing the silica shell thickness results in a better coupling strength
not only between exciton and plasmon, but also between NPs in a multimeric config-
uration, as evidenced by significant changes of fluorescence decay times. In fact, the
observed enhancement of Rayleigh scattering and transmission above a critical value of
gain, in correlation with inter-particle distance, have demonstrated the magnification of
the local plasmon field of the gain functionalized nanostructures and the increasing of

their optical transparency in the presence of fluorescent molecules.
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Mesoscaled plasmonic nanoshells

Gain functionalized plasmonic nanoshells demonstrate existance of different coupling
configurations between plasmons and excitons, depending on the relative positions of
their bands. In fact, in the case that the emission band of fluorophores is properly
overlapped to localized surface plasmon band of adequate plasmonic units (i.e. gold
nanoshells), non radiative resonant energy processes occur within the dye functional-
ized nanoshell. This photo-physical process clearly induces a relevant reduction of the
effective absorption cross-section of the plasmonic system as function of the provided
gain, but it occurs selectively within the optical loss compensated band (630-750nm).
Because of the modified emission band in presence of thin gold shell, a second plasmon-
exciton interplay effect has been observed, namely an increasing of the absorption cross
section in the nearby spectral region (510-630nm). This double strong coupling resulted
in a frequency dependent behavior of the dielectric functions of the gain-plasmon sys-
tem. Thus, it implies that fascinating optical properties and potential applications are
expected since optical loss can be reduced and controlled, whereas super-absorber be-
havior can be achieved in close spectral regions.

Mesoporous silica capsules

A broadband plasmonic response strongly coupled with a gain medium located right at
the heart of hierarchically complex plasmonic mesocapsules has been described. Col-
loid chemistry proved to be an unparalleled method to devise a perfect morphological
definition of the capsules having gold nanoparticles engrafted on the inner walls, lead-
ing to a remarkable plasmons hybridization effect. This artificial supra-metamolecular
organization showed striking opto-plasmonic features. In particular, gold nanoparticles
surface plasmon states overcame a hybridization process resulting in a broad plasmon
band acting as a whole acceptor for the non-radiative excitation energy channel of the
chromophores. Not unexpectedly, both measurements and theory confirm a remarkable
process of optical loss mitigation. This work shows the first experimental evidence of
optical loss mitigation in a template embedding plasmonic nanoparticles, involving a
large portion of the visible spectrum materials.

Macroscaled nanocomposite polymeric films

Nanocomposite polymer films were fabricated by simultaneous dispersion of QDs and
Au-NPs by properly acting on the QDs surface chemistry. The presence of strong cou-
pling mechanism between excitons and plasmonic NPs, dispersed in PDMS template
were confirmed and it was demonstrated how this coupling mechanism strongly modi-
fies the optical response of both the subunits in the system. QDs enhance their abosrp-

tion cross section, experiencing strong near plasmonic field, while non radiative energy
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transfer processes from QDs to plasmonic NPs mitagates the absoptive losses and en-
ables the entire system to be more transparent. In addition, the necessity of suitable
amount of gain in close proximity of gold NPs was experimentally proved in order to
achieve the desired coupling and RET processes between excitons and plasmons in bulk
matrix. Absorption enhancement of QDs embedded in low loss plasmonic materials can
find applications in many emerging fields, as biosensing and plasmonic solar cells. Fur-
thermore, gain induced transparency in bulk systems show promising paths towards the
realization of loss compensated plasmonic devices

Thue morse patterned plasmonic nanocavitie and Multilayered Ag/ITO HMM

Thue morse patterned plasmonic nanocavities and multilayered Ag/ITO HMM have
been investigated in order to understand the intrinsic behavior before incorporation of
gain. Thus, thue morse patterned plasmonic nanocavities with different diameters have
been investigated. Subwavelength nanocavities show enhanced transmission, which
was confirmed by confocal analysis and near-field images. Plasmon hybridization in
surface plasmons, propagating at various metal-dielectric interfaces allows the different
localization of light, enabling cavity modes which are polarization dependent and can
be modified using an anlayser in the path of detected signal before PMT.

Furthermore, Ag/ITO multilayered structure as simultaneous type I/type HMM has been
experimentally realized showing an incredibly high anisotropy, which leads towards an
inversion point of coexisting anisotropies at a specified wavelength in the visible range.
We will continue to functionalize gain in such particular structures to fabricate low loss
plasmonic devices and to realize several unprecedented applications at optical wave-

lengths as future work.
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