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Abstract

The interest for plasmonic nanolasers has been growing in the last ten years, since they
are one of the most promising ways to reach the miniaturization of lasers. In fact, these
devices could break the limit of physical confinement of light thanks to the virtual cav-
ity given by plasmonic nanostructures which substitutes the current macroscopic optical
cavities. These plasmonic devices can also support high speed operation mode, low las-
ing threshold and a narrow directional emission.

For this reason, during this project, we focused on the design, the synthesis and the
characterization of plasmonic nanolasers based on Au nanodome arrays and Ag nan-
odisk arrays. In order to synthesize highly ordered nanostructure arrays, we used Nano-
sphere Lithography (NSL), which is a cost effective and high throughput technique based
on the self-assembling of polystyrene nanospheres. Thanks to the versatility of NSL, we
have developed different nanofabrication protocols, combining NSL with Reactive Ion
Etching (RIE) and Physical Vapor Deposition (PVD). Therefore, we investigated the op-
tical properties of our synthesized arrays, recreating the optical band structure along the
high symmetry directions of the reciprocal space. Suitable dye emitters (Pyridine 2 and
Styryl 9M) were selected in order to couple their emission with the optical modes of the
nanoarrays, on the basis of optical band structure information. In addition, in order to
optimize the plasmonic properties and the local field enhancement of the metallic nanos-
tructures, numerical simulations by COMSOL Multiphysics R© were performed.

The interaction between dye and plasmonic structure generated an amplified emis-
sion. In particular, for Au nanodome arrays coupled with Pyridine 2 dissolved in ethanol,
an amplification on the emission arises at 720 nm with a threshold behavior at 0.9 mJ/cm2

and the FWHM of 14 nm. Furthermore, a highly directional emission was obtained at 17◦

with an angular divergence of 3◦ which takes place along the Rayleigh anomaly mode.
By comparing the results of Au nanodome arrays and silica nanodome arrays, we con-
cluded that lattice modes give a contribution to the emission directionality, while plas-
monic modes provide a reduced lasing threshold overcoming the energy loss.

Ag hexagonal nanodisk array showed a similar behavior to the Au nanodome arrays:
we found a lasing threshold at 1.6 mJ/cm2, with also a similar FWHM. In this case, the
emission is directed at 65◦ and presents an angular divergence of about 14◦.

Moreover, we investigated a nanolaser with a solid-state gain medium for the inter-
est in applications and for the device integration on a chip. The Styryl 9M laser dye is
embedded in a PMMA film and coupled with an Au nanodome array. This solid-state
system presents an amplified emission at 795 nm with a threshold of 1.2 mJ/cm2 and a
FWHM of about 26 nm. The sample shows also a directional emission at 24◦ and with an
angular divergence of 6◦. Further investigations have shown the possibility to eliminate
the substrate, creating a self-standing device, which exhibits an amplified emission with
similar properties of that with the substrate.
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Finally, in order to discern the spontaneous or stimulated nature of the emission, we
performed coherence measurements of the emitted beam. By a modified Michelson inter-
ferometer, a coherence length of about 29µm was determined for Au nanodome arrays
above threshold. This result demonstrated that a coherent, low-threshold and highly di-
rectional emission can be obtained by coupling a suitable fluorescent dye to a properly
designed virtual cavity realized by an ordered array of plasmonic nanostructures.



Estratto

Nell’ultima decina di anni, l’interesse per i nanolaser plasmonici è cresciuto siccome sono
uno tra i modi più promettenti per la miniaturizzazione dei laser. Infatti, questi dis-
positivi possono superare il limite di confinamento fisico della luce, grazie alla cavità
virtuale data dalle nanostrutture plasmoniche che sostituiscono la convenzionale cavità
ottica macroscopica. Inoltre, questi dispositivi plasmonici possono supportare modalità
di funzionamento ad alta velocità, bassa soglia di emissione laser e una direzionalità ben
definita.

Per questa ragione, durante questo progetto, ci siamo concentrati sulla progettazione,
la sintesi e la caratterizzazione di nanolasers plasmonici basati su array di nanocupole
di oro e array di nanodischi di argento. Al fine di sintetizzare reticoli di nanoparti-
celle con un ordine elevato, abbiamo utilizzato la Nanosphere Lithography (NSL), una
tecnica economica e ad alta produttività basata sull’autoassemblaggio di nanosfere di
polistirene. Grazie alla versatilità della NSL, abbiamo sviluppato diversi protocolli di
nanofabbricazione, combinando la NSL con i processi di Reactive Ion Etching (RIE) e de-
posizione fisica da vapore (PVD). Successivamente, abbiamo studiato le proprietà ottiche
dei campioni sintetizzati, ricostruendo la struttura a bande ottica lungo le direzioni di
alta simmetria dello spazio reciproco. Abbiamo selezionato due adeguati emettitori col-
oranti, la Pyridine 2 e lo Styryl 9M, al fine di accoppiare la loro emissione con le modalità
ottiche dei reticoli nanostrutturati, sulla base delle informazioni della struttura a bande
ottica. Inoltre, per ottimizzare le proprietà plasmoniche e l’amplificazione del campo
locale delle nanostrutture metalliche, delle simulazioni numeriche sono state effettuate
tramite il software COMSOL Multiphysics R©.

L’interazione tra il colorante e la struttura plasmonica ha generato un’emissione am-
plificata. In particolare, nel reticolo di nanocupole di oro accoppiato alla piridina 2
disciolta in etanolo, un’amplificazione dell’emissione si presenta a 720 nm con un com-
portamento a soglia a 0.9 mJ/cm2. Inoltre, è stata ottenuta un’emissione direzionale a
17◦ con una divergenza angolare di 3◦ che avviene lungo l’anomalia di Rayleigh. Con-
frontando i risultati dei reticoli di nanocupole di oro con quelli dei reticoli di nanocupole
di silice, abbiamo concluso che i modi di reticolo danno un contributo alla direzional-
ità dell’emissione, mentre i modi plasmonici forniscono una riduzione della soglia laser
superando così la perdita di energia.

Il reticolo esagonale di nanodischi di argento mostra un comportamento simile a
quello con le nanocupole di oro: abbiamo trovato una soglia laser a 1.6 mJ/cm2, con
anche una simile FWHM. In questo caso, questo fascio è diretto a 65◦ e presenta una
divergenza angolare di circa 14◦.

Inoltre, abbiamo studiato anche un nanolaser con un mezzo di guadagno a stato
solido per l’interesse nelle applicazioni e nell’integrazione di dispositivi su chip. Il col-
orante laser Styryl 9M è incorporato in un film di PMMA e accoppiato con un reticolo
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di nanocupole di oro. Questo sistema a stato solido presenta un’emissione amplificata a
795 nm con una soglia di 1.2 mJ/cm2 e una FWHM di circa 26 nm. Questo campione man-
ifesta anche un’emissione direzionale a 24◦ con una divergenza angolare di 6◦. Ulteriori
ricerche hanno dimostrato la possibilità di eliminare il substrato, creando un dispositivo
autoportante, che presenta un’emissione amplificata con proprietà simili a quella con il
substrato.

Infine, per discernere la natura spontanea o stimolata dell’emissione, abbiamo mis-
urato la coerenza del raggio emesso. Tramite un interferometro di Michelson dedicato,
la lunghezza di coerenza è stimata a circa 29µm per i reticoli di nanocupole d’oro sopra
la soglia. Questo risultato ha dimostrato che è possibile ottenere un’emissione coerente,
a bassa soglia e altamente direzionale, accoppiando un colorante fluorescente adeguato
con una cavità virtuale opportunamente progettata e realizzata da una reticolo ordinato
di nanostrutture plasmoniche.
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Introduction

The continuous advancement of technology, required by the pressing and inexhaustible
evolution of the market, has led the study of materials increasingly to the center of in-
dustrial development and research. Especially in recent years, the interactions of electro-
magnetic waves and matter at the nanoscale have created a strong interest in scientific
research, both as a pure and an applied study.

"Atoms on a small scale behave like nothin gon a large scale, for they satisfy the laws of quan-
tum mechanics. So, as we go down and fiddle around with the atoms down there, we are working
with different laws, and we can expect to do different things." [1] citing Richard Feynman’s
speech held in December 1959 at the annual meeting of the American Physical Society
at the California Institute of Technology (Caltech). As Feynman foresaw, materials at
nanoscale dimension have different and innovative properties as a function of size, such
as optical, magnetic, catalytic and mechanical properties.

One of the most attractive area of interest in nanoscience is Nanophtonics which studies
the behaviour of radiation, typically in the UV, visible and infra-red (IR) range, at the
nanoscale and the interaction between nanometric objects and light. In this field the
study of the properties of electromagnetic waves interacting with metal nanostructures,
in particular noble metals, is called Plasmonics. Plasmonics offers a control of the light
confinement below the diffraction limit (namely half of the wavelength λ/2) and of the
consequent enhancement of the optical near-field [2].

In fact, the diffraction limit places a physical limit on the miniaturization of optical
and optoelectronic devices, making it impossible to scale down all those devices that
require light confinement. In particular optical cavities, which are a major component of
lasers, suffer of this limit. LASER (light amplification by stimulated emission of radiation [3]),
is a device that emits light whose peculiarities are the coherence, the monochromaticity
and a high directionality with the ability to reach extremely high powers.

Since its invention in 1960, consisting of a ruby crystal as gain medium which emit-
ted red light [4], the laser has revolutionised the scientific research, such as by opening
up new ways of investigation and manipulation of matter, but also in the other research
fields and in everyday life. Today it is used conspicuously in many applications and de-
vices, from ordinary pointers, code scanners, CD / DVD / Blue-ray players, in medicine,
surgery, aesthetics, military, metrology, metal cutting, motoring , classic or 3D printers.
The enormous use of these devices stimulates their continuous development and the
parallel progress in materials science has made a significant contribution to the improve-
ment of lasers. For example, the introduction of organic semiconductors (e.g. dyes),
which combine novel properties to simple manufacture with the possibility to tune the
chemical structure to obtain desired features [5], has led a rapid development of organic
semiconductor lasers. These are based on light-emitting diodes, which are easily found
in simple displays, open up the possibility of compact and low-cost visible lasers suit-
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able for several applications, from diagnosis to sensing, from communications to optical
circuits.

However, when we scale these devices down, they present a physical limit given by
the impossibility to confine light below the diffraction limit. Plasmonics can overcome
these limits thanks to the confinement of electromagnetic waves by metallic nanostruc-
tures. The physical phenomenon behind these properties is the excitation of surface plas-
mons (SPs). These consist of the collective oscillation of free electrons at the interface
between two materials with the real part of the dielectric function (Re[ε]) of opposite
sign, such as a metal and a dielectric. The coherent oscillation of the electrons generates
an evanescent wave in the dielectric that amplifies the electromagnetic field locally in
proximity of the metallic surface [6]. The local field acts as in an optical cavity and in this
sense a plasmonic structure can be interpreted as a cavity.

The idea, first proposed by Bergman and Stockman in 2003, is to adopt localized sur-
face plasmons as cavities to amplify the stimulated emission of an emitter, thus defining
the concept of SPASER, surface plasmon amplification by stimulated emission of radiation [7].
To date the concept of SPASER is still evolving and the inclusion of travelling surface
plasmon polariton amplifiers or plasmonic nanolasers, is still under discussion. Since
2007, when the first experimental demonstration of a SPASER was presented [8], the race
for miniaturization has led to the fabrication of nanolasers with unique architectures [9–
15].
However, the main difficulty encountered to create these devices is the inherent loss of
the metal material, which makes the mechanism less efficient. The most exploited solu-
tion today is to create a plasmonic-photonic hybrid system, where the diffractive effects
of the lattice meet with the plasmonic properties of individual particles, giving rise to a
collective phenomenon, called plasmonic surface lattice resonance (SLR) [16]. This mode,
unlike that of a single particle, is characterized by the suppression of radiative losses
and has a narrower resonance, which guarantees a better efficiency. Devices created by
exploiting the SLR phenomenon are often called Lattice Plasmon Lasers.

Proposed in 2008 by Zheludev et al. by using split-ring resonators at infrared wave-
length [17], it was then demonstrated in 2012 by Suh and Odom et al. with gold nano-
bowties arranged in a square lattice coupled with a dye (IR140) in polyurethane, exhibit-
ing a laser emission at a wavelength of 873 nm [12]. The following year, Van Beijnum et
al. reported lasing from a metal hole array with a semiconductor (InGaAs) gain, but with
a working temperature down to 5K. [18].
In these few years, different groups have studied this type of devices among which the
most important are: the Odom group of Northwestern University in Illinois, have studied
the possibility of lasing emission by gold, silver [19], aluminium [20] nanodisks and gold
nonobowties [12, 21] placed in a square lattice, deepening properties as coherence [22],
ultrafast dynamics [23], stretchability [24], tunability [25] and multimodal emission by
plasmonic superlattice [26]; The Quantum Dynamics group led by P. Törmä of Aalto
University in Finland have studied silver [27], aluminium [28] and nickel [29] nanopar-
ticles arranged in square, honeycomb [30] lattice and 1D chain [31], deepening the ul-
trafast dynamics [32] and multimodal modes with plasmonic superlattice [33]; Resonant
Nanophotonic group led by A. Koenderink of AMOLF Institute in Netherlands, have fo-
cused on basic emission properties [34–37] and the role of order [38]; Cunningham et al.
have studied lasing emission from plasmic nano-dome arrays [39].

In the present work, the design, synthesis and characterization of novel plasmonic-
based nanolaser devices represent the main purpose of the present work. We focused
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on studying off-normal directional emission, typical of our devices, and demonstrating
the stimulated nature of the emitted beam. Moreover, the synthesis by a cost-effective
and high-throughput technique has been taken into particular consideration, proving the
possibility of realizing plasmonic nanolasers with a cost-effective way. For this purpose,
in the device fabrication, it is employed Nanosphere Lithography (NSL) technique, which
allows to create wide areas and fine tuning of the morphology of ordered nanostructures,
by self-assembling of polystyrene (PS) nanospheres (NSs) as a lithographic mask [40,
41]. Different nanostructure arrays are designed and synthesized: gold nanodome array
and silver nanodisk arrays, arranged in a hexagonal two-dimensional lattice; and silver
nanoprism arrays in a honeycomb two-dimensional lattice.

Furthermore, Finite Elements Method (FEM) simulations of the electromagnetic re-
sponse of the nanoarrays are performed by COMSOL Multiphysics R© in order to better
understand and help in the optimization of the optical properties of the nanostructured
arrays.

The nanoarrays are then characterized by morphological and optical investigations,
measuring the photonic dispersion diagram of the plasmonic arrays. Gain medium is
then coupled with the nanostructures: it consists in a laser dye (Pyridine 2 or Styryl 9M)
dissolved in ethanol or embedded in a polymer matrix (PMMA).

The emission properties of the devices are then characterized taking into account:
wavelength, bandwidth, threshold, output direction, angular divergence, polarization
and coherence.

The thesis will be structured as follows:

Chapter 1 will describe theoretically the physical mechanism that governs the lasing
emission of plasmonic nanolaser devices. First it will be described how a com-
mon laser device works, subsequently the plasmonic properties will be explained
and how and why they are useful for laser devices.

Chapter 2 will illustrate the synthesis process of the nanostructures in detail, for nan-
odome, nanodisk and nanoprism arrays, stressing on the fine control of the mor-
phological parameters and thus the plasmonic properties.

Chapter 3 will talk about the morphological and optical characterizations of the plas-
monic arrays. It will also present results of Finite Elements Method (FEM) electro-
dynamic simulation performed by COMSOL Multiphysics R© of the electromagnetic
response of metal nanostructures.

Chapter 4 will describe the photoluminescence (PL) setup and the modified Michel-
son interferometer used to characterize the emission properties of the investigated
nanosystem. The obtained results about the emission properties of the investigated
plasmonic nanolasers are then report and discuss. Furthermore, It will present
some possible improvements.

Chapter 5 will report the conclusions and possible future developments.





Chapter 1

Plasmonic Nanolasers

In this chapter we will cover the basics of how a plasmonic nanolaser device works.
Firstly, I will introduce the concept of laser and its operation, I will deal briefly with the
aspects that concern this work, if you want to deepen the topic I recommend two books:
"Principles of lasers" of O. Svelto [42] and "Lasers" of A. E. Siegman [43]. Subsequently,
the plasmonic theory will be described, introducing the concepts that will help us to
understand how metallic nanoparticles can be considered as cavities. For further details,
I recommend the book "Plasmonics: fundamental and application" of S. Maier [2]. Finally,
from the notions explained above, we will be able to describe the operation of a plasmonic
nanolaser.

1.1 Principles of LASER

A LASER, acronym of light amplification by stimulated emission of radiation [3], is a light
source whose emitted radiation is characterized by a high degree of spatial and tempo-
ral coherence, high monochromaticity, directionality and the ability to reach extremely
high powers, which distinguish it from other light sources. The theoretical foundations
of lasers were established by Albert Einstein in 1917 [44], based on the probability of
spontaneous emission, stimulated emission and absorption processes occurring (Fig. 1.1).

For simplicity of exposition and for greater clarity, the treatment of the phenomena
will be done in a semi-classical approach, in the lowest order approximation, using the
rate equation approach. Anyway, this approach is able to describe the most of laser char-

(a) Spontaneous Emission (b) Stimulated Emission (c) Absorption

Figure 1.1: Schematic representation of spontaneous emission, stimulated emission and absorp-
tion phenomena.
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acteristics. However, when it is necessary, it will be noted that the discussion in rate
equation approach fails and the correct result, obtained from the purely quantum ap-
proach, will be introduced. This because the aim of this chapter is to introduce the basic
concepts on the operating and properties of these devices. These concepts will then be
applied to the plasmonic nanolaser devices, the subject of our work.

1.1.1 Spontaneous, Stimulated Emission and Absorption

Spontaneous Emission

We consider two energy levels, 1 and 2, of an electron in a given quantum system (atom,
molecule, crystal), of energies respectively E1 and E2 with E1 < E2. For simplicity we
will assume that level 1 is the ground state, i.e. the state of minimum energy allowed, and
that the system is initially in the excited level 2. Since E2 > E1 the system tends to decay
to the level 1 and the corresponding energy difference E2 − E1 must be transferred from
the system. When this energy is released in the form of an electromagnetic (em) wave,
the process is called spontaneous or radiative emission and corresponds to the emission of a
photon with energy:

hν = E2 − E1 (1.1)

where h is the Planck constant and ν is the frequency of the photon (Figure 1.1a). How-
ever, radiative emission is one of the possible ways which the system can decay: the
decay, in fact, can also occur by non-radiative ways, in which case the difference of en-
ergy E2 −E1 is released not as an em wave, but for example as kinetic or internal energy
of the surrounding.

In a system made up of many equal atoms or molecules, in which at a certain instant
a number N2 of atoms per unit volume are on level 2, the probability of decay by sponta-
neous emission per unit time and volume, i.e. the rate of decay per unit volume is given
by: (

dN2

dt

)
sp

= −AN2 = − N2

τsp
(1.2)

where the positive coefficient A is called spontaneous emission rate or Einstein’s A coef-
ficient. τsp = 1/A is called average lifetime for spontaneous emission and it is the inter-
val of time after which the probability of finding an atom on level 2 (or after which the
number of atoms on level 2) is reduced of a factor 1/e, due to the spontaneous emission
process.

Similarly, we can apply the same considerations for the non-radiative decay, and we
can write (

dN2

dt

)
nr

= −N2

τnr
(1.3)

with τnr the effective lifetime of the non-radiative decay process. Unlike τsp that depends
only on the considered transition, τnr depends not only on the transition but also on the
characteristics of the surrounding environment.

Therefore, it can be defined the transition lifetime τ as:

1

τ
=

1

τsp
+

1

τnr

and then
dN2

dt
= −N2

τ
= −

(
N2

τsp
+
N2

τnr

)
(1.4)
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It can be defined the fluorescence quantum yield Φ as the ratio of the number of emitted
photons to the number of atoms initially raised to level 2, as

Φ = −
∫

(N2(t)V/τsp)dt

N2(0)V
=

τ

τsp
(1.5)

where V is the volume of the material, N2(t)/τsp represents the number of atoms decay-
ing in radiative way per unit volume and unit time. From eq. 1.4 result

N2(t) = N2(0)e−t/τ (1.6)

From eq. 1.6 it emerges that the decay measurement of the emitted radiation decay
provides an estimation of the total lifetime τ and not the radiative lifetime τsp.

Stimulated Emission

Now we consider again the situation in which the system is in the state 2, but it is hit by
photon of frequency ν = (E1−E2)/h (eq. 1.1). In this case there is a finite probability that
the wave forces the system to make the transition 2 → 1, via emission of a photon that
sums up to the incident one. This process is called stimulated emission and is schematically
shown in figure 1.1b.

There is a substantial difference with respect to the case of spontaneous emission, in
which the photon emitted in the transition can be emitted in any direction and has no
definite phase relationship with respect to the other emitted photons. In the stimulated
emission process, since the process is forced by the incident em wave (photon), the emis-
sion of each system takes place in phase with the incident wave and in the same direction.

We can write this case: (
dN2

dt

)
st

= −W21N2 (1.7)

where the probability density of a stimulated transition W21, differently from the Ein-
stein’s coefficient A, depends on the particular transition and also on the flux F of inci-
dent photons (i.e., the number of photons per unit of surface and time) as

W21 = σ21F (1.8)

σ21 has the dimension of an area and is called stimulated emission cross-section and F = I
hν ,

where I is the beam intensity, in unit of W/m2

Absorption

Finally, let’s consider the absorption process, always between the two levels 1 and 2: in this
case the system, which is initially in the fundamental state 1, absorbs an incident photon
of frequency ν, corresponding to the energy difference between two states (eq. 1.1), and
goes to the excited level 2, as shown in figure 1.1c.

Similarly to the previous processes the absorption probability can be written as(
dN1

dt

)
a

= −W12N1 (1.9)

where W12 is the absorption probability density or rate, which depends on the flux F of
photons too, as

W12 = σ12F (1.10)
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where the absorption cross-section σ12 depends only on the particular transition.
Furthermore, if the levels are non-degenerate, Einstein demonstrate that W21 = W12

and σ21 = σ12. Generally, if g1 and g2 are the degeneracy degrees of state 1 and 2 respec-
tively, then it will be g2W21 = g1W12 and g2σ21 = g1σ12.

The absorption cross-section in equation (1.10) is related to the absorption coefficient
according to the expression

α = σ12N1 (1.11)

In order to give a quantitative estimation of the probability coefficients of the transi-
tions a quantum electrodynamics approach is needed. Very briefly by time dependent
perturbation theory, with the electric dipole approximation, it is possible to give an ex-
pression to W = W12 = W21:

W =
2π2

3nε0ch2
|µ|2Ig(ν − ν0) (1.12)

where n is the refractive index of the medium, ε0 is the vacuum permittivity, c is the
speed of light, h is the Planck constant, |µ| = |µ12| = |µ21| is the amplitude of the electric
dipole moment (that for an atom can be ∼ ea where e is the electron charge and a the
radius of the atom), I the intensity of the incident radiation and g(ν− ν0) is the transition
lineshape.

From equations 1.12 and 1.10, the cross-section σ results

σ = σ12 = σ21 =
2π2

3nε0ch
|µ|2νg(ν − ν0) (1.13)

Under the same approximations we can also derive the Einstein’s coefficient A and
the spontaneous emission lifetime τsp

A =
1

τsp
=

16π3ν30n|µ|2

3hε0c3
(1.14)

1.1.2 The LASER idea

Let us now consider a plane wave of intensity I = hνF , which travels in a certain ma-
terial, along the z axis. N1 and N2 the populations of atoms (number of atoms per unit
volume) in levels 1 and 2 of the material and hν = E2 − E1. Propagating in the medium
the intensity of the wave will undergo a change dI = hνdF (see figure 1.2). We only
consider the processes of stimulated emission, which for each incident photon, "adds"
another photon in the same direction as the incident one, and absorption that "removes"

Figure 1.2: Photon flux changing of dF travelling through a material for a distance dz.
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Figure 1.3: Scheme of LASER.

an incident photon. The number of photons added and removed, by unit of time, is given
by equations 1.7 and 1.9. Recalling 1.8 and 1.10, we have that:

dF = σF (N2 −N1)dz (1.15)

and we can see that the material behaves like an amplifier (dF/dz > 0) if N2 > N1,
while it behaves like an absorber (dF/dz < 0) if N2 < N1. At thermal equilibrium the
populations are controlled by the Boltzmann statistics:

N e
2

N e
1

= e
−E2−E1

kBT (1.16)

where kB = 1.38×10−23 JK−1 is the Boltzmann constant, T is the temperature in Kelvin
degrees and N e

1 and N e
2 are the equilibrium populations. Therefore, at thermal equilib-

rium, N2 < N1 and the material acts like an absorber.
If you can reach a non-equilibrium condition for which there is a population inversion,

that is a situation in which the populations of the two levels satisfy the condition N2 >
N1, the material acts as an amplifier to the frequency ν. In this case, it is useful to define
the gain parameter g instead of the absorption coefficient α and from 1.11 we can write:

g = σ(N2 −N1) (1.17)

To obtain an oscillator from an amplifier is necessary to introduce a positive feedback;
this is obtained by placing the active material in an optical cavity. Generally, optical cav-
ities or optical resonators confine light by multiple reflection, producing standing waves
for specific resonance frequencies νr due to the interference phenomena. These standing
waves are called resonant modes, which naturally oscillate in the cavity [43].

The easiest configuration of an optical cavity is represented by two flat mirrors (Fabry-
Pérot cavity) (figure 1.3).

A plane wave of frequency νr in the visible will travel back and forth through the
active material and will be amplified at each step. Part of the light can be extracted if
one of the mirrors is semi-transparent, like mirror 2. A beam will be extracted, when
the population inversion N2 − N1 is such that the gain per pass in the active material
compensates for the losses. We can immediately verify that there is a threshold condition
for the laser operation. NamedR1 andR2 the reflectances of the two mirrors respectively,
Li the internal losses per pass in the cavity and l the length of the active material, the
threshold condition results:

R1R2(1− Li)2e2gl = 1 (1.18)
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where e2gl represents the ratio between the number of photons present after travelling
back and front in the material and the initial one and R1R2(1−Li)2 represents the losses
in the double pass. It should be noted that, the semi-reflective mirror (mirror 2) is the
element that allows us to extract a usable laser beam outside the cavity formed by the
two mirrors: (1 − R2) represents the fraction of energy (or photons) that is not reflected
back into the cavity. From equations 1.18 and 1.17 we see that the threshold condition
is reached when the inversion of population, N2 −N1, reaches a critical value Nc, called
critical inversion, given by

Nc = −[lnR1R2 + 2ln(1− Li)]/2σl = γ/σl (1.19)

where γ = −[lnR1R2 + 2ln(1−Li)]/2 represents the single pass logarithmic losses of the
cavity.

Once the critical inversion is reached, oscillation will build up from spontaneous
emission. The photons that are spontaneously emitted along the cavity axis will, in fact,
initiate the amplification process.

When one wants to reduce the size of a laser, its operation does not change, however
the optical cavities suffer from a shrinking limit due to the confinement of the light im-
posed by the diffraction limit. The idea of a plasmonic nanolaser is to replace the optical
cavity with metallic nanostructures that operate as virtual cavities, as we will see later.

1.1.3 Population Inversion and Rate Equations

How is it possible to generate an inversion of population? The first idea could be to
consider a two-level system with a sufficient strong em wave at frequency ν shining on it.
Initially N1 > N2 and absorption predominates on stimulated emission. So more atoms
will be raised from level 1 to level 2 than viceversa nonetheless, as soon as the equilibrium
of the two populations is reached, N1 = N2, we can see from eq. 1.15 that the material
becomes transparent to the incident radiation: the number of photons absorbed per unit
of time is equal to the number of photons emitted per stimulated emission. Therefore, by
using only a two-level system, one cannot obtain population inversion.

In order to get population inversion three or more levels have to be considered. The
scheme of operation of three- and four-level systems is reported in figure 1.4. For the
three-level scheme, the system is exited from level 1 to level 3; if the transition between
level 3 to level 2 is quick enough, i.e. τ32 � τ21, population inversion can be obtained
between levels 1 and 2. However, before obtaining the population inversion, the system
have to reach the condition N1 = N2.
Instead, for a four-level scheme, the ground level is identified as level 0, from which
atoms are raised to level 3. From this level, if the atoms rapidly decay into the level 2, i.e.
τ32 � τ21, a population inversion can be obtained between level 2 end level 1. In level 2,
the atoms relax then through spontaneous and stimulated emissions into level 1. At this
level, a fast decay (τ10 � τ21) into the ground leads to a negligible population in level
1, if level 1 is far enough to level 0, i.e. E1 − E0 > kBT . This means that, only a small
number of atoms need to be excited in the level 2 to form population inversion, proving
that a four-level laser is much more efficient and practical then the three-level laser.
All the systems with more levels can be schematically describes as a three- or a four-level
system.

Taking into account a 4 level system, its population dynamics as well as the photon
flux can be evaluated by a simple model of rate equations. This model is based on the
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(a) Three-level scheme (b) Four-level scheme

Figure 1.4: Schematic representation of the three- and four-level systems for laser emission.

balance between the atom transitions and the number of the photons created or annihi-
lated.
For a four-level system with non-degenerate levels we can write the system of rate equa-
tions as

dN0(t)

dt
=
N1(t)

τ10
+
N3(t)

τ30
−WpN0(t) (1.20a)

dN1(t)

dt
=
N2(t)

τ21
− N1(t)

τ10
− F σ21 [N1(t)−N2(t)] (1.20b)

dN2(t)

dt
=
N3(t)

τ32
− N2(t)

τ21
+ F σ21 [N1(t)−N2(t)] (1.20c)

dN3(t)

dt
= −N3(t)

τ32
− N3(t)

τ30
+WpN0(t) (1.20d)

where Wp, called pumping rate, is the rate of the pumping process and describe the exci-
tation probability as (

dN3

dt

)
ν

= WpN0 (1.21)

Moreover, N3(t = 0) ' N1(0) ' 0 and the total population Nt = N0 +N1 +N2 +N3.
We will resume this discussion after introducing the plasmonic properties of nanos-

tructured arrays and then we will see how these can be described the dynamics of a
plasmonic nanolaser.

1.1.4 Properties of LASER Beam

The most peculiar properties of a laser beam are:
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Monochromaticity

In short, this property is a consequence of two concomitant facts: only the em of fre-
quency ν given by eq. 1.1 can be amplified and, given a resonant cavity, oscillation can
occur only at the characteristic resonance frequencies of the cavity. The engineering of
the cavity therefore can lead to an extremely narrow bandwidth, below 1 nm.

For our samples, monochromaticity is investigated and will be a fundamental char-
acteristic of emitted beam.

Coherence

• Spatial coherence. Given two points P1 and P2 of on the wavefront of an em wave at
time t0 and indicating with ε1 and ε2 the electric fields respectively, for definition
of wavefront, the phase difference between the two electric fields at time t0 will
be zero. If this phase difference remains zero at any time t, the two points will be
coherent, and if this it happens whatever the two points on the wavefront are, it is
said that the em wave has perfect spatial coherence. In practice, for any point P1, P2

is contained within a finite area Sc around P1. In this case it is said that the wave
possesses partial spatial coherence and for each point P we can introduce an area of
coherence Sc(P ).

• Temporal coherence. Consider the electric field in a generic point P of the wavefront
of an em wave at time t and time (t+τ). If the difference of phase betweenE(t) and
E(t+ τ) remains constant for any time 0 ≤ τ ≤ τ0, the em wave has partial temporal
coherence with a coherence time equal to τ0; if the phase difference remains constant
for any one value of τ , it is said that the em wave has perfect temporal coherence.

It is worth noting that the two concepts of spatial and temporal coherence are dis-
tinct and that, for example, an em wave can have partial temporal coherence while
being perfectly coherent from the spatial point of view.

It is possible to define a normalized correlation function at the first-order for the electric
field of a light source, which is referred to as the complex degree of first-order coherence. This
function provides a measure of the coherence between two different points of the wave
at two different times.

γ(1)(r1, r2, τ) =
〈E(r1, t+ τ)E∗(r2, t)〉

〈E(r1, t)E∗(r1, t)〉1/2〈E(r2, t)E∗(r2, t)〉1/2
(1.22)

Where 〈〉 represents the ensemble average. If τ = 0, |γ(1)(r1, r2, 0)| is the degree of spatial
coherence. Instead if r1 = r2 = r, |γ(1)(r, τ)| is the degree of temporal coherence. |γ(1)(r, τ)| ≤
1. Moreover, it is possible to define a coherence time τco, such that |γ(1)(r, τco)| = 1/2 and
the corresponding coherence length lco = τcoc.

Let’s consider the superposition of two beam, the intensity profile can be written by
the normalized correlation function at the first order as

I = I1 + I2 + 2
√
I1I2|γ(1)| cos [ωτ − φ(τ)] (1.23)

where cos [ωτ − φ(τ)] is the phase of the correlation function. We note that the intensity
pattern, i.e. the characteristic fringes of an interference phenomenon, is due to the rapid
variation of the cosine.
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We can define a visibility V of the fringes as

V =
(Imax − Imin)

(Imax + Imin)
=

2
√
I1I2

I1 + I2
|γ(1)(r, τ)| (1.24)

If I1 = I2, so V = |γ(1)(r, τ)|. The visibility can be easily measured and gives us informa-
tion about the first-order correlation of the two beams, and then the coherence degree. In
fact, plotting the visibility V (τ) as a function of the time delay, the coherence time τco will
be equal to the FWHM of the visibility curve, from its definition.

Since γ(1) is related by a Fourier transform to ∆ν it is possible to find [45]

τco ∼=
1

∆ν
≈ λ2

c∆λ
(1.25)

from which we note the strong relationship between monochromaticity and temporal
coherence. This relation is closely analogous to the Heisenberg uncertainty relation and
can be proved using the same procedure as used to derive the uncertainty relation.
Furthermore, in section 4.4 it will be explained how to derive the coherence time τco by a
modified Michelson interferometer.

Directionality

Directionality is an important characteristic which is widely use on several applications
of lasers, for this reason we will take it into particular consideration for our samples. This
property is a consequence of the fact that the active material is placed in a open resonant
cavity. Considering for instance a Fabry-Pérot cavity, only a resonant mode can oscillate
in the cavity, for the geometry of the resonator, an em wave propagating in the orthogonal
direction of the mirrors (or in a direction very close to it), with a suitable frequency νr,
can oscillate.

Let’s first consider a laser beam that has perfect spatial coherence. The intrinsic di-
vergence of this beam, due to the diffraction is given by the ratio:

θd = βλ/D (1.26)

where θd is the divergence angle, λ the radiation wavelength, D is the diameter of the
light beam and β is a numerical factor of the order of the unit that depends on the the
amplitude distribution form and how the divergence and diameter of the beam are de-
fined. In this case we speak of a limited laser beam for diffraction. Considering a laser
beam with wavelength λ = 630 nm (red) with a diameter of 3 mm, we obtain, for β = 1,
θd ∼ 2 · 10−4 rad, or an increase in the diameter equal to 0.4 mm for each meter of propa-
gation. If the laser beam is only partially coherent in terms of space, the area of coherence
Sc behaves as a diffracting element whereby the beam divergence turns out to be

θd = βλ/
√
Sc (1.27)

greater than that limited by diffraction.

Brightness

The power emitted by an em wave source per unit surface area per unit solid angle is
defined as brightness. More precisely, dP = BcosθdSdΩ, where dP is the power emitted
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by a surface element dS within the solid angle dΩ at the angle θ with respect to the normal
to the surface element. For an isotropic source, brightness B is a constant. In general, B
may depend on θ. For a laser beam B can be very high due to the fact that the beam is
collimated.

Given a beam with power P , diameter D and divergence of θ, assuming that θ is very
small (i.e., cosθ ∼= 1), then it can be found

B =
4P

(πDθ)2
(1.28)

If beam is diffraction limited, θ = θd so

B =

(
2

βπλ

)2

P (1.29)

which is the maximum brightness that a beam of power P can have.

Short Pulse Duration

Pulsed emission is not an intrinsic property of laser beam and it can be generated by
different techniques, such as Q-switching or mode locking. Pulsed lasers are widely used
in many applications due to their possibility to reach high pulse energy or high peak
pulse power. Q-switching technique allows to generate ns pulses by introducing loss
mechanism which exceeds the gain of the medium. Then it is rapidly removed when
energy stored in the medium has approached the maximum possible level, producing
short pulses of high energy and peak power.
On the other hand, using the mode locking technique it is possible to produce light pulses
of duration equal to approximately the inverse of the line width of the laser transition
2 → 1. For liquid and solid state lasers, having line widths 105 − 106 times greater than
those of gas lasers, light pulses can be generated of duration of the order of ten fs. The
property of short duration, which implies a concentration of energy over time, can be
considered as the counterpart of the monochromaticity, which implies a concentration of
energy in terms of wavelength.
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1.2 Introduction to Plasmonics

Plasmonics is the field of nanophotonics that studies the interaction between electromag-
netic (em) radiation and metal nanostructures. This interaction, which strongly depends
on the frequency and electronic structure of the metal, can be described in a classical
framework based on Maxwell’s equations without the need to resort to quantum me-
chanics. This is valid for metallic structures up to the size of a few nanometers, when the
effects due to the quantum nature of the constituents begin to be important and the prop-
erties strongly depend on the size or more precisely on the number of atoms. In other
words, above a size of a few nanometers the energy of the electronic levels, determined
by the high density of the free carriers, is lower than the thermal excitation energy kBT
at room temperature [2, 46].

1.2.1 Metal-Radiation Interaction

In general, metals have three different behaviours depending on the frequency of the
em wave. For low-frequency radiation, such as microwaves or far-infrared radiation,
electromagnetic waves do not propagate through metals that are very reflective. Only
a negligible fraction of radiation penetrates the metal to a depth called skin depth. By
increasing the frequency and approaching the visible spectrum, the penetration of the em
field into the metal increases and the dissipation becomes considerable. Finally, going to
ultraviolet frequencies, a metal behaves as a dielectric allowing the propagation of em
radiation. However, while alkaline metals become transparent to UV radiation, noble
metals, such as gold and silver, have a strong adsorption in the UV range due to the
interband transitions.

In order to interpret this behaviour, the dispersive properties can be described via a
complex dielectric function ε(ω), which provides the basis of most optical phenomena.
To evaluate em response of metals, Maxwell’s equations are the starting point

∇ ·D = ρext (1.30a)
∇ ·B = 0 (1.30b)

∇×E = −∂B
∂t

(1.30c)

∇×H =
∂D

∂t
+ Jext (1.30d)

where E is the electric field, D the electric displacement vector, H the magnetic field, B the
magnetic induction and ρext and Jext are, respectively, the external charge and current
current density vector.

Polarization P and magnetization M link the four fields via

D = ε0E + P (1.31a)

H =
1

µ0
B−M (1.31b)

where ε0 and µ0 are the electric permittivity and the magnetic permeability of vacuum,
respectively.

In the following we will take into account only electric polarization effects, because
in our case where only non-magnetic media will be considered, M is neglected.
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Since the polarization P is related to the internal charge density ρint by ∇ · P = −ρint,
charge conservation∇ · Jint = −∂ρint

∂t implies that

Jint =
∂P

∂t
(1.32)

Polarization P represents the electric dipole moment per unit volume inside the material
and, in a homogeneous, linear and isotropic dielectric medium, it is related to the electric
field with a linear relationship [47]

P = ε0χE (1.33)

where χ is the dielectric susceptibility, which is related to the dielectric function by ε =
1 + χ.
Therefore, the electric displacement vector in eq. 1.31a can be written as

D = ε0εE (1.34)

This it is correct for linear media without temporal or spatial dispersion. Unfortunately
these assumptions are not satisfied by metals whose response strongly depends on fre-
quency. Taking into account the non-locality in time and space, the linear (r, t) relation-
ship is generalized as

D(r, t) = ε0

∫
dt′dr′ε(r− r′, t− t′)E(r′, t′) (1.35)

In the frequency domain, by Fourier transform, equations (1.35) are simplified signif-
icantly by turning the convolutions into multiplication

D(K, ω) = ε0 ε(K, ω)E(K, ω) (1.36)

where K is the wavevector and ω the angular frequency of the individual plane-wave
components of the field.

In this context another approximation can be done, since we will study the optical
properties of the samples in the near-infrared (NIR), visible (VIS) and ultraviolet (UV)
spectral regions. It is possible to consider ε(K = 0, ω) = ε(ω) in the limit of spatially local
response, namely as long as the wavelength λ in the material is significantly longer than
all the characteristic dimensions, such as unit cell size or electron mean free path. In
general this condition is satisfied up to the UV region, λ & 100 nm.

ε(ω) is in general a complex function of ω, which is a real number, and can be ex-
pressed as ε(ω) = ε1(ω) + iε2(ω). The dielectric function is also related to the complex
refractive index according to the expression:

ñ(ω) =
√
ε(ω) (1.37)

ñ is also a complex function of ω, and can be expressed as ñ(ω) = n(ω)+ ik(ω), where the
real refractive index n(ω) and the extinction coefficient k(ω) are the measurable quantities.
From eq. 1.37 the components, ε1 and ε2, of the dielectric function are linked with n and
k as

ε1 = n2 − k2 (1.38a)
ε2 = 2nk (1.38b)

n2 =
ε1
2

+
1

2

√
ε21 + ε22 (1.38c)

k =
ε2
2n

(1.38d)
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Moreover, the extinction coefficient k(ω) determines the optical absorption of em
waves propagating inside the material and it is linked to the absorption coefficient α in
the Lambert-Beer’s law by

α(ω) =
2k(ω)ω

c
(1.39)

Dielectric Function Model

It can be seen that most of the information on metal-radiation interactions is given by
the dielectric function ε(ω). Let’s now see how simple analytical models can give us a
theoretical description that well approximates the data in the range of our interest. A
big advantage of having an analitycal formula for dielectric function ε(ω) is that it can be
easily included in numerical solvers for Maxwell’s equations, such as the finite-difference
time-domain (FDTD) scheme [49].

The model called Drude-Lorentz model is an extension, proposed by H. A. Lorentz, to
the more simple Drude model or free electron gas model by P. K. L. Drude. Drude model as-
sumes a density of free electrons moving through a fixed lattice formed by positive ions.
Moreover, electron-electron and electron-core interactions are considered negligible and
so electrons can be treated as free particles. However, taking into account the effective
mass m of each electron, some aspects of the band structure can be included.
In analogy with the kinetic theory, during the motion in the metal, electrons collide with
positive ions with a characteristic collision frequency γ = 1

τ , where τ is know as the relax-
ation time of the free electron gas.

Despite these strong assumptions, this model gives good results in a wide range of
frequencies, up to the interband transitions of the metal. For alkaline metals this happens
at the UV range, but for noble metals the interband transitions become important in the
visible range, limiting the validity of the model. Specifically, for copper and gold this
occurs at about 2 eV (λ ∼ 600 nm), for silver at about 4 eV (λ ∼ 300 nm).

The Drude model was then extended by Lorentz in order to overcome the disagree-
ment found in the energy range of interband transition. Lorentz took into account the
contribution of bounded electrons, adding a harmonic term to the motion equation

mẍ +mγẋ +mω2
0x = −eE (1.40)

(a) Silver (b) Gold

Figure 1.5: Best fits to the experimental data from Johnson and Christy [48] (dots) obtained with
the Drude-Lorentz model, for silver (a) and gold (b).
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where ω0 represents a resonance frequency that corresponds to a particular interband
transition with ~ω0 energy. When more than one transition is considered, we will have
a system with the same number of non-homogeneous differential equations like (1.40),
each of them with its own resonance frequency ωj and collision frequency γj .

Then, from the definition of macroscopic polarization vector P, the dielectric function
in this revised model results

ε(ω) = ε∞ −
ω2
p

ω2 + iγω
+

N∑
j=1

Aj
ω2
j − ω2 + iγjω

(1.41)

where Aj are free parameters which change depending on the considered metal.

ωp =

√
n e2

mε0
(1.42)

is the plasma frequency, where n is the free electron density and ε∞ is a parameter that varies
between 1 and 10. In particular, ε∞ takes into account the presence of a highly polarized
environment caused by d electrons near the Fermi surface.

Figure 1.5 shows an excellent agreement between the experimental data from Johnson
and Christy [48] and the analytical dielectric function ε(ω), determined with the Drude-
Lorentz model, performed by Hao and Nordlander [50] considering 4 interband transi-
tions.

1.2.2 Localized Surface Plasmon

Let’s consider a gas of free electrons in oscillatory motion, then we can define a plasmon as
a quantum of these free electron gas density oscillations. We can distinguish three types
of plasmons:

(a) Volume plasmons (fig. 1.6a) occur in a bulk metal. They are travelling waves with a
frequency ωp given by eq. 1.42. However, due to their its longitudinal nature, volume
plasmons cannot couple to em radiation and are excited only by charged particle
impact.

(b) Surface plasmon polaritons (SPP) (fig. 1.6b), represented in fig. 1.6b, are em exci-
tations evanescently confined in a sub-wavelength spatial region in the perpendicu-
lar direction of the interface between a metal and a dielectric where they propagate.
These em surface waves arise from the coupling of em field and the free electron gas
in the metal and have a characteristic frequency ωsp =

ωp√
1+εm

, called surface plasmon

(a) Volume Plasmon (b) Surface Plasmon Polariton (c) Localized Surface Plasmon

Figure 1.6: Comparative sketches of (a) volume plasmon, (b) surface plasmon polariton and (c)
localized surface plasmon.
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frequency, where εm is the dielectric function of the dielectric medium.
However, to excite SPP phase-matching is needed. In fact, due to their bound na-
ture, from the Helmholtz equation, the dispersion relation of SPP excitations results
β = k0

√
ε εm
ε+εm

, where k0 = ω/c is the wavevector in the vacuum. Since β > k, SPP
excitations correspond to the part of the dispersion curves lying to the right of the
respective light line, as shown in fig. 1.7. Thus, special phase-matching techniques
such as grating or prism coupling are required for their excitation.

(a) Drude model for ε. (b) Experimental data obtained by Johnson
and Christy [48] for ε.

Figure 1.7: Dispersion relation of SSPs at silver/air (gray curve) and silver/silica (black curve)
interface, for different estimations of the dielectric function.

(c) Localized surface plasmons are non-propagating excitations of the free electron gas
that arise under three-dimensional confinement in a nanoparticle coupled with the
em field, as sketched in fig. 1.6c. The nanoparticle exerts a restoring force induced by
the depolarization field on the electrons, therefore the system behaves like a forced-
damped harmonic oscillator. This behaviour produces a resonance phenomenon
called localized surface plasmon resonance (LSPR), which generates an amplification on
the electric field inside and in the immediate vicinity (near-field zone) of the nanopar-
ticle. This amplification, called local field enhancement, is the basis for most of applica-
tions in plasmonics, especially for plasmonic nanolasers.

The LSPR depends on many factors as size, shape, electron density and effective
mass,of the nanostructures and the dielectric function of the medium where the par-
ticles are embedded.
Unfortunately, an analytical approach for this problem is made difficult by all these
dependences. Only for spherical or spheroidal particles an analytical solution was
obtained. For non-interacting spherical particles in a non-absorbing medium, Mie
theory gives a full treatise of scattering and absorption [51–53] and Gans made a
generalisation for spheroidal particles [54]. Out of this conditions, i.e., for different
shapes or interacting particles, numerical approaches are required due to the problem
complexity.

Quasi-Static Regime

The quasi-static regime approximation consists in considering a nanoparticle much smaller
than λ of the impinging light. The spatial variation and the phase difference of the elec-
tric field across the nanoparticle can be neglected, thus considering the nanoparticle im-
mersed in uniform electric field that varies in time.
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Consider a homogeneous and isotropic sphere of radius a, as shown in figure 1.8,
placed in an isotropic and non-absorbing environment with dielectric constant εm. A
static electric field E = E0ẑ along the z direction surrounds the sphere. In an electro-
static approach, the Laplace equation results to be ∇2Φ = 0 and taking into account the
spherical symmetry, the electric potential Φ will be a linear combination of the Legen-
dre polynomials. Then, imposing the boundary and continuity conditions on the particle
surface, the electric field is calculated by the relation E = −∇Φ and results

Ein =
3εm

ε+ 2εm
E0 (1.43a)

Eout = E0 +
3n(n · p)− p

4πε0εm

1

r3
(1.43b)

where n is the unit vector in the direction of the point of interest P (fig. 1.8) perpendicular
to the sphere surface and the dipole momentum p is

p = 4πε0εma
3 ε− εm
ε+ 2εm

E0 (1.44)

Eout describes the superposition of the applied field and that of a dipole located at
the particle center. Moreover, it is possible to define the polarizability α via p = ε0εm αE0

and thus in quasi-static approximation it results

αqs = 4πa3
ε− εm
ε+ 2εm

(1.45)

It can be observed from this equation that if the imaginary part, Im[ε(ω)], of the dielectric
function is negligible, the polarizability α diverges under the Fröhlich condition:

Re[ε(ω)] = −2εm (1.46)

When the Fröhlich condition is fulfilled, a resonant mode occurs which is associated to
the dipole surface plasmon, called Localized Surface Plasmon Resonance (LSPR). It is also
easy to find that, under this condition, ε(ω) ∼ ε1(ω) = 1 − ω2

p/ω
2, and therefore from

equation 1.46, it follows
ωLSPR =

ωp√
1 + 2εm

(1.47)

where ωp is the plasma frequency.
We note that the resonance mode implies an enhancement of both internal and ex-

ternal dipolar fields. From equations 1.43 the local field factor, f , can be defined via
Ein = f E0. f represents the enhancement factor inside the sphere and in this case it

Figure 1.8: Scheme of the geometry used in the model
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results to be f = 3εm
ε+2εm

.
Moreover, we note that outside the sphere the field decreases quickly, as r−3, determining
the properties in the near-field zone.

It is interesting to note that considering an electric field E(r, t) = E0e
−iωt with a har-

monic time dependence and consequently the dipole momentum p(t) = ε0εmαE0e
−iωt,

the polarizability α does not change, remaining the same as in the electrostatic case
(eq. 1.45).

Remind complete electric E(t) = Ee−iωt and magnetic H(t) = He−iωt fields induced
by an oscillating electric dipole can be written [55] as

Edip =
1

4πε0εm

{
k2(r̂× p)× r̂

eikr

r
+ [3r̂(r̂ · p)− p]

(
1

r3
− ik

r2

)
eikr
}

(1.48a)

Hdip =
ck2

4π
(r̂× p)

eikr

r

(
1− 1

ikr

)
(1.48b)

where k = 2π/λ is the wavevector and the position r = rr̂.
The cross-sections for scattering σsca and absorption σabs can be extrapolated taking

into account the dipole em field in equations (1.48) and considering Poynting vector S =
1
µ0
E×H. They are also linked to the polarization α by the following equations [52]:

σsca =
k4

6π
|α|2 =

8π

3
k4a6

∣∣∣∣ ε− εmε+ 2εm

∣∣∣∣2 (1.49a)

σabs = k Im[α] = 4πka3 Im
[
ε− εm
ε+ 2εm

]
(1.49b)

Therefore, the extinction cross-section for a sphere of volume V and dielectric function
ε = ε1 + iε2 in quasi-static approximation is

σext = σsca + σabs = 9
ω

c
ε3/2m V

ε2
[ε1 + 2εm]2 + ε22

(1.50)

Finally, it can be noted that during the treatment no restriction was assumed on the ma-
terial of the sphere, therefore the results are valid also for a dielectric sphere, even if
no resonance phenomenon persists since the dielectric function of a dielectric is always
positive and the Fröhilch condition will never be met.

If we consider larger particles (a & λ/10), where the variation of the electric field
phase across the nanosphere is no longer negligible, the quasi-static approximation will
no longer be valid. In this respect, the modified long-wavelength approximation (MLWA),
allow us to extend the quasi-static approximation to larger particles. This consists in
a linear expansion over the size parameter ka of the dipolar electric field up to power
k3 [56].

Then the polarizability in MLWA can be writetten [57], taking in to account the one in
quasi-static approximation (1.45), as

αMLWA =
αqs

1− k2

a αqs −
2
3 ik

3αqs
(1.51)

The first term at the denominator, proportional to k2, is linked to the dynamic depolar-
ization respons [56] and describes the effect of the electric field produced by the charge
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distribution delay between the two opposite sides of the sphere. Such depolarization
field, since is proportional to k2, reduces the importance of the Im[ε(ω)], increasing the
polarization. The second term, purely imaginary, counteracts this increase. It is related to
the radiation damping due to the radiative decay of the LSP [58], and becomes increasingly
important for larger particles. It should be noted that both these effects cause a redshift
of the LSPR when the particle dimension increases.

For an arbitrary size a fully multipolar expansion has to be considered as calculated
by G. Mie [51]. However, the disadvantage of this theory is that it does not provide a way
to build simple model for the response of arrays of particles.

Finally, how we can note from extinction cross-section σext (eq. 1.50) and Fröhlich con-
dition (eq. 1.46), LSPR depends on composition, shape and size of the particle, and on the
surrounding medium and polarization of the incident light for non-spherical particles.
Moreover, high field enhancement arises in the near-field zone (E ∝ r−3). This entails a
light confinement at the nanoscale, below the diffraction limit, making the nanoparticle
a nanocavity. However, the quality factor Q = ωLSPR/∆ω ' λLSPR/∆λ of LSPRs is not
too high, of the order of some tens, due to the high losses in the metal.

But another effect appears by the presence of a cavity and is called Purcell Effect [59,
60]. According with the Fermi’s golden rule, Purcell effect describes the modification
of the radiative decay rate by the presence of a cavity. As seen previously for LSPRs, a
nanoparticle acts as an optical resonator in the vicinity of its surface. So we expect that
Purcell effect arises again.

This phenomenon is explained and modelled as the modification of the radiative
γsp = 1/τsp decay rate of a factor F , which, in according to the Purcell effect [59], can
be written as

F =
3Qλ3

4π2Vmode(2n)3
(1.52)

where Vmode is the volume mode of the cavity, which, for us, is the nanoparticle. Thanks
to the very small volume mode of the nanoparticles, the Purcell factor can become quite
high, compensating for the small Q-factor, and making the nanoparticles suitable to act
as a laser cavity.

Since this modification is caused by the electric field, Purcell factor depends on the
distance from the surface of the nanoparticle. However, if we consider an emitter too
close to the nanoparticle, a quenching phenomenon occurs [60]. This quenching phe-
nomenon is due to the non-radiative energy transfer that, for short distances, becomes
important thereby quenching the fluorescence of the molecule. The principal contribute
of this non-radiative energy transfer is due by Förster resonant energy transfer (FRET),
that describes mechanism of energy transfer between donor molecules and metal surface
instead of an organic acceptor. This effect of donor-acceptor match changes also the ra-
diative rate of the molecules, modifying quantum efficiency η of the system.
Regarding our system these phenomena can occur near to the plasmonic nanostructures
and we have to take into account.

1.2.3 Plasmonic nanoparticle arrays

Placing plasmonic nanostructures in an ordered arrangement can lead to switch on plas-
monic collective modes mediated by the lattice. As we will see in this section for metal-
lic nanoparticle array, near the diffraction order of the lattice where radiating energy
changes to evanescent character, dipolar interactions lead to the emergence of a new nar-
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(a) Direct lattice (b) Reciprocal lattice

Figure 1.9: Schematic representation of the direct and reciprocal hexagonal lattice.

row linewidth plasmonic resonance [61]. This resonance is known as Surface Lattice Res-
onance (SLR). The interaction of plasmonic nanoparticles with this collective extended
modes leads to the suppression of radiative damping, which is the dominant contribu-
tion to the plasmon resonance linewidth [62], making plasmonic system based on this
collective resonances one possible way to minimize losses.

The properties of SLRs, which derive from the coupling of LSPRs, generally depend
on the same parameters: shape, size and composition of nanoparticles, as well as on the
surrounding medium and polarization of the incident radiation. Furthermore, due to
their collective behaviour, SLRs depend strongly on the interparticle distance and on the
long-range order in the lattice.

SLRs can be connected to Wood’s anomalies in diffraction gratings [63]. Wood’s
anomalies, studied by R. W. Wood at the beginning of the last century [64], are due
to two distinct phenomena related to each other and subsequent interpreted by Lord
Rayleigh [65] and U. Fano [66].

Rayleigh Anomaly Modes

The first phenomenon, called Rayleigh anomalies is purely geometric and is correlated to a
discontinuous change in the reflectivity, when the incident light has wavelength and an-
gle determined by the grating period, corresponding to the condition where a diffracted
wave propagates in the plane of the array. Therefore these anomalies are strongly linked
with the appearance of diffraction orders. These satisfy the Bragg condition in the lattice
plane that can be written as

k//d = k// i + Gnm (1.53)

k//d is the parallel component to the lattice plane of the diffracted wavevector, with
|k//d| = 2πneff/λ , where neff is the effective refractive index defining phase velocity
of the diffracted waves on lattice plane (i.e., Rayleigh anomalies); k// i is the in-plane
component of the wavevector of the incident light, with |k// i| = (2π/λ) sin θ where θ
is the angle formed between the normal to the lattice plane and the wavevector of the
incident wave; Gnm is the vector of the reciprocal lattice [67].

The reciprocal lattice is the corresponding lattice in the momentum space (or k-space)
of the direct lattice, related to it by Fourier transform. The reciprocal vectors G have
to obey to R ·G = 2πN where N ∈ Z and R is the vector in the real space. The case
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Figure 1.10: Example of Rayleigh anomalies for a two-dimensional hexagonal lattice in the high-
est symmetry identified by the critical points Γ, M and K.

of our interest is a two-dimensional hexagonal lattice with lattice constant a, showed in
figure 1.9a, so by defining Rij = ia1 + ja2 and Gnm = nb1 + mb2 where i, j, n, m are
integers, we can write

b1 = 2π
a2 × ẑ

a1 · (a2 × ẑ)
=

(
1√
3
, 1

)
2π

a
a1 =

(√
3

2
,

1

2

)
a

with

b2 = 2π
ẑ × a1

a2 · (ẑ × a1)
=

(
1√
3
,−1

)
2π

a
a1 =

(√
3

2
,−1

2

)
a

(1.54)

The corresponding reciprocal lattice is shown in figure 1.9b, where b = |b1| = |b2| =
4π/
√

3a . The Wigner-Seitz cell or first Brillouin zone is also highlighted: due to the
periodicity, energy eigenstates for a photon in a crystal can be written as Bloch waves
and can be completely characterized within the Brillouin zone. Instead, Γ, K and M ,
called critical points, are the points of high symmetry of the system and play a particularly
important role on the diffraction. n and m are called Miller indices. They indicate the
family of lines orthogonal to the vector Gnm = nb1 + mb2. Considering only (nm)
lines crossing lattice points, lattice lines, the perpendicular distance dnm between adjacent
lattice lines for an hexagonal lattice is

dnm =
2π

|Gnm|
=

√
3

2

a√
n2 − nm+m2

(1.55)

which is then connected to the Bragg law as

2dnm sin(θ) = nλ (1.56)

where θ and λ are the angle and the wavelength of an incident em wave on the crystal.
By equations (1.53) and (1.54) it is possible to obtain the dispersion relation of each

diffraction order identified by the Miller indices (n,m), i.e. Rayleigh anomalies. In fig-
ure 1.10 is shown an example of this dispersion relation for a two-dimensional hexagonal
lattice in the highest symmetry direction identified by the critical points Γ, K and M .
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Coupled Dipole Method

We have seen how Rayleigh anomalies emerge from a pure geometric factor related to
the periodicity of the system and therefore they can also be present in a dielectric ar-
ray, not having made any assumption on the material. Instead, the second aspect men-
tioned before was correctly interpreted for the first time by U. Fano who suggested that
the origin of anomalies could be found in the excitation of surface waves. [68]. For a
plasmonic nanoparticle array, SLRs derive from the coupling of the diffracted waves on
the lattice plane (Rayleigh anomalies) and the LSPR of each particle. The coupled dipole
method (CDM), it possible to show how geometric arrangement in a ordered array of
metallic nanoparticles coupled by dipole interaction can led to the formation of these
collective resonance modes [69, 70]. A dipolar interaction is considered between the par-
ticles placed in a periodic arrangement and it is taken in to account the modified polariz-
ability αCDM which describes the response of the system to an em field.

Let’s consider an array of N spherical nanoparticles at positions ri and with polariz-
abilities αi described by equation (1.51) assuming MLWA for more generality. The dipole
momentum of each particle will be given by pi = ε0εmαiEloc,i. The local field in the po-
sition ri of the i-particle is given by the superimposition of the incident field Einc,i plus
the retarded induced field Edip,i of the other N − 1 dipoles, i.e. Eloc,i = Einc,i + Edip,i.
Therefore, the dipole momentum of the i-particle becomes

pi = ε0εmαiEloc,i = ε0εmαi(Einc,i + Edip,i) = ε0εmαi(E0 e
ik·ri −

N∑
j=1
j 6=i

Aij · pj) (1.57)

with i and j run from 1 to N . It has been assumed an incident plane wave Einc,i =
E0 e

ik·ri with wavevector k = 2π/λ.
The dipole contribution Edip,i on the i-particle is the result of the sum of electric field
induced by every other dipole present in the lattice, described as Aij · pj , where Aij is
colled dipole interaction matrix [70].

Each j-term of Aij · pj represents the electric field in ri deriving from the j-dipole
placed in the position rj , and is given by

Aij · pj = k2 eikrij
rij × (rij × pj)

r3ij
+ eikrij (1− ikrij)

r2ijpj − 3rij(rij · pj)
r5ij

(1.58)

where (j 6= i) and rij = rj − ri is the vector from j-particle to i-particle.
The expression (1.57) can be written in a more compact form as

A′p = ε0εmE (1.59)

where the diagonal terms of the matrix are defined as A′ii = 1/αi and the terms out of
the diagonal are equal to the dipole interaction matrix terms Aij in equation (1.58).
The polarization vector P can therefore be obtained by solving the system of 3N linear
equations defined by eq. (1.59).

An analytical solution can be obtained for the system of equations by considering an
incident plane wave perpendicular to the lattice plane and an infinite matrix of identical
elements that guarantees the same polarization for each particle. By these assumptions,
the polarizability of each particle results

αCDM =
1

1/αMLWA − S
(1.60)
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(a) (b)

Figure 1.11: (a) Measured extinction spectrum (above) and simulated array factor and polariz-
ability αMLWA (below) for a hexagonal array of silver disks [16]; (b) Simulated Q-factor of SLRs
as a function of the number of nanoparticles (N ) along each side [71].

where the array factor S is defined as

S =
∑
j 6=i

[
(1− ikrij)(3 cos2 θij − 1)

r3ij
+
k2 sin2 θij

rij

]
eikrij (1.61)

θij identifies the angle between position vector rij and polarization of j-particle pj .
S depends only on particles separation and the kind of lattice, i.e. Rij defined in the
previous section.

Once αCDM is calculated, the total extinction cross-section σTOT,ext can be estimate
by the superimposition of each dipole contributions, given by equations (1.49) and (1.50).

From (1.60) the polarizability αCDM has a maximum when

Re[1/αMLWA] = Re[S] (1.62)

This condition is associated with the rise of a resonant mode called Surface Lattice Reso-
nance (SLR).

In Figure 1.11a an experiment conducted by R. W. Humphrey and A. D. Barnes [16]
shows the agreement between the maximum condition (1.62) of equation (1.61) calculated
numerically and the relative SLR peak in the extinction spectrum of a hexagonal array
of spherical nanoparticles. Instead Figure 1.11b shows simulated Q-factor of SLRs as a
function of the number of nanoparticles (N ) along each side [71].

As we shall see, one of the most important applications of this resonance phenomenon
is the possibility of making laser light emerge from the spectral and spatial coupling with
an emitter. This is in fact made possible by the photonic-plasmonic coupling underlying
the existence of the SLR mode.
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1.3 Plasmonic Nanolasers

In the following, we will discuss how a plasmonic array, in our case a two-dimensional
array of metallic nanostructures, can replace an optical cavity thus creating a plasmonic
nanolaser, thus taking a step towards the miniaturization of laser devices below the
diffraction limit.

The idea of using a nanoparticle array to obtain directional emission was proposed
for split-ring resonators at infrared wavelengths about 10 years ago [17]. However, plas-
monic nanolasers have recently been demonstrated for different geometries, as discussed
in the Introduction section . The first demonstration dates back to 2012 by Suh and Odom
et al. [12] with gold nanobowties arranged in a square lattice coupled with a dye (IR140)
in polyurethane, exhibiting a laser emission at a wavelength of 873 nm.

Plasmonic nanolasers use SPP and LSP to squeeze light into volumes smaller than the
wavelength. Owing to the LSPRs, nanoparticles are able to localize three-dimensionally
the EM field within tens of nanometers from their surface, as we have seen in sec 1.2.
A gain medium close to the nanoparticles in the excited state by the pump process,
instead of emitting photons can transfer energy to the LSPR of the nanoparticles in a
non-radiative way (fig. 1.12). These transitions are stimulated by the SPs already in the
nanosystem and the stimulated nature of this non-radiative energy transfer generates a
copious number of coherent surface plasmons in a single mode. Therefore, the energy
accumulated in the plasmon oscillations can be re-emitted generating a laser emission.
Moreover, plasmonic nanolasers that exploit LSR or SPP as a cavity present ultra-fast
modulation, in the femtosecond time scale, due to the fast non-radiative decay of the
plasmons [73].

When nanostructures, acting as resonant cavities, are placed in a periodic arrange-
ment, the plasmonic nanolaser can support directional lasing emission and efficient out-
coupling due to the constructive interference between the adjacent nanoparticles [19].
Driven by the lattice modes, each nanocavity oscillates in phase and this results in a
high-quality cavity mode for coupling the near-field energy into free space. This cavity
mode can be associated with hybrid modes of lattice plasmons arising from the cou-

Figure 1.12: Schematic representation of the energy transfer process between gain medium and
plasmonic nanosystem [72].
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pling of LSPs of the single nanoparticles to diffraction modes in the periodic array. This
mode can suppress radiative loss and provides an optical feedback for directional laser
emission at room temperature. As previously described 1.2.3, these lattice plasmonic res-
onances (SLRs) are supported by metallic nanoparticles placed in a periodic array, in a
medium with uniform refractive index, and their properties are determined by the single
LSPRs of each nanoparticle, the lattice parameters and the environment.

We can then model the coupling between the dye and the plasmonic nanoarray in a
semi-classical rate equations approach as follows.

1.3.1 Semi-classical Rate-Equations Approach

Among different approaches at this novel problem [74–80], i.e. lasing emission based
on plasmonic interaction, the most interesting uses Maxwell’s equation for the em field
while rate-equations for the gain medium and it was proposed by Dridi and Schatz in
2013 [79].

In this semi-classical approach, it is supposed that an optically pumped transition,
between the state |i〉 and |j〉, induces to a microscopic polarization µij of the molecules of
the gain medium. The macroscopic polarization Pij is therefore given by the contribution
of every microscopic polarization. However, from a quantum-mechanical approach, re-
sults that Pij depends on the difference of population density Nij(t) = Nj(t) − Ni(t)
and not on the total population density N . Therefore, the variation in time is taken
into account in order to include absorption, stimulated and spontaneous emission ef-
fects. Moreover, the variation in time of Pij(t), which describes the interaction between
the molecules of the gain medium and the em field, can be defined by the equations of
motion for driven damped oscillators, as [43, 81]

d2Pij(t)

dt2
+ ∆ωij

dPij(t)

dt
+ ω2

ij Pij(t) =
6πε0c

3

ω2
ijγij

∆Nij(t)E(t) (1.63)

where ωij is the angular frequency, ∆ωij is the bandwidth due to radiative, non-radiative
and collision effects and γij is the damping coefficient of a specific transition.
The resulting Pij(t) modifies the electric field by the internal current density (eq. 1.32)
Jint = ∂P/∂t in the Maxwell’s equations (1.30), writing it as

∇×E(t) = −µ0
∂H(t)

∂t
(1.64a)

∇×H(t) = ε
∂E(t)

∂t
+
∂
∑

ij Pij(t)

∂t
(1.64b)

In this classical approach, the energy-transfer rate between the em field and the gain
medium molecules is [43, 82–84]

dUij(t)

dt
= E(t) · dPij(t)

dt
=
dNi(t)

dt
~ωij (1.65)

that is equal to the transition rate per photon energy.
Taking into account a four-level system, to describe the energy state of gain medium,
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as shown in Figure 1.13a, the system of rate equations (1.20) can be written as [79]

dN0(t)

dt
=
N1(t)

τ10
+
N3(t)

τ30
− 1

~ω30
E(t) · dP30(t)

dt
(1.66a)

dN1(t)

dt
=
N2(t)

τ21
− N1(t)

τ10
− 1

~ω21
E(t) · dP21(t)

dt
(1.66b)

dN2(t)

dt
=
N3(t)

τ32
− N2(t)

τ21
+

1

~ω21
E(t) · dP21(t)

dt
(1.66c)

dN3(t)

dt
= −N3(t)

τ32
− N3(t)

τ30
+

1

~ω30
E(t) · dP30(t)

dt
(1.66d)

The electric field E(t) included in the equation describes the total electric field, which
is the result of the contribution given by the incident radiation, the emitted radiation
from the molecules and the electric field given by the nanostructures.

Furthermore, it is possible to take into account the Purcell effect, by using the Purcell
factor (1.52) to modify γ12 in particular.

Equations 1.66 are solved by 3D Finite-Difference Time-Domain (FDTD) numerical tech-
nique. As a result, the population inversion (∆N12 = N2 − N1) are determined as a
function of time or pump intensity and the consequent lasing emission intensity.

Figure 1.13b shows FDTD simulated results of emission (above) and population in-
version (below) as a function of incidence fluence, made by Dridi and Schatz [79], ex-
hibiting the possibility to reach lasing emission by a plasmon nanolaser.

An extension of the previous semiclassical approach takes into account the treatment
of coherence effects. These are one of the causes of the evolution description incomplete-
ness of the rate equations of gain material. The quenching due to the nanoparticles or the
transfer energy between the dye molecules could cause the dephase of the dye excitation.
This dephasing of emitter states can be described by the Maxwell−Liouville approach,

(a) Four-level diagram to describe dye
molecules [79].

(b) FDTD results of emission (above)
and population inversion (below) as a
function of incident fluence [79].

Figure 1.13
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which utilizes the time evolution of the quantum density matrix. This approach has been
proposed by Trivedi et al. [72] for nanolasing plasmonic system.



Chapter 2

Samples Synthesis

In the previous chapter we have seen the possibility of creating laser emission from metal-
lic nanostructures in a periodic lattice coupled to an active medium, in particular dye
molecules. Now we proceed to evaluate the synthesis techniques that are used to realize
plasmonic nanolaser devices.

The most used techniques to fabricate nanostructure arrays with high degree of con-
trol over shape, size and order of the nanostructures are electron beam lithography (EBL),
focused ion beam (FIB) and scanning probe microscopy (SPM) lithography [85, 86]. However,
these techniques have some drawbacks for a high throughput in a view of industrial
fabrication: they require expensive instruments and long fabrication time, reducing the
working area down to mm2.

In the present work we adopted a cost-effective and high throughput technique, nano-
sphere lithography (NSL), first proposed and described by R. P. Van Duyne in 2001 [41].
NSL is based on the self-assembling of a monolayer of size-mono-dispersed polystyrene
(PS) nanospheres (NSs) on a substrate. The wide diameter range of the PS NSs, from
40 nm to few µm, gives large possibilities on various fabrications. The self-assembling

Figure 2.1: The lattice resulting from NSL: (left) two-dimensional hexagonal close-packed crystal,
and the unit cell definition; (right) relevant parameters in the unit cell: (red dashed line) the lattice
parameter a = D (spheres’ diameter), (sky blue line) the centre-centre distance d = a/

√
3 of

interstices (identified by dark blue area) between nearby spheres and (green line) d11 = a
√

3/2 is
a characteristic distance between two lattice line (in this case in the direction (1,1) (Miller indices)),
that defines the diffraction properties of the lattice.
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leads to the formation of a two-dimensional hexagonal close-packed crystal (shown in
figure 2.1) over a substrate, covering large areas up to some cm2 in which defectless
domains can reach sizes of a hundred µm2 [87].

As shown in figure 2.1, the NSs’ dimension (diameter D) defines the lattice constant
a of the hexagonal crystal. d = a/

√
3 represents the centre-centre distance i.e. to the

distance between the interstices formed among the neighbouring spheres. The parameter
d11 = a

√
3/2 is a characteristic distance between two lattice lines (in this case in the

direction (1,1) (Miller indices)), which defines the diffraction properties of the lattice, as
described in section 1.2.3.

The nanospheres self-assembled manolayer acts as lithographic mask to create dif-
ferent two-dimensional ordered nanostructure arrays. The combination of processes as
Reactive Ion Etching (RIE) and Physical Vapour Deposition (PVD), in particular thermal
evaporation and magnetron sputtering, allows us to synthesize different types of nanos-
tructures. The most interesting structures for this project are NanoDome, NanoDisk and
NanoPrism arrays; but other nanostructures can be created, such as NanoHole [88], semi-
NanoShell [89], split-NanoRing [90] or NanoRing [91] arrays.

2.1 NanoSphere Lithography

Cleaning of Substrates

For a good assembling of the NSs crystal and to reduce, as far as possible, the formation
of defects, a good cleaning of the substrates is needed to make them hydrophilic.

First an, acid piranha solution, which is composed of sulphuric acid (H2SO4) and hy-
drogen peroxide (H2O2) in proportion 3:1, is prepared. The strong oxidation process
removes most of the organic impurities and simultaneously makes hydrophilic the sub-
strate surface. The substrates immersed in this solution are left for one hour at 90 ◦C.

After that, a basic piranha solution, which is composed of ammonium hydroxide (NH4-
OH) and hydrogen peroxide (H2O2) in proportion 3:1, is prepared. The substrates, after
iterated rinses in Milli-Q water (18.2 MΩ/cm resistivity at 25 ◦C), are immersed for 20
minutes at 90 ◦C in this basic solution. This guarantees a further level of cleaning and
increases the surface hydrophilicity.

Finally the substrates are repeatedly washed and left in Milli-Q water before the use.

Cleaning of Polystyrene NanoSpheres

In this work, PS nanospheres with diameter D = 522± 12 nm and 340± 10 nm are used.
They are produced by Microparticles GmbH and preserved in a colloidal water solution
at 5% in volume.

In general the chemical process of NS formation does not leave the particles really
clean, surfactants are present to increase the stability of the spheres. However, during the
self-assembling process, surfactants increase repulsive forces between the nanoparticles
enhancing the probability of defect formation. For this reason, PS NSs are "washed" in
alcohol, 2-Propanol in this case.

Firstly, the colloidal solution is mixed 1:1 with 2-Propanol and centrifuged in order to
separate the particles from the solution. Then the solution is substituted with the same
quantity of Milli-Q water and 2-Propanol (1:1). With the help of a vortex and sonication,
NSs are resuspended. This washing process is repeated three times and at the last filling,
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the solution quantity is reduced to balance lost particles during the processes, restoring
original number density of NSs.

Centrifugation is the critical step of washing: if it is too little the particles will be not
enough aggregated and you will risk to loose a lot of particles; on the other hand if it is
too much the resuspension will result difficult. In order to calculate the right time and
centrifugation speed, Stokes’ law has to be taken into account to extrapolate analytically
the particles’ speed vNS (cm/s) during the centrifugation [92].

vNS =
1

18
d2

(ρs − ρ0)
η0

10−6G

where d (µm) is the NS diameter and ρs (g/cm2) their density, ρ0 and η0 (Poise) are
density and viscosity of the solution, and G = RCF · g = 11.18 · r · (RPM/1000)2 · g
is the acceleration due to the centrifugation, RCF is the Relative Centrifugal Force, g
(cm/s2)is the gravitational constant on the Earth, r (cm) is the radius of rotor and RPM is
the revolution per minute.

Finally, the centrifugation time is t = h/vNS (s), where h (cm) is the cuvette height.
For our system the optimized parameters are shown in table 2.1

Table 2.1: centrifugation parameters for the "washing" process of PS NSs.

NS Diameter (nm) RPM (×1000) time (min)
522 12 5
340 12 11

Self-Assembling

In order to form ordered monolayers of PS NSs, 20µl of the previously prepared solution
are taken and homogeneously deposited on a soda-lime glass (SLG) substrate, which is
placed with a certain angle in a sample holder fixed on a motorized arm. This arm can
drive the substrate into a crystallizer filled with high-purity Milli-Q water, as shown in
figure 2.2, up to completely immersing it in water. In this procedure, PS NSs on the
substrate surface detach from it and arrange themself on the water surface, forming a
monolayer thanks to the presence of alcohol.
When the monolayer is formed, an iridescent colouration appears due to the diffractive
behaviour of the monolayer and the sphere’s size used in the range of visible wavelength.
Moreover, if the monolayer is ordered iridescence appears stronger and homogeneous.

With another SLG or Si substrate, the mask is picked up manually or with the same
motorized arm (figure 2.3), and left to dry. A hexagonal close-packed ordered structure
is then formed by evaporation of the solvent on the surface’s substrate.

When the solvent layer is lower than the spheres’ size, the aggregation process starts
to form an ordered monolayer (figure 2.4) due to lateral capillary forces. The attractive
forces that lead the aggregation process are due to the spatial variation of the liquid sur-
face slope that drives a superficial tension and the hydrostatic pressure. These forces
compact the NSs into a hexagonal close-packed arrangement. Therefore, the growing of
an ordered crystal is led by a primary ordered nucleus and the evaporation process tends
to drive the other NSs by convective fluxes of surrounding liquid. When the particles are
close to the nucleus, capillarity forces attract and attack the spheres to the nucleus in an
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(a) (b)

Figure 2.2: Schematic description of the device used for the mask self-assembling: the SLG sub-
strate is fixed at the end of a motorized arm. PS nanospheres in colloidal solution are deposited
on the glass. The glass is dipped in water (a) and the NSs float on the water surface (b) forming
an ordered monolayer.

ordered position, driving an ordered growing of the crystal. The mask is then formed
when the evaporation is completed [93].

In order to help this natural phenomenon all the process is made in a controlled at-
mosphere, where the humidity and temperature are optimized to reduce the defect for-
mation controlling the evaporation time of the solvent. The chamber is kept at room
temperature (around 25 ◦C) with a humidity in the range of 70% −80%.

In figure 2.5 (a) we can see some examples of the synthesized masks with 340 (left)
and 522 ± 12 nm (right) diameter polystyrene nanospheres. The high degree order of
the two-dimensional lattice of PS nanospheres gives the distinctive iridescent color of the
masks shown in the figure.

Different characterization technique have been used to investigate the mask’s qual-
ity. An example of SEM and AFM measurements is reported in figure 2.5 (b) and (c).
However, this type of morphological characterization can explore a relatively small area
(µm2) compared to the size of the sample (cm2), even if they give directly an estimation of
defects such as vacations, dislocations, grain boundaries or poly-domains. Optical tech-
niques are so preferred because allow to estimate quicker the quality of the mask on a
large area. The optical techniques used in this work are optical diffraction and UV-VIS-
NIR spectroscopy, which will be described below.

(a) (b)

Figure 2.3: Procedure to pick up the PS monolayer formed on the water surface. First the substrate
is dipped in water (a), then it is carefully extracted bringing the mask with it (b).



2.1. NANOSPHERE LITHOGRAPHY 35

Figure 2.4: Schematic description of the nanospheres aggregation process.

Optical Diffraction

Optical diffraction technique is one of the most powerful technique in order to evaluate
the order of a two-dimensional lattice. Since PS NSs’ diameter is in the visible range, we
can study the order of the lithographic mask by optical diffraction by using visible laser.
The monolayer of nanospheres acts as a diffraction grating, where every single sphere
diffuses the light according to Mie’s description [51].

Figure 2.6a shows the scheme of the optical diffraction set-up. The beam of a cw
diode laser source, at λ = 405 nm impinges at normal incidence on the sample and so
on the lattice plane, and from the interaction with the grating maxima of diffraction arise
with an angle which can be estimated by the Bragg condition that for a two-dimensional
hexagonal grating becomes

√
3

2
a sin θ =

λ0
neff

⇒ θ ' 41◦ (2.1)

where λ0 = 405 nm is the wavelength of the incident beam in free space,
√
3
2 a is the

grating period and neff is the effective refractive index in the nanosphere layer that can

(a)

(b) (c)

Figure 2.5: (a) Masks made of 340 (left) and 518 nm (right) diameter polystyrene nanospheres. (b)
and (c) show SEM and AFM images of a 522 PS mask, respectively.
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be calculated as
neff = nPSΦPS + nairΦair ' 1.36 (2.2)

where nair ' 1, nPS ' 1.59 is the polystyrene refractive index and ΦPS = 0.605 and
Φair = 0.395 are the volume fractions occupied by PS nanospheres and air, respectively.

The outgoing beam from the mask is blocked by a sheet of paper placed close to
the sample. The image formed on it is then projected by a lens on a CCD camera and
recorded.

An example of diffraction pattern of a 2D hexagonal lattice of 522 nm PS NSs is
showed in figure 2.6b: the centre spot is obscured in order to enhance the contrast of
the maxima. The image gives the possibility to investigate the order of the mask on the
illuminated region. This is possible by evaluating the spots’ intensity profile and their
shape.
We know that a hypothetical infinite perfect lattice gives a diffraction pattern with nar-
row spots. The shape and intensity of the spots is modified by the presence of point or
line defects. Moreover, domains with different orientation produce diffraction patterns
with different orientation. Therefore, the presence of polydomains leads to see multi-
ple points on the diffraction pattern, or the formation of textures around the main spots.
Furthermore, if polydomains are completely randomly distributed Debay-Sherrer rings
appear denoting a high degree of disorder of the lattice.
Figure 2.6b shows therefore an excellent arrangement of the PS NSs in a hexagonal lat-
tice. In addition, we can identify the high symmetry axes of the lattice. In figure 2.6c,
the first neighbours points of the reciprocal lattice, labelled with Miller notation, the first

(a)

(b) (c)

Figure 2.6: (a) Set-up for optical diffraction measurement [94]. (b) Diffraction pattern of a two-
dimensional hexagonal lattice of 522 nm PS nanospheres and in (c) superimposition of the first
Brillouin zone and identification of reciprocal vectors.
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Brillouin zone and so ΓK or ΓM direction of the reciprocal lattice are highlighted.
This method give us two important information: the quality of the arrangement and

the direction of the lattice orientations in the laboratory reference system.
Furthermore diffraction is the cause of the mask iridescence, for this reason we can

say qualitatively that a homogeneous iridescence corresponds to a high degree of lattice
order in the long range.

UV-VIS-NIR spectroscopy

We can also evaluate the mask quality by absorbance spectra, evaluating the shape of the
peak that apperas in the spectrum due to the interaction of the incident radiation with
the mask, which can be considered as a photonic crystal with a specific band structure
that determines this interaction [95].

For these measurements, a Jasco V-670 and an Ocean Optics (HR4000) spectrometer
have been used. The principal difference of these instruments are the working spectral
range and the operation mode: Jasco V-670 works from 190 to 2600 nm while the Ocean
Optics spectrometer works from 190 to 1100 nm. Furthermore, while Jasco V-670 selects
the working wavelength by two gratings and then drives the beam on the sample, the
Ocean Optics spectrometer separates the spectral components of the light beam after the
light has interacted with the sample, collecting them simultaneously from an array of
detectors and so permitting to analyse at the same time each wavelength. In the Ocean
Optics system used, the light beam is driven by optical fiber from the DH-2000 BAL
source to the sample and from the sample to the HR4000 detector.
Finally we can say that Jasco V-670 has more sensitivity but Ocean Optics spectrometer is
more versatile and faster. Since the spectral behaviour is the main characterization for our
devices and their components, we have widely used this instrumentation, interchanging
these spectrometers according to the measurement conditions.

In the specific case of PS NSs masks both of these instrumentations can be used. In
Figure 2.7 it is shown, as an example, the absorbance spectra of 340 nm PS NSs mask (in
(a)) and 522 nm PS NSs mask (in (b)) recorded with the Jasco V-670 spectrometer. For the
used PS nanospheres with diameter of 340 nm, an absorbance peak arises at the wave-

(a) (b)

Figure 2.7: Absorbance spectrum of a PS masks: in (a) PS NSs with 340 nm diameter, in (b) PS
NSs with 522 nm diameter made by Jasco V-670.
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length of 455 nm, instead for 522 nm NSs the absorbance peak appears at 640 nm.
From this spectrum, it is possible to extract information about the quality of the synthe-
sized mask. The spectral position of the peak can be associated to the PS nanospheres’
size, whereas the intensity and bandwidth of the absorbance peak can be associated to
the quality of the photonic crystal: the higher and narrower is the peak, the fewer defects
are present in the photonic crystal, then the better the mask is [95]. In this case the ab-
sorbance spectra reported in figure 2.7 present absorbance peaks narrow enough and can
be approximated by a Gaussian curve, which confirm the high order in the illuminated
area of the lithographic masks obtained by NSL.

2.2 Reactive Ion Etching

A useful technique that helps us to modify materials at the nanoscale is Reactive Ion Etch-
ing (RIE) [96]. RIE consists in a dry ion-assisted chemical etching process which uses a
chemical reactive plasma to erode several materials. Depending on the material to be
etched, we have to choose the right type of gas to adopt.

This selective etching is used to reduce the PS NSs’ dimension leaving unchanged the
lattice structure and to erode sacrificial layers in the nanodisk formation process that will
be discussed later. The PS NSs are etched by a gas mixture of oxygen (O2) and argon (Ar).
Argon, being a noble gas, is inert and etches the sample physically, i.e. the Ar ions hit
the sample and the transfer of kinetic energy gives rise to the sputtering of the material.
Instead, oxygen etches chemically the sample given its reactive nature.

An electrically isolated plate, which is thermalized by a water system, hosts the sam-
ples inside a vacuum chamber. The pressure is then decreased down to 10−3 mbar before
inserting the gasses, and after this the plasma is generated by a radio-frequency (RF) elec-
tric field (13.56 MHz). Since the plate is negatively charged, the ions, forming the plasma,
are accelerated toward the sample. This process results anisotropic, due to the vertical
collisions of the ions on the NSs, which are etched principally in this direction.

The etching process depends on several factors, such as gas ratio, RF power and
chamber pressure, which are directly linked with the gas flux and were previously cali-

(a) PS 340 nm (b) PS 522 nm

Figure 2.8: Calibration curve of PS NSs’ diameter as a function of RIE time, (a) for NSs with
340 nm diameter while (b) for NSs with 522 nm diameter.
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(a) Top view (b) Cross-section

Figure 2.9: SEM images of a 522 nm PS nanosphere array after 13 min RIE:(a) Top view and (b)
cross-section. The final height of the nanospheres is of about 250 nm and the diameter of 335 nm.

brated. In table 2.2 the optimized parameters for the etching process are reported. The
etching time is the free variable used to get the desired spheres’ size: this dependence
is shown in figure 2.8, in (a) for spheres with an initial diameter of 340 nm and in (b) of
522 nm.

Table 2.2: RIE parameters to reduce the PS NSs’ size.

Pressure O2 flux Ar flux V bias Power
105 · 10−3 mbar 9.2 sccm 3.6 sccm 55 V 15 W

A notably characteristic of the RIE process is the possibility etch PS NSs maintaining
their initial positions, as can be seen in figure 2.9a. Furthermore, by changing the pressure
the process works in different regimes: at low-pressure (fig. 2.10a) the mean free path of
the ions is longer and they can reach the samples driven by the electric field, making the
erosion more anisotropic and quicker due to the higher kinetic energy that the ions can
reach; on the other hand, a high pressure (fig. 2.10b) leads to a more isotropic and slower
etching, due to the lower mean free path of the ions. Therefore, in a image in cross-section
as shown in figure 2.9b it can be recognized an high pressure regime for the setted values.

The roughness of the spheres is another detail that can be adjusted by means of the
ratio between the different gases, changing the balance between physical and chemical
etching: in figure 2.9b it is notable the low roughness on the surface.
Furthermore, in this etching condition the spheres can be eroded until the time comes
when they collapse, by destructing the order; this thus imposes a maximum limit of the

(a) Low pressure (b) High pressure

Figure 2.10: The two types of RIE etching.
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final spheres’ diameter which experimentally is placed at about half of the initial value.

2.3 Deposition Techniques

In order to obtain plasmonic nanostructures, metal has to be deposited. Two physical
vapour deposition (PVD) methods were employed in the present: magnetron sputtering
and thermal evaporation. Both of them allow us to deposit mono-elemental thin layers,
e.g., Au, Ag, Ti and Cr, by finely controlling the thickness from a few nanometers up
to hundreds of nanometers, whereas layers of multi-elemental materials, such as silica
(SiO2) or alloys, can be obtained only by magnetron sputtering.

Magnetron Sputtering

Magnetron sputtering, showen schematically in figure 2.11a and an image of the used one
fig. 2.11b, is a deposition method in which the atoms or molecules that we want deposit
on a substrate are ejected of a target that is bombarded by high-energy particles [97].
The bombardment is made by ions of a plasma gas which are accelerated by an electric
field. In order to avoid reaction from the gases and the target or the growing film, noble
gases (typically argon, krypton, xenon or radon) are used, oxygen to make a reactive
environment is used instead.

The sputtering yield is defined as the number of target atoms ejected per incident ion.
It describes the efficiency of ejecting atoms from ion collisions and depends on binding
energy and mass of the target and the kinetic energy and mass of the incident ions. The
deposition efficiency depends also on the chamber pressure, because the presence of the
gas or atoms in general generates collisions during the diffusion toward the substrate
of the sputtered target atoms, which decrease the number of atoms that reach the sam-
ples, as well as the degree collimation. On the other hand, low pressure in the chamber
decreases the sputtering efficiency because the number of ions is low. A balance of the
pressure is then needed, and in our system an optimized pressure of about 3.5 · 10−3 mbar
is set.

(a) (b)

Figure 2.11: (a) Schematic representation of magnetron sputtering process. (b) Magnetron sput-
tering photo.
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The target is a disk of the material to sputter and acts as the cathode of an electrical
circuit having high negative voltage applied to it, while samples is placed at the anode.
Before introducing the gases the chamber is brought to a pressure of about 10−6 mbar,
in order to limit the presence of impurities, and then Ar is introduced at the optimized
pressure. The plasma is created by an electric field that accelerates electrons which by
collisions generate Ar+ ions and more electrons. The ions are accelerated to the cathode,
hit the target by causing the sputtering of the target atoms, which diffuse and deposit on
the substrate.

In order to increase the sputtering yield and deposition rate, the magnetron effect is
used. A series of magnets mounted below the target generate a magnetic field superim-
posed to the electrical one, with the field lines parallel to the target surface. This mag-
netic field confines the electrons in a region near the target, avoiding their loss outside
the plasma and increasing collision frequency. This determines an enhancement of the
ionization degree, i.e. an higher plasma density, which enhances the sputtering yield and
the deposition rate.

If the target is a conductive material, a DC sputtering system can work. However, if
the target is an insulator, the sputtering glow discharge cannot be sustained because of
the rapidly accumulation of a positive charge of ions on the front side of the target. In or-
der to sustain the glow discharge with an insulator target and to avoid the accumulation
of the ions, the DC power supply is replaced by a Radio-Frequency (RF) power supply
(at 13.56 MHz).

The sputtering system used in this work consist in a vacuum chamber where a rotary
and a turbomolecular pump create and maintain the high vacuum in a dynamic condition
with the Ar gas, whose flux is regulated by a fluximeter. Inside the chamber there are
three torches that host the targets, two are RF sources and one is a DC. In front of the
torches is placed the sample holder in a confocal configuration.
The sample holder distance between the targets and the sample holder can be varied
from ∼ 5 cm to ∼ 20 cm and it is possible to use two configurations: one with the sample
static in front of the target and the other, tilting the torches, in which the sample is placed
in the middle of the three torches and with the possibility to set in rotation for a more
uniform deposition. In general, samples are not placed too close from the target in order
to avoid an excessive thermal radiation that can damage the PS nanospheres.

Thermal Evaporation

Thermal evaporation is based on in heating of material above its evaporation tempera-
ture. The evaporated atoms have to reach the sample placed above the target at a certain
distance, without interact with other atoms. In order to satisfy this condition the process
takes place in a vacuum chamber where the pressure has to be such that the mean free
path of the atoms is greater than the distance between target and sample. In our case the
distance is around 25 cm and the pressure is kept below 3 · 10−5 mbar during the pro-
cess. A scheme of the thermal evaporation chamber is shown in figure 2.12a. The metal
to evaporate is placed on a tantalum (Ta) crucible, which is heated by Joule effect with a
high current, up to the temperature necessary to obtain metal evaporation.

By controlling the current, the temperature can be tuned controlling in this way depo-
sition rate. The deposition rate is monitored by a quartz crystal microbalance placed at the
same height and close to the samples. The microbalance measures the thickness of the
deposited material by the electrical resonance frequency variation of a quartz oscillator.
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(a) (b)

Figure 2.12: (a) Scheme of thermal evaporation chamber with two crucibles where pellets of two
different elements could be placed. (b) The difference between the precursor sources for thermal
evaporation and magnetron sputtering set-ups is depicted. The distances and the dimensions are
not to scale.

Then the thickness of the deposited metal can be monitored in real-time and thus finely
controlled. In our case, we mainly used the evaporator to deposit silver, which is places
on the crucible and it is heated up to the evaporation. In particular, the current is kept
in a range between 70 A and 90 A which corresponds to a deposition rate that ranges be-
tween 1 and 2 nm/s. The deposition time is therefore the variable that allows the control
over the deposited thickness. For this purpose, a shutter above the crucible can be used
to stop the deposition at the desired time.

Figure 2.12b highlights this difference between thermal evaporation and magnetron
sputtering. Small differences occur when metal is deposited by thermal evaporation or
magnetron sputtering due to the different geometry of the two deposition set-ups. The
thermal evaporation crucible can be considered as a divergent point source since its di-
mensions (circular well with ∼ 1 cm diameter) are much smaller than the distance be-
tween the crucible itself and the sample holder (∼ 25 cm). Therefore, the divergence of
the source produces a shadow effect, and the footprint left by an obstacle results larger
than the obstacle itself. On the contrary, the source in the sputtering process is a plasma
ring with ∼ 5 cm diameter and samples are placed only ∼ 10 cm far from the target. This
ensures the uniformity of the sputtering deposition and produces an opposite effect with
respect to the evaporation. Therefore, depositing through an obstacle yields a footprint
smaller than the obstacle itself.

2.4 NanoDome Array

The first plasmonic nanostructure taken in to account is a continuous metallic film nanos-
tructured by nanodomes placed in a hexagonal array. As shown in figure 2.13a, starting
with NSL and obtained the mask over a SLG substrate, the PS NSs are subjected to a
RIE process. The spheres are reduced, maintaining the lattice order, up to ∼ 330 nm.
After that, (fig. 2.13b) by sputtering, a layer of SiO2 is deposited in order to create a con-
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Figure 2.13: Schematic representation of the fabrication steps for the synthesis of the nanodome
array. First, a close-packed array of PS nanospheres is formed by self-assembling, then a RIE
process (a) is used to reduce the spheres’ size. (b) A silica layer is deposited on the PS NSs by
magnetron sputtering. A gold (c) or silica (d) layer is then deposited by a magnetron sputtering.

tinuous layer, making also the structure mechanically, chemically and physically more
stable. A thin film of gold (about 70 nm thick) is then deposited by magnetron sputtering
(fig. 2.13c). Another set of samples is also fabricated, depositing a further layer of SiO2

with the same thickness of the metallic layer, (d). This can allow to study optical prop-
erties which comes only from the geometric arrangement of the nanostructures without
the plasmonic contribution of the metal.

The geometric parameters of the nanodome array are fixed by the lattice constant a
defined by the initial spheres’ diameter. However, it is possible to tune the plasmonic
properties of nanodome array by changing the dimension of the nanodomes, by different
RIE time or SiO2 layer thickness, and the metal thickness. For this type of samples the PS
NSs are reduced up to a diameter of about ∼ 330 nm, covered by ∼ 200 nm of SiO2 and
∼ 70 nm of gold, resulting with a final nanodomes’ diameter of about ∼ 490 nm.

Figure 2.13 shows SEM images of typical nanodome array synthesized in this work:
(a) a top view of Au nanodome array of about 16 × 13µm in order to understand the
order of lattice, (b) is a zoom in order to investigate morphological characteristic of a
nanodome, where is superimposed the primitive cell of the lattice with the lattice con-

Figure 2.14: (a) SEM image in top view of a typical Au nanodome array synthesized, using PS
nanospheres of 522 nm diameter. (b) Close-up view of the nanoarry with the primitive cell super-
imposed. (c) SEM image in cross-section.
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stant; and in (c) a cross image.

2.5 NanoDisk Array

Another fabricated structure is the nanodisk array.
The scheme of synthesis is reported in figure 2.15. (a) A PMMA sacrificial layer is

placed before the formation PS mask. However, since the lithographic mask has to un-
dergo a RIE process, the sacrificial layer has to be covered by SiO2 to preserve it from
this step. The sacrificial layer is made by PMMA (Polymethyl methacrylate) deposited
by spin coating: a PMMA powder is diluted in toluene in 5% w/w concentration; two
spin steps are performed, one with 3500 RPM for 60 s and the second with 5000 RPM
for 10 s; finally the sample are placed on a hot-plate at 170 ◦C for 10 minutes to let the
solvent evaporate. 180 nm of PMMA are prepared and covered by 25 nm of SiO2 made
by magnetron sputtering, completing thus the sacrificial layer.

(b) A monolayer of PS NSs is formed over the silica layer and then subjected to RIE
(c). After that 20 nm of Cr is deposited by magnetron sputtering (d) and the PS NSs are
removed by an adhesive tape (e). In this way Cr nanohole array is formed as negative
mask for the nanodisks. At this point two RIE processes are needed, (f): one to etch the
silica layer by CF4 gas and the other with Ar and O2 to erode PMMA layer. The RIE
parameters are reported in table 2.3.

Silver deposition is performed by thermal evaporation (g) owing to the better colli-
mation of the deposition. (h) Finally, the nanodisk array is obtained by removing the
sacrificial layer by sonication in toluene. An example of Ag nanodisk array is shown in
figure 2.16 with different magnifications.

As for nanodome array, the lattice constant a of nanodisk array is defined by the initial
PS NSs’ diameter. In any case, the plasmonic properties of the nanoarry can be tuned by
varying diameter and height of the disks. It is worth noting that using sputtering to
deposit Cr nanohole array as a mask helps to reduce the minimum diameter reachable

Figure 2.15: Schematic representation of the fabrication steps for the synthesis of the nanodisk
array. (a) Sacrificial layers (PMMA and SiO2) are deposited. (b) A two-dimensional close-packed
hexagonal lattice of 340 nm PS NSs is formed. (c) A RIE process is made to reduce NSs’ diameter.
(d) A Cr layer is deposited by magnetron sputtering to form a nanohole array negative mask after
(e) the removal PS NSs. (f) RIE processes to etch silica and PMMA up to the substrate. (g) Ag
is deposited by thermal evaporation. (h) The nanodisk array is formed after the removal of the
sacrificial layers by sonication in toluene.
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Figure 2.16: SEM images with different magnifications of an Ag nanodisk array synthesized by
NSL with 340 nm PS NSs.

Table 2.3: RIE parameters to etch silica and PMMA layers.

Step 1

Pressure CF4 flux V bias Power
70× 10−3 mbar 15 sccm 150 V 50 W

Step 2

Pressure O2 flux Ar flux V bias Power
105× 10−3 mbar 9.2 sccm 3.6 sccm 55 V 10 W

with the RIE process of the NSs, limited by the collapse of the etched PS NSs that destroys
the order of them. The height of the nanodisks is controlled by the last metal deposition
and the only constrain is that it has to be much smaller than the thickness of the PMMA
layer in order to allow the lift off.

2.6 NanoSphere Array

The last structure fabricated is the nanosphere array, which consists in a honeycomb array
of nanospheres. The synthesis starts creating the lithographic mask of PS NSs with a
diameter of 522 nm over the substrate. Metal is deposited by thermal evaporation over
the mask. The metal atoms reach the substrate only through the interstices between the
spheres and thus, removing the mask by peeling off an with adhesive tape, triangular
nanoprisms are produced, as shown in figure 2.17.

It can be shown that interparticle distance d between triangles is linked to the nano-
spheres diameter a by

d =
1√
3
a (2.3)

Moreover, the perpendicular bisector of the nanotriangle (b) and the width L are cor-
related to the diameter a of the nanosphere by the expression:

b =
3

2

(√
3− 1− 1√

3

)
a ≈ 0.233 a L = (2−

√
3) a (2.4)

The height of the prisms is set by the evaporation parameters, in this case 200 nm
of Ag is deposited. However, there is a maximum height that can be reached for each
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Figure 2.17: Nano prism array from NSL method. First metal is deposided (left) then mask
is removed (right). The dashed parallelogram represents the unit cell of the ordered array of
nanoprisms. The main geometrical parameters are showed: a is the periodicity, d the distance
between the two nanoprisms in the unit cell and b the height of the triangular shape and L the
width.

nanoparticle due to the shrinking of the interstitial area among the nanospheres during
the evaporation process. As the metal is deposited through the nanospheres mask, ma-
terial accumulates at the edge of the triangular shaped interstitial area. When aperture
closes the maximum height of the nanoprism is reached.

In order to create nanoshere arrays, thermal annealing has been used to reshape the
particles from triangular nanoprisms to nanospheres.

Since LSPR strongly depends on the nanostructures shape [98], the plasmonic prop-
erties change when the shape change by the thermal annealing process. This process is
made by a tubular oven (Carbolite CTF 12/75/700) in air.

In figure 2.18 the effect of three thermal treatments at different temperature (100, 110,
120 ◦C) on the nanoprism shape is shown. Figure 2.18e reports the absorbance spectra of
the nanoarrays at each annealing step. It can be noted how by increasing the annealing
temperature, LSPR blue-shifts. This is due to the change of the nanoprism shape toward
the spherical shape: in fact every change of shape from the ideal situation of the sphere
red-shifts the LSPR peak [98], as said in the section 1.2. The trend of the LSPR peak
wavelength as a function of the annealing temperature is shown in figure 2.18f and the
data are reported in table 2.4.

Table 2.4: annealing temperature and LSPR peak wavelength of Ag nanoprism arrays made by
PS NSs with 522 nm diameter.

Annealing Temperature (◦C) λLSPR (nm)
- 665

100 564
110 538
120 517

2.7 Gain Medium

In the present work organic laser dyes are used as gain media and they are chosen for
their very high quantum yield. They are made by Lambda Physik and conserved in form
of little solid crystals. These dyes have an easy processability thanks to their solubility in
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(a) As deposited (b) 100 ◦C

(c) 110 ◦C (d) 120 ◦C

(e) Absorbance spectra (f) Plot of λLSPR vs Annealing Temperature

Figure 2.18: SEM images of Ag nanoprism array with 522 nm constant lattice: (a) as-deposited
and annealed (b) at 100 ◦C, (c) at 110 ◦C and (d) at 120 ◦C. In (e) the corresponding absorbance
spectra are shown. (f) LSPR peak wavelength as a function of the annealing temperature.
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(a) Pyridine 2 (b) Styryl 9M

Figure 2.19: Molecular structure of (a) Pyridine 2 and (b) Styryl 9M

most of common solvents, such as ethanol, methanol, acetone or DMSO. This helps also
an easy integration in a polymer matrix for a solid state device.

The dyes were selected based on their emission spectral region in which the plas-
monic structures also work. In fact, in order to switch on the coupling between the gain
medium and our nanostructure arrays, the emission spectrum of the dye molecules has
to be spatially and spectrally matched with the plasmonic resonance of the metal nanos-
tructure arrays. Therefore, after the characterization of the optical properties of our plas-
monic nanoarrays, showed in the next chapter 3, we are able to evaluate the spectral
working region of the metal nanostructures. Then, a suitable dye can be chosen in order
to coupled the spectral region of its emission with the plasmon resonance, as section 4.2
shown. So, after these considerations, we are able to choose proper laser dyes, which, for
this work, result to bePyridine 2 and Styryl 9M. Their molecular structures are drawn in
figure 2.19 and their features are listed in table 2.5. From the molecular structures, we can
note how these systems are complex respect to a single atom, making a detailed analysis
of their properties difficult. The absorption and emission spectra of the used dyes are
shown in figure 2.20. The dye molecules are diluted in ethanol with a concentration of
about 1 mM and the solution is illuminated by the second harmonic (λ = 532 nm) of Q-
switched ns pulsed Nd:YAG laser. Pyridine 2 (figure 2.20a) presents an absorption peak
at 505 nm, while an emission peak in ethanol at 694 nm. Styryl 9M (figure 2.20b) has an
absorption peak at 583 nm, while an emission peak in ethanol at 808 nm. Both work in the
visible range and show a wide Stokes shift, which is the difference between the positions
of maximum absorption and maximum emission. This shift results from two actions:
vibrational relaxation or dissipation and solvent reorganisation [99]. Due to this large
Stokes shift, the self-absorption of its own emission radiation is very low, increasing thus
the quantum yield (eq. 1.5).

Table 2.5: main properties of the used laser dyes.

Pyridine 2 Styryl 9M

Chemical Formula C19H23N2.ClO4 C28H33N2S.ClO4

Molecular Weight (g/mol) 378.85 529.09
Maximum absorption wavelength (nm) 505 583
Maximum emission wavelength in EtOH (nm) 694 806

Even if the molecular structures are complex, it is possible to describe molecules by
the so-called free electron model [100]. The model considers the molecule as a potential
well with its electrons inside, where the length of the molecule L is equal to the width of
the well. This well can be approximated by a rectangular well and the energy levels are
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well known

En =
h2n2

8meL2
(2.5)

where n is an integer, me is the electron mass and L is the width of the well. It should be
noted that stable dye molecules have even number 2N of electrons due to the π orbitals
of the carbon bonds. The lowest energy state of the molecule corresponds to the situation
in which electrons occupy the lowestN electronic energy levels; each level is occupied by
two electrons with opposite spins. This molecular state has, however, total zero spin, i.e.
it is a singlet state, denoted by S0 in fig. 2.21 [101]. An approximate value of the energy
of the most external electrons of this state, EN , can be obtained from eq. 2.5 with n = N .

The state S0 corresponds to the situation in which two electrons are paired in the EN
energetic state with opposite spin. The first excited state of the singlet, indicated with S1,
corresponds to the situation in which an electron is promoted to theEN+1 level without a
spin flip. The energy difference will beEN+1−EN , according to eq. 2.5, and this value de-
creases increasing the lengthL of the molecule. If the spin of the electron that is promoted
to the first excited level is flipped, the molecule will have a total spin of one and will be
in a triplet state, indicated by T1. Excited states of singlet S2 and triplet T2 are produced
if the electron is promoted to the next energy levels and so on. It should be noted that
in figure 2.21 the sets of close lines in each energy level represent the vibrational energy
levels of the molecule. In this figure the scheme of the electronic and vibrational energy
states of the molecule is reported as a function of the configuration coordinate, which
describes one of the many vibrational modes that a long-chain dye molecule has. Due
to the presence of a very high number of both vibrational and rotational modes of the
molecule, and also of line enlargement mechanisms, the rotational-vibrational structure
is in fact not solvable at room temperature.

Let’s consider what happens when the molecule interacts with an em wave. It must
be remembered that the selection rules involving the absorption and/or photon emission
require that ∆S = 0 in the transition: therefore only singlet-singlet and triplet-triplet tran-
sitions are allowed, while those of singlet-triplet are prohibited. So the interaction with
a photon can bring the molecule from the ground state S0 to some vibrational state of
S1. For dyes the dipole moment matrix element µ is very large, because the external elec-

(a) Pyridine 2 (b) Styryl 9M

Figure 2.20: Emission spectra of laser dyes diluted in ethanol with a concentration of about 1 mM
and illuminated by second harmonic (λ = 532 nm) of Q-Switched ns pulsed Nd:YAG laser.
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trons move on the whole dimension of the molecular chain, L, which is very long. Given
that µ ∼ eL, the absorption cross-section σa, which is proportional to |µ|2, is also high
(∼ 10−16 cm2). Once promoted to the excited state, the molecule decays non-radiatively
in a very short time (τnr ' 100 fs), due to collisions, to the lowest vibrational level of S1.
From here, then, it falls to some vibrational level of S0, always respecting the selection
rules, with emission of photons. Due to the small spacing between the vibrational levels
(at the order of KBT at room temperature), the fluorescent emission shows a spectrum
with a wide band and without structures. This occurs at wavelengths greater than the
absorption band (Stokes shift), for the non-radiative decay in S1. Then, the system in an
exited vibrational state of S0 will then return to its fundamental state with another very
fast non-radiative decay, (τnr ' 100 fs). Moreover, due to the high value of the matrix
element of the dipole moment, µ, the transition S1 → S0 has a high cross-section, which
increases the probability of the stimulated emission process.

It should be noted that when the molecule is on the lowest level of S1, it can also
decay to the state T1. This process is indicated as intersystem crossing, prohibited for ra-
diative transitions by selection rules, but molecules can decay in state T1 by collisions,
which preserve the spin total number of participants. Similarly, the transition T1 → S0
starts for resonant energy transfer in collisions with species present in solution, e.g. oxy-
gen. When the molecule is on the T1 level it can absorb radiation and transit at the T2
level. This absorption tends to occur at the same wavelength region of the stimulated
emission and, therefore, constitutes a serious obstacle to laser action. The three decay
processes considered (S1 → S0, S1 → T1, T1 → S0), which occur from the exited states
of the molecules can be characterized by the following constants: τsp is the lifetime of
spontaneous emission for S1 → S0; kST is the rate of the intersystem crossing transitions
S1 → T1 and τT is the lifetime of the state T1 → S0. Indicating with τ the total lifetime of
the state S1, we have:

1

τ
=

1

τsp
+ kST +

1

τT
(2.6)

Due to the high value of µ, τsp falls in the region of ns. Given that k−1ST is generally longer
(∼ 100 ns), most of the molecules decay from S1 as fluorescence. The average triplet state
lifetime, τT , depends on the dye solution and, in particular, on the amount of dissolved
oxygen: it varies from 10−7 s in oxygen-saturated solutions, to 10−3 s in deoxygenated

Figure 2.21: Schematic representation of energy levels of a laser dye [101].



2.7. GAIN MEDIUM 51

solutions.

Bleaching

Another phenomenon that affects dye molecules is bleaching. This is due to the change
in the molecular structure that leads to become transparent to the visible radiation, and
then the decrease of quantum yield (eq. 1.5). The environment in which the molecules
are embedded, such as the solvent or the matrix that hosts them and the impurities that
may be present in the surrounding environment is responsible for bleaching.

In our case, as the dye molecules are subjected to a relatively high photon flux, the
bleaching process that becomes important is that of photobleaching. The incident photon
flux can activate photochemical reactions of the dyes with the surrounding environment.

It has been experimentally verified that this phenomenon is mediated by a single
photon and occurs in the case in which the molecules are in the excited singlet or triplet
state [102]. Furthermore, the oxygen present as an impurity in the environment, due
to the porosity of the matrix or the polymerization process, is the main cause of photo-
bleaching. In particular, the probability of a molecule that is in a triplet excitation state to
interact with the surrounding environment is high due to its long lifetime, for example
via the reaction T1 +3 O2 → S1 +1 O2 [103, 104].

In order to make sure that the photobleaching phenomenon is not a problem in our
devices, we perform long exposure measurements on the dyes used, reported in sec-
tion 4.2. In particular we pay attention to the dye doped film where this phenomenon
can become so important as to preclude the operation of the device.

Liquid State System

The dye is diluted in a solvent with a concentration of ∼ 1 mM in order to avoid the
quenching of the emission. This quenching is due to the non-radiative energy transfer be-
tween dye molecules. The major contribution is made by Förster resonance energy trans-
fer (FRET) and Dexter energy transfer (DET). FRET is based on classical dipole-dipole
interactions between the transition dipoles of the molecules and is extremely dependent
on their distance, R, falling off at a rate of 1/R6. DET is a short-range phenomenon that
falls off exponentially with distance ∝ e−cR and depends on spatial overlap of molecu-
lar orbitals. Generally, Dexter mechanism is less important than the Förster mechanism
which can typically occur over distances up to a few nm [105]. With a concentration
of 1 mM the average distance between dye molecules results ∼ 12 nm, over the limit of
quenching distance, due to the Förster or Dexter mechanisms.

In order to contain the dye solution on the nanoarray, a small chamber formed by
a double-sided adhesive tape and a coverslip was created over each samples. The tape
(Scotch R© 3M) has a thickness of about 200µm and defines the thickness of the chamber
and consequently that of the active medium. One side of the chamber is open so as to
allow the filling of the dye.

Solid State System

We also took into account the possibility to synthesize solid state devices, by embedding
dye molecules in a polymer matrix. A solid state system is very useful in terms of inte-
grability in optical circuits, and makes the devices more stable and compact with respect
to a liquid state system. In order to synthesized a polymer film above the nanostructures,
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Figure 2.22: Photos of the deposition pool used to form the dye-doped polymer film.

dye is dissolved in acetone at the concentration of ∼ 4 × 10−4 M. Polymethyl methacry-
late (PMMA) with average Molecular weight (MW) of 35000 g/mol produced in beads
by Sigma-Aldrich, is dissolved in acetone at 10% in weight.
The two solutions are mixed in proportion 1:3 in order to create a solution of Styryl 9M
molecules and PMMA monomers dissolved in acetone with a dye concentration of about
10−4 M.

A teflon little pool with a volumetric capacity of 3 ml is fabricated in order to contain
the solution during the solidification of the dye-doped film. The sample is then placed
into the pool with 2 ml of the liquid solution by a microlitre pipette and left to dry for
about 12 hours at room temperature. High temperature or UV exposure could damage
the nanostructures or the dye molecules, for this reason room temperature evaporation
of the solvent was chosen.

Homogeneous dye-doped films with a thickness of about 100µm and a concentration
of the order of mM are formed in contact to the plasmonic nanostructures. Obviously, the
larger it is the volume of solution that is poured on the sample, the thicker becomes the
thickness of the dye-doped film.

Furthermore, it is possible to create self-standing samples by carefully lifting the dye-
doped polymeric film: detaches from the substrate bringing with it the nanostructures,
thus maintaining the system’s plasmonic properties.



Chapter 3

Characterisation of Nanostructured
Arrays

In this chapter we will present the main morphological and linear optical properties of the
nanostructured samples, synthesized as described in the previous chapter. Firstly, we will
present the used instrumentations and setups, then a discussion of the used simulation
techniques will be given, and finally we will present and discuss the result obtained for
this characterization part.

From this point, the measurements display are referred to a specific sample with the
characteristic reported in table 3.1. Moreover, we label this sample with an acronym as

• NDoA: nanodome array

• NDiA: nanodisk array

Table 3.1: Parameters of the samples

Lattice constant (nm) Diameter (nm) Thickness (nm)

NDoA 522 490 70
NDiA 340 150 70

3.1 Morphological Characterization

Morphological investigation is performed by Scanning Electron Microscopy (SEM) and
Atomic Force Microscopy (AFM).
SEM is a microscope that uses electrons instead of photons as in normal optical mi-
croscopy. We used a Zeiss Field-emission SEM (FE-SEM), figure 3.1a, whose resolution can
range from 2.5 to 0.8 nm depending on the acceleration voltage that varies from 200 V to
30 kV. By a cold field effect gun, electron beam is generated, then a series of apertures and
electromagnetic lenses directs and focuses the electron beam on the sample. The electrons
are also accelerate at a certain energy, which set the resolution, by a voltage imposed in
the acceleration column where also lenses work. The image is then reconstructed by the
electrons that come from the interaction with the sample. First, back-scattered electrons
(BSE) are produced by the elastic scattering with atomic nuclei of the sample. These elec-
trons carry information about atomic Number Z of the sample. Moreover, secondary
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(a) (b)

Figure 3.1: (a) configuration of the used SEM [106]. (b) Sketch of the AMF in semi-contact
mode [107].

electrons (SE) that come from the sample surface atoms are created by inelastic scatter-
ing: they are less energetic than the back-scattered ones and give information from the
firsts nm of the sample surface. Thus, they are used to form morphologically-sensitive or
topographical images. Others phenomena occur in the interaction process, whose decay
produces other signals, such as X-rays that come from the transitions of the electrons in
the sample atoms upon inner shell ionization or the emission of Auger electrons, more
likely to occur in lighter elements. X-rays are used for compositional analysis, whereas
Auger electrons are typically not used in SEM.
Secondary electrons that come from the interaction are collected primarily by the in-lens
detector placed in the acceleration column and by an additional electron detector, the
Everhart-Thornley detector, placed in the SEM chamber and generally tilted at 45◦. The
in-lens detector collects the secondary electrons which are generated by the direct interac-
tion with the incident beam and so they carry the highest spatially risolved information.
Therefore, the in-lens detector is generally the most used for imaging. An X-ray detec-
tor is also present together with a BSE detector exactly at the exit of the objective lens
as in figure 3.1a. Furthermore, columns and the camber are kept in a high vacuum of
∼ 10−6 mbar during the measurements, while the gun is always kept at ∼ 10−9 mbar in
order not to damage the gun and to allow the electrons to reach the sample and detectors.

Additional three-dimensional information about the morphological sample surface
structure was obtained by using a NT-MTD Solver PRO AFM. This is a type of scanning
probe microscopy (SPM) and acquires information about surface morphology by a nano-
metric sharp tip placed in a cantilever. In the semi-contact mode, figure 3.1b, as the one
we work with, the cantilever is forced by a piezoelectric system to oscillate, showing a
resonant response as a function of the frequency. Placed in the natural resonance fre-
quency, the measurements are acquired by recording magnitude or phase change in the
resonance frequency due to the Van der Waals forces between tip and the sample.
Data are then elaborated by Gwyddion software [108], which is a modular program for
scanning probe microscopy data visualization and analysis. AFM is widely used in com-
bination with SEM because it gives information on the depth of images, i.e. on the height
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Figure 3.2: Scheme of the reflection measurements made with normal incidence and collection.

of the nanostructures. Therefore, when required, SEM and AFM are used together to
obtain accurate three-dimensional information.

3.2 Optical Characterization

Optical characterizations are particular relevant in our case, because they give informa-
tion on the interaction with the radiation, and allow us to investigate plasmonic prop-
erties of the samples and characterize them with the support of numerical simulations.
Optical investigation is done to study LSPRs of the nanostructures and the SLR of the
plasmonic arrays considered. These two phenomena are responsible for the near field
enhancement that we are looking for, which is coupled with the dye molecules in order
to enhance the stimulated emission and to promote the lasing emission.

For the optical investigation a Jasco V-670 and an Ocean Optics spectrometer have
been used. Thanks to the versatility of Ocean Optics spectrometer we can perform also
reflectance measurements at normal incidence in an easy way with the help of a beam-
splitter as described in figure 3.2. A silver mirror is used as reference for these mea-
surements. Generally, these types of measurements are useful for nanodome arrays that
exhibit a stronger response in reflection (R) than in transmission (T), even if information
can be extrapolated from both as we will see later.

Furthermore, in order to study the dispersion behaviour of lattice modes in the re-
ciprocal space (section 1.2.3), i.e., Rayleigh anomalies and SLRs of metal nanoparticle
arrays, angle-dependent measurements are needed. Changing the incident angle, θ, im-
plies changing the parallel component of the incident wavevector k// inc = kinc sin(θ) on
the Bragg condition (eq. 1.53). Transmittance or reflectance spectra, as a function of θ,
give the possibility to reconstruct the dispersion of the diffractive modes, from the cou-
pling of the beam with the plasmonic lattice, also showing the coupling with the SLR
mode. To this aim, different instrumentations have been used.

Thanks to the collaboration with UNAM (National Autonomous University of Mex-
ico, Mexico City, Mexico), a high precision angular instrument composed of two motor-
ized goniometers has been used, showed in figure 3.3a. The two motorized goniometers
are mechanically disjointed and placed one above the other. One controls the rotation of
the sample holder, the other the collection setup. As a sample holder, we used a manual
goniometer placed in the rotation pivot of the two motorized goniometers, with the rota-
tion axis in the direction of the incident beam.
For the sake of clarity, we define the axis ẑ as the propagation axis of the light beam;
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the sample placed orthogonally to the beam and in the rotation plane of the manual go-
niometer is therefore in the plane x̂y and can rotate on this plane of the angle φ. This
degree of freedom is chosen in order to orient the sample along the lattice symmetry di-
rections. The motorized goniometer then lies on the plane x̂z. This allows the rotation
of the tilt angle θ of the sample with respect to the incident beam axis, controlling the
projection of the wave vector kinc on the lattice plane. The other motorized goniometer
supports an arm on which the collection setup is mounted. It consists of a polarizer, an
iris and a lens, which focuss the beam on the head of an optical fiber that carries the signal
to the detector (Ocean Optics 2000+). The arm is free to rotate independently, allowing
it to be held in place during transmission measurements and to move during reflection
measurements.
The white light, produced by a lamp source, is driven to the sample by two mirrors after
passing through a polarizer and a pinhole. This defines the dimensions of the light beam
at a diameter of about 2 mm.

The other measurement setup, showed in figure 3.3b, is similar to the previous one
and installed at our lab at DFA. The operating principle is the same, however this one
doesn’t allow measurements in reflection due the lack of the second goniometer which
should host the collection setup. By using DH-2000 BAL Ocean Optics source, the light
from the output fiber is collimated by lenses and polarized before reaching the sample.
After the interaction with this one, the transmitted light is collected by a lens and focused
into an optical fiber that drives the beam in the HR4000 Ocean Optics detector.

To reconstruct Rayleigh anomalies in our ordered arrays we used also a RC2 R© El-
lipsometer produced by J.A. Woollam Co. Even if this is an ellipsometer, its accurate
management of angles for reflection measurements gives the possibility of being used to
identify the diffractive properties of a periodic system.

Figure 3.3: Schematic setup for angle-resolved optical characterization: (a) two goniometers ver-
sion used at UNAM and (b) single-goniometer version installed and used at DFA.
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3.3 Numerical Simulations of the Optical Properties

To better interpret the experimental results, the finite element method (FEM) technique has
been adopted to study the interaction between EM field and the naoarrays. In fact, ana-
lytical solutions to the problem of the interaction between light and nanostructures can
only be found for simple and highly-symmetric geometries, such as spheres [51] or ellip-
soids [109] but also multilayer films [110, 111], but not for the more complex nanostruc-
tures investigated in this work.

The FEM technique [112] discretizes a space domain in small cells, called finite ele-
ments, and solves for every node of the cells the equations. In this work, FEM works in
the frequency domain (Finite Difference Frequency Domain (FDFD)) because the computa-
tional speed is faster than the time domain (FDTD) one for the considered problems. In
the FDFD the Helmholtz equation is solved with standard boundary conditions. Helmholtz
equation derives directly from the wave equation, assuming, in all generality, a harmonic
dependence of the electric field E, i.e., E(r, t) = E(r)e−iωt, so

∇2E + k20 εE = 0 (3.1)

where k0 = ω/c is the wave vector of the propagating wave in vacuum and ε is the fre-
quency dependent dielectric function.
The method transforms the problem in a linear system or matrix, with a Helmholtz equa-
tion for each node, and solves this system with a linear solver. The computational effort
is limited by the fact that a node is influenced only by nearby nodes.

To this aim, a commercial software platform for 3D finite element simulations is
used: COMSOL Multiphysics R©. This allows to study both near-field and far-field re-
sponses of the nanostructure undergoing to a monochromatic EM wave. Different wave-
lengths imply different and independent FEM computations, giving the possibility to
parallelize the simulation by computing independently different wavelengths on differ-
ent CPU cores. Therefore, a dedicated server, AMD Opteron 6274 server (4 CPU, 32 cores,
128 GB RAM) is used for FEM simulations. Moreover, for this work, a direct liner solver,
PARDISO [113], is chosen, thanks to its sequential and parallel sparse numerical factor-
ization performance, which is the most indicated for single machine computations, as in
our cases.

For this work, this powerful resource is used principally as a support to experimental
measurements, in order to study the near-field behaviour of the main plasmonic reso-
nances which occur in our systems. Furthermore, FEM simulations are used to design a
new sample generation that we will discuss after some considerations on the principally
studied samples.

3.4 Au NanoDome Array

Morphological characterization of Au nanodome arrays (Au NDoA), whose nanofabri-
cation was made by PS NSs with diameter D = 522 nm and described in section 2.4, is
generally made by SEM. Due to Au nanodomes morphology, AFM measurements do not
give us too much information, since the gap between neighbour domes is around 30 nm
and the AFM tip cannot reach the bottom even in the interstices. However, AFM results
very useful to measure nm-thick deposited films with a high precision of about 1 nm.
The thickness of silica layer is estimated around 200 nm, while for gold it varies between
50 − 70 nm, depending on the sample. The gap between neighbour domes is measured
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Figure 3.4: SEM images of Au NDoAs synthesized in top view and cross section.

by SEM images, and some examples are shown in figure 3.4. Using ImageJ software, the
average radius of Au nanodomes is estimated around 490 nm for our samples.

More interesting measurements for our purpose are the optical ones, in particular the
angle-dependent ones. An example of measurements made by Jasco and Ocean Optics
in the configuration showed in figure 3.2 are reported in figure 3.5.
Since the nanostructures have to be coupled with a gain medium, which has a certain
refractive index, the optical measurements are performed with various media upon the
nanoarrays. The results show different responses with different refractive index of the
media, as predicted from the polarizzability (eq. 1.46).

Since wavenumber in a medium with refractive index n is k = k0n, where k0 is the
wave number in the free-space, the Rayleigh anomalies are modified by n which goes
in the Bragg condition. In this case with a constant lattice of a = 522 nm, considering
the first neighbours distance at normal incidence, the Rayleigh anomaly comes for λ =√

3
2 a = 452 nm in air or vacuum. If we consider ethanol (EtOH) nEtOH ∼ 1.36 and

PMMA nPMMA ∼ 1.49, the wavelength of the anomaly will be at 615 nm and 674 nm,
respectively.

In figure 3.5a absorbance spectra are showed with different media. The black line
represents the spectrum with Au NDoA in air, blue line in ethanol and red with a PMMA
film. In the spectra blue and red, the Rayleigh anomalies can be connected to the minima
of absorbance corresponding to λ = 618 and 678 nm, respectively. Peaks at λ = 727 and
763 nm, respectively, could be linked with SLRs considering also their asymmetric shape.
Furthermore, reflection measurements are reported in figure 3.5b as 1 − R. Considering
the sample in ethanol (blue curve), we note a peak at 697 nm, that can be interpreted
with further investigation. In fact, the simple spectrum at normal incidence does not
give enough information to optically characterize the structure. For this reason, angle-
dependent measurements are performed. Figure 3.6 shows the results obtained. Here
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(a) (b)

Figure 3.5: Au NDoA: (a) absorbance spetra in different media: air (black), ethanol (blue), PMMA
(red). (b) 1− reflectance in air (black) and ethanol (blue) at normal incidence.

measurements are reported as extinction Ext = 1 − T and show the contribution of
scattering and absorption of the sample. Moreover, measurements are performed in
transverse magnetic (TM) (p-polarization) and transverse electric (TE) (s-polarization)
(fig. 3.6a) modes, in different symmetry directions ΓK (fig. 3.6b) and ΓM (fig. 3.6c) of the
reciprocal space hexagonal unit cell and with ethanol (fig. 3.6d) as a medium.

By comparing TE and TM modes, figure 3.6a and figure 3.6c for example, it is clear
that the system interacts mainly with the incident light in TM than in TE mode. The
different symmetry directions ΓK, in figure 3.6b, and ΓM , in figure 3.6a, are characterized
by different slopes of the Rayleigh anomalies, well recognizable in figures. Furthermore
in ΓM direction, the interaction generates narrower features with respect to ΓK direction.

If ethanol is placed over the Au NDoA, in figure 3.6d, the anomalies redshift of a
factor n, and interesting features arise from the coupling between lattice and plasmonic
properties. The spectrum (blue line) in figure 3.5a is the equivalent measurement done at
0 degree in the map, and we can recognize some features, such as the dip (blue zone) and
the peak (red zone). From this, we can deduce the hybrid nature of the resonant mode
due to the interaction with the anomalies (photonic) and plasmonic mode of the particles.
Figure 3.6e shows the extinction measurement with ethanol in TM mode and in ΓM di-
rection in energy (E = ~c

n k//) as a function of the parallel component of the incident
wavevector k// i. Over the map, the Rayleigh anomalies are plotted and labelled by the
corresponding Miller indices, showing a good matching with the theoretical lattice mode
derived by the dispersion law.

Reflection measurements are also performed by ellipsometry in TM mode with the
sample in air and in ethanol and the results are showed as 1− reflectance in figure 3.6f
and 3.6g, respectively.
The maps are plotted in energy versus parallel wavevector and the Rayleigh anomalies
are superimposed. Ellipsometry can measure the specular reflection from the sample and
not all the scattering, and in our system the minimum angle measurable is 15 deg from
the sample normal.
Similarly to the extinction measurements, 1 − R maps show minima following the lat-
tice modes and a close redshifted peak follows these modes showing an interaction with
them. Therefore the peak showed in figure 3.5b at λ = 697 nm in the sample in ethanol
(blue curve) can be linked with the hybrid mode shown in the reflection map (fig. 3.6g).
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(a) Extinction TE ΓM (b) Extinction TM ΓK

(c) Extinction TM ΓM (d) Extinction TM ΓM in EtOH

(e) Extinction TM ΓM in EtOH, Energy vs k// i

(f) (1− Reflectance) TM KΓ and ΓM (g) (1− Reflectance) TMKΓ and ΓM in EtOH

Figure 3.6: Au NDoAs: Extinction spectra as a function of angle of incident beam in TE (a) and
TM modes, in different symmetry directions ΓK (b) and ΓM (c), in air and in ethanol (d). (e)
Extinction map in TM mode, ΓM direction in ethanol represented in diffracted photon energy as
a function of parallel component of incident wave vector k// i , Rayleigh anomalies are superim-
posed and labelled by respective Miller indices. 1−Reflectance in TM mode made by ellipsometer
in air (f) and in ethanol (g) in the direction ΓK and ΓM , the Rayleigh anomalies are superimposed.
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In order to better characterize the resonance modes, numerical simulations are per-
formed.

3.4.1 FEM Simulation Results

The numerical simulations are performed with the software COMSOL Multiphysics R©.
The used 3D model is sketched in figure 3.7. For modelling simplicity a hexagonal prism
is chosen, instead of rhombic primitive cell, to simulate the two-dimensional lattice of
nanostructures, with periodic boundary condition (PBC) on the six lateral faces: each face
has a PBC condition with its opposite. The model has perfectly matched layers (PMLs) on
the top and bottom, in the ẑ direction. PML is an artificial absorbing layer placed on open
borders in order to avoid numerical reflection during the computational process [81].

Geometric parameters used in the simulations are reported in figure 3.7b. The dis-
tance between two opposite lateral faces is equal to the lattice constant a = 522 nm, while
the hexagonal unit cell has a side length Lhex = a/

√
3. The dome geometry is simplified

by a silica semi-sphere centered at (0, 0, 50 nm) with a diameter of 390 nm and covered
with a 50 nm thick Au layer with a final diameter of 490 nm. In order to model the real
structure, the space between domes is filled by a Au layer 50 nm thick that creates a single
continuous metallic layer of Au as shown in figure 3.7.
Under the dome, the substrate is modelled as 400 nm thick SiO2 layer and, on the upper
semispace, the medium is modelled by 1µm thick non-absorbing material with a certain
refractive index.

Furthermore, the edges of Au domains are slightlyrounded in order to avoid un-
physical EM hot spots in the geometry that can distort the simulation result. The dielec-
tric function of Au used in these simulations is derived experimentally by ellipsometric
measurements. SiO2 is modelled by a non dissipative material with a refractive index
n = 1.45.
The simulation is performed in the wavelength range from 400 to 1200 nm. The incident
beam is a plane wave with amplitude E0 = 1 V/m.

The absorbance spectrum, showed in figure 3.8a, exhibits a minimum at λ = 615 nm

(a) (b)

Figure 3.7: (a) 3D model used for Au nanodome array FEM simulations: the nanodome is high-
lighted and the mesh is also shown. (b) Main geometric parameters used in the simulation: the
sketch shows the x̂z plane at y = 0.
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(a) (b)

Figure 3.8: Normal absorbance (a) and 1− Reflectance (b) spectra resulted from numerical simu-
lation of Au NDoA.

and the next peak at 680 nm that can be linked with the peak in the absorbance spectra
even if is very redshifted.
The simulated spectrum reproduces qualitatively the main features showed in the exper-
imental spectra, although the simplified geometry used in the simulation with respect
to the real one does not allow a quantitative agreement. The reflectance response gives
more interesting results because it can be directly compared with the experimental re-
sults. In fact, a peak arises at 695 nm very close to the experimental peak. Moreover,
another peak at 1190 nm is present and can be associated with dipole plasmon resonance
of single nanoparticle. This can be deduced by the field distribution near to the metallic
nanostructure.

Figure 3.9 shows the electric field distribution for normal incidence k = (0, 0, k) and
E = (E0, 0, 0) in the planes x̂z at y = 0 and x̂y at z = 80 nm in order to avoid edge. In
particular, the field enhancement |E|/E0 and the component ẑ of the electric field Ez/E0,
perpendicular to the lattice plane, are plotted. The interest in the field component, Ez
arises because it is generated by plasmon resonances at the dome interface.

Figures 3.9a (plane x̂z) and 3.9c (x̂y) show the field enhancement due to the surface
lattice resonance associated to the peak at λ = 695 nm. Figures 3.9b (x̂z) and 3.9d (x̂y)
show Ez at the same wavelength.
In the same configuration figures 3.9e, f, g and h show the field enhancement and Ez
respectively, at λ = 1190 nm.

By looking at the field distribution we note a field confinement close to the nanos-
tructure, and a difference between the two resonances. The first one has less confine-
ment, confirming the hybrid nature of this plasmonic resonance and can be thus linked
to the SLR of the plasmonic lattice. On the other hand, the second one is more confined
and the field distribution confirms the association with dipole plasmon resonance of the
plasmonic structure.

3.5 SiO2 NanoDome Array

SiO2 nanodome arrays (SiO2 NDoAs), whose nanofabrication is described in section 2.4,
are made in order to study the lattice contribution switching off the plasmonic properties
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(a) Side view (x̂z, y = 0) of near field en-
hancement |E|/E0 at λ = 695 nm

(b) Side view (x̂z, y = 0) of
Ez/E0 at λ = 695 nm

(c) Top view (x̂y, z = 80 nm) of
near field enhancement |E|/E0 at λ =
695 nm

(d) Top view (x̂y, z = 80 nm) ofEz/E0

at λ = 695 nm

(e) Side view (x̂z, y = 0) of near field en-
hancement |E|/E0 at λ = 1190 nm

(f) Side view (x̂z, y = 0) of
Ez/E0 at λ = 1190 nm

(g) Top view (x̂y, z = 80 nm) of
near field enhancement |E|/E0 at λ =
1190 nm

(h) Top view (x̂y, z = 80 nm) of Ez/E0

at λ = 1190 nm

Figure 3.9: Simulation of electric near-field distribution of an Au nanodome array.
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Figure 3.10: Various SEM images of different SiO2 nanodome arrays synthesized in top view and
cross section.

of the metallic structure. The shape and dimensions of SiO2 nanodomes are similar to
the Au nanodomes in order to give a response as similar as possible to the geometrical
contribution of the Au nanodome array. For this reason, only the last step of the nanofab-
rication is changed, by depositing a SiO2 layer with the same thickness of the Au layer.
SEM images of the resulting SiO2 NDoAs are shown in figure 3.10 in top and cross view.
From these, by ImageJ software, a mean diameter of SiO2 domes is estimated and has to
result near to 490 nm.

On the other hand, optical measurements are important to understand the behaviour

(a) (b) Extinction TE

(c) Extinction TM (d) Extinction TM in EtOH

Figure 3.11: SiO2 NDoA: (a) absorbance spectra in air (black curve) and in ethanol (red curve).
The other figures are Extinction maps, with Rayleigh anomalies superimposed: (b) in TE mode,
(c) in TM mode and (d) in TM mode with ethanol over the nanodomes.
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of the lattice part. The results are shown in figure 3.11.
Figure 3.11a shows absorbance spectra of a SiO2 nanodome array in air and ethanol.
SiO2 NDoAs present a peak in absorbance due to the ordered arrangement so that they
can be considered as a photonic crystal. The band structure of these photonic crystals
determines thus the interaction with the incident radiation. The red line in figure 3.11a
is the normal absorbance of SiO2 NDoA immersed in ethanol: we see a suppression of
the peak due to the reduced difference between the refractive indices of the medium
(EtOH, nEtOH = 1.36) and nanostructure array (SiO2, nSiO2 = 1.45) in comparison with
the sample in air [114, 115].

Moreover, angle-dependent measurements are performed and reported in figure 3.11b,
c and d. Figure 3.11b shows an extinction map in TE mode, while figure 3.11c in TM
mode. By comparing these two maps, as for the Au NDoAs, TE mode does not present
strong Rayleigh anomalies, whereas in TM mode the anomalies are visible as blue line
that represent a minimum in the spectra. The other features visible in the maps are due
to the interactions with the photonic band structures, and their dispersion follows the
Rayleigh anomalies, confirming the interaction with the periodicity of the system.

Figure 3.11d shows the map made in TM mode with the sample in ethanol: as noted
before the interaction is weaker and the features in the map are much less visible with
respect to the samples in. However the weak features visible can be associated to the
Rayleigh anomalies.

Therefore, by angular-dependent measurement we see how the geometrical behaviour,
related to the Rayleigh anomalies, can be compared in both Au and SiO2 NDoAs, by
showing the possibility to use SiO2 NDoAs to discern lattice and plasmonic contribution
in the lasing processes, as it will be discussed in the following.

3.6 Ag NanoDisk Array

The other class of nanoarrays investigated is the nanodisk array, which sustaains local-
ized SPR resonances since the metallic disks are well separated. The disks are arranged
in a hexagonal lattice, whose constant lattice is of 340 nm given by the initial diameter
of the PS NSs used during the synthesis process, which is explained in the section 2.5.
Figure 3.12 shows some SEM images at different magnitude of Ag NDiAs in top view.
From these measurements we can obtain the mean diameter of the disks, by ImageJ soft-
ware, as well as checking the order of the structures. The mean diameter varies between
150and200 nm depending on the RIE treatment.

Figure 3.13a shows an example of an AFM image of Ag NDiA and a profile scan from

Figure 3.12: Ag NDiA: SEM images at different magnitudes.
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(a) (b)

Figure 3.13: Ag NDiA: (a) example of AFM measurement, with inset a profile extrapolate from
the map above along the white line. (b) Absorbance spectra in air (black curve), ethanol (red
curve) and glycerol (green curve).

the map along the white. The mean height of this kind of samples is of about 74 nm.
Absorbance spectra shown in figure 3.13bnare related to Ag NDiA in air (black curve),

in ethanol (red curve) and in glycerol (ngly ∼ 1.47, green curve). The peak, that occurs
at 587 nm in air, 624 nm in ethanol and 642 nm in glycerol, can be associated to the LSPR
of the nanodisks. No evident interaction with the lattice is present at normal incidence,
probably due to the large spectral separation of the two modes. Anyway, the dispersion
of the lattice mode can lead to spectrally cross the plasmonic mode generating a spectral
range of interaction between photonic and plasmonic modes creating hybrid modes.

Figure 3.14 presents the results of angle-dependent measurements, showing absor-
bance maps of Ag NDiAs. Similarly to the Au NDoAs, the map in figure 3.14a performed
in TE mode exhibits weaker interaction with the lattice, compared with TM mode in fig-
ure 3.14b and 3.14c. The two maps in TM mode differ by the symmetry direction where
lattice is oriented: in particular figure 3.14b shows a measurement with the sample ori-
ented in the symmetry direction ΓK, while 3.14c in ΓM . As for Au NDoAs ΓM direction
shows a sharper and more intense response compared to ΓK.

However, the most interesting result is obtained when Ag NDiA is immersed in a
medium, in this case glycerol. The absorbance map with the sample in glycerol in TM
mode and oriented in ΓM direction is showed in figure 3.14d. Moreover, figure 3.14e
shows the absorbance map in the two different directions ΓK and ΓM , by plotting the
energy of the diffracted radiation as a function of the parallel component of the incident
wavevector k// i, with Rayleigh anomalies superimposed and labeled by their Miller in-
dices.
In ΓM direction around 30◦ an interaction between photonic and plasmonic modes arises
showing an anticrossing phenomenon of the two modes. Anticrossing or avoided crossing
is a quantum phenomenon that arises when two eigenvlues of the system, in our case for
the state associated to the photonic lattice mode and the plasmonic resonance, assume the
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(a) Absorbance TE ΓK (b) Absorbance TM ΓK

(c) Absorbance TM ΓM (d) Absorbance TM ΓM in glycerol

(e) Absorbance TM in glycerol

Figure 3.14: Absorbance maps of Ag NDiAs as a function of incident angle: (a) is performed in
TE mode with the sample oriented in ΓK direction; (b) TM mode in ΓK symmetry direction; (c)
TM mode in ΓM orientation;(d) TM mode in ΓM direction with sample immersed in glycerol. (e)
Absorbance map in TM mode with sample in glycerol, bothKΓ and ΓM direction are represented
in diffracted photon energy as a function of parallel component of incident wave vector k// i .
Rayleigh anomalies are superimposed and labeled with the respective Miller indices.
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same value [116]. This means a strong interaction between the modes with the resulting
formation of hybrid modes, such as SLRs.

3.6.1 FEM simulations

As for Au nanodome array, in order to complete the characterization of the samples, nu-
merical calculations are used to study the local electric field distribution near to nanopar-
ticles. We performed

this simulation with COMSOL Multiphysics R© software.
The geometric parameters of these simulations are reported in figure 3.15. In fig-

ure 3.15a the 3D model is shown: a cell formed by a hexagonal prism is modelled with
periodic boundary condition on the lateral face and PMLs on the top and the bottom in
order to simulate the two-dimensional hexagonal lattice, as the previous model used for
the Au nanodome array. Figure 3.15b shows the parameters of the model: in particular,
the distance between two opposite lateral faces, that define the periodicity, is equal to
the lattice constant a = 340 nm. Ag nanodisk is modelled as a cylinder with diameter of
150 nm and height of 70 nm where the edges are rounded with a curvature radius of 5 nm
in order to avoid unphysical numerical hot spots during the calculation.
Furthermore, the substrate is modeled with 350 nm thick SiO2 substrate, i.e., a non ab-
sorptive material with refractive index of nsub = 1.45. Similarly, the medium is modeled
as a non dissipative material with 450 nm thickness and a refractive index of nmed = 1.47
(to be compared to the glycerol case).

The FEM simulation in FDFD is then performed from 400 to 900 nm wavelength. For
normal incidence we uesed k = (0, 0, k) with the incident EM plane wave electric field
Ei = (E0, 0, 0), where E0 = 1 V/m, and frequency ν = c/λ.

Figure 3.16a shows the simulated absorbance spectrum, while figure 3.16b reports
the experimental absorbance spectrum of Ag NDiA in glycerol, as a comparison with
the simulated spectrum. In this one, two peaks can be identified, one at λ = 505 nm

(a) (b)

Figure 3.15: (a) 3D view model used for Ag nanodisk array simulations: the disk is highlighted
in blue and the used mesh is shown. (b) Main geometric parameters used in the simulation (the
sketch shows the x̂z plane at y = 0

).
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(a) Simulation (b) Experiment

Figure 3.16: FEM simulated Absorbance under normal incidence (a) and experimental one (b) are
compared for simulation result of Ag NDiA.

and the other at λ = 615 nm. These peaks can be associated to the experimental peaks
which occur at at λ = 501 nm and λ = 642 nm. The first one is well matched and is
due to geometrical arrangement. On the other hand, the second one in the experimental
spectrum is redshifted. This peak can be associated to the LSPR and the difference can
be due to the non perfect cylindrical shape of real nanodisks, while the differences on
the bandwidth and the absorbance intensity are due to the lattice defects or non identical
size and/or shape of disks.

From FEM results we can also evaluate the local electric field distribution on the two
resonances. Figure 3.17 shows the electric field distribution in the planes x̂z at y = 0
and x̂y at z = 0. In particular, the field enhancement |E|/E0 and the component ẑ of the
electric field Ez/E0, perpendicular to the lattice plane, are plotted.

Figures 3.17a (plane x̂z) and 3.17c (x̂y) show the field enhancement at λ = 505 nm,
whereas figures 3.17b (x̂z) and 3.17d (x̂y) show Ez at the same wavelength.
In the same configuration figures 3.17e, f, g and h show the field enhancement and Ez
respectively, at λ = 615 nm.

By looking at the field distribution is possible to understand the nature of the two
investigated resonances. The field at λ = 615 nm is more confined than the one at λ =
505 nm and given the field distribution, we can associate this resonance to a dipolar LSPR.
Furthermore we note a high field enhancement (up to 16 times E0) in the proximity of
the bottom edge of the disk.
On the other hand, the field at λ = 505 nm is less confined and more intense: this is a
confirmation of the extended nature of the resonance and therefore it can be associated
to the SLR of the system.
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(a) Side view (x̂z, y = 0) of near field
enhancement |E|/E0 at λ = 505 nm

(b) Side view (x̂z, y = 0) of
Ez/E0 at λ = 505 nm

(c) Top view (x̂y, z = 80 nm) of near field
enhancement |E|/E0 at λ = 505 nm

(d) Top view (x̂y, z = 80 nm) of
Ez/E0 at λ = 505 nm

(e) Side view (x̂z, y = 0) of near field
enhancement |E|/E0 at λ = 615 nm

(f) Side view (x̂z, y = 0) ofEz/E0

at λ = 615 nm

(g) Top view (x̂y, z = 80 nm) of near field
enhancement |E|/E0 at λ = 615 nm

(h) Top view (x̂y, z = 80 nm) of
Ez/E0 at λ = 615 nm

Figure 3.17: Simulation of electric near-field distribution of an Ag nanodisk array.



Chapter 4

Lasing Emission Properties

In this chapter we will present the results about the emission properties of our devices,
demonstrating the possibility to reach lasing emission from the coupling between dye
molecules and plasmonic nanostructure arrays made by NSL. In particular, we will de-
scribe the setups with which photoluminescence (PL) measurement are taken, and we
will show and discuss the main properties of the emitted beam, spectral bandwidth,
threshold, directionality and angular divergence. Furthermore, we will report and dis-
cuss the results on the temporal coherence of the emission obtained by the modified
Michelson interferometer set up during this project. From these results we will discuss
the possible future development of these plasmonic nanolaser devices, supported by nu-
merical simulations and first experimental results.

4.1 Photoluminescence Spectroscopy

The photoluminescence (PL) spectroscopy technique investigates the emission of light
from a material after the absorption of photons. In our system, shown in figure 4.1a, the
second harmonic (at λ = 532 nm) of a Q-switched Nd:YAG laser (Blilliant by Quantel) is
used as optical pump. The laser emits pulses of 4.5 ns at a repetition rate (RR) of 10 Hz.
The laser beam is attenuated by optical density (OD) filters (by Thorlabs), which are
placed in two wheels and can be interchanged and combined in order to modulate the
beam’s energy. After the filter wheels, the laser beam is driven toward the sample by
two highly reflective mirrors for this specific wavelength (intensity loss < 2 %). Along
its path, the beam passes through a pinhole with a diameter of 3 mm, which defines the
beam dimension with an area of 7.1 mm2.

For the collection part of our system, we set up an apparatus for angle-dependent
measurements, shown in figure 4.1b. As for angle-dependent transmittance measure-
ments, the sample is placed in the middle of a manual goniometer in order to control
the lattice orientation. This goniometer is vertically placed (figure 4.1b) at the center of
a motorized rotating stage but, unlike previous measurements, the sample holder is dis-
connected from this. A micrometer under the manual goniometer allows us to finely
control the position of the sample on the pivot of the motorized rotating system.

On the motorized rotating frame it is attached a guide which houses the collection
set-up. This one is composed by a 5× objective that focuses the collected radiation on
the entrance lens of an optical fiber, or alternatively by a coupling lens which focuses the
emitted light into the fiber. Moreover, a longpass filter λ > 550 nm is placed in front of
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(a) (b)

Figure 4.1: (a) Schematic description of the optical setup used for emission characterization. (b)
Photo of collection setup.

the collection lens in order to prevent possible reflections of the pump laser from entering
the detector. This collection system can be moved along the guide, allowing us to find
a good balance between collected intensity and angular resolution. The system with the
objective is placed at a distance of ∼ 11 cm from the sample surface that corresponds to
an angular aperture of about 6◦ (NA' 0.05), while for the other system the lens is placed
at about the same distance but the angular aperture is about 3◦ (NA' 0.03).

Then the fiber carries the signal to the detector OceanOptics HR-4000, which records
and transfers data to a computer and by the software SpectraSuite we can visualize and
save the spectra. By analysing the data, we can extrapolate the principal properties of the
emitted beam: wavelength, spectral bandwidth, threshold, directionality and angular
divergence. These will be reported in the following sections for the plasmonic nanostruc-
tures taken into account.

4.2 Dye Emission Properties

In the present work laser dyes are used as gain media. As previously described in sec-
tion 2.7, Pyridine 2 and Styryl 9M have been chosen for their high efficiency and emission
in the visible and near-IR spectral region. In figure 4.2, we report the normalized absorp-
tion and emission spectra of the Pyridine 2 (fig. 4.2a) and Styryl 9M (fig 4.2b) dissolved
in ethanol. Pyridine 2 presents an absorption peak at 505 nm, while an emission peak in
ethanol at 694 nm. Styryl 9M has an absorption peak at 583 nm, and an emission peak in
ethanol at 808 nm. In the spectra, the wavelength of the second harmonic of the Nd:YAG
pump laser (λ = 532 nm) is highlight in green. We show here also the angular maps, pre-
viously reported in chapter 3, of an Au NDoA (fig. 4.2c) and an Ag NDiA (fig. 4.2d). Here
the emission bands of the dyes are superimposed in order to check the match between
the dye emission and the plasmonic modes. The plotted bands indicate the FWHM of the
dyes’ emission spectra converted in energy.

A solid state system has been also investigated and characterized. This consists in a
dye-doped polymer thin film, containing Styryl 9M molecules. The synthesis process is
explained in section 2.7. The absorption and emission spectra are reported in figure 4.2e.
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While the absorption spectrum is unchanged, the emission spectrum is blueshifted at
740 nm. This shift is of about 0.15 eV, comparable with the energy of vibrational states
of the molecules, suggesting the inhibition of some vibrational and rotating states by the
embedding in the polymeric matrix.

(a) Pyridine 2 (b) Styryl 9M

(c) Au nanodome array (d) Ag nanodisk array

(e) Styryl 9M in PMMA

Figure 4.2: (a) Normalized absorption and emission of Pyridine 2. (b) Normalized absorption and
emission of Styryl 9M. (c) Extinction map of an Au nanodome array with dyes’ emission super-
imposed. (d) Absorbance map of an Ag nanodisks array with Pyridine 2 emission superimposed.
(e) Normalized absorption and emission of Styryl 9M embedded in a PMMA film.
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Photobleaching

As we discussed in section 2.7, a phenomenon which we have to pay attention to is the
photobleaching. In this process the dye molecules bleach as a consequence of a photore-
action with the surrounding environment, leading to a decreasing of the quantum yield
and, consequently, of the fluorescence emission of the dye molecules [102].

For the dyes in a liquid solution, a high photochemical stability is demonstrated in
the literature [117], up to tens of mJ/cm2, i.e. well above of our working condition ∼
1 mJ/cm2. However, this phenomenon can become important when the dye molecules
are embedded in a solid matrix.

For this reason, we performed long time exposure measurements on a typical Styryl
9M doped PMMA film used in our system, with a concentration of about 1 mM. In fig-
ure 4.3 we report the fluorescence peak intensity as a function of the exposure time t
for different pumping fluences. In particular, in (a) for a fluence of about 1 mJ/cm2, the
intensity can be linearly fitted and its variation after some hours is less than 10 %. In-
creasing the fluence to about 4 mJ/cm2, shown in (b), the data follow an exponential
decreasing, with a characteristic time of 40± 3 minutes. Jumping to an higher fluence of
about 20 mJ/cm2, (c), the fluorescence intensity can be fitted by a double exponential

y = A1e
−x/t1 +A2e

−x/t2 + y0 (4.1)

where t1 = 1.9 ± 0.2 minutes and t2 = 16 ± 2 minutes are the characteristic times of

(a) 1 mJ/cm2 (b) 4 mJ/cm2

(c) 20 mJ/cm2

Figure 4.3: Photobleaching measurements at different pumping fluences: 1 mJ/cm2 in (a),
4 mJ/cm2 in (b) and 20 mJ/cm2 in (c). The black points represent the fluorescence peak inten-
sity at the time t of exposure, while the red curve is the best fit of the experimental points.
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each contribution. This trend in the photobleaching process is common and is due to the
different arrangements of the dye molecules, which interact differently with the environ-
ment [117].

The photobleaching process thus places a limit of operation for the samples at a cer-
tain fluence condition. However, the working range of our samples is around 1 mJ/cm2,
so we expect that bleaching does not play a significant role.

4.3 Lasing Emission Results

The emission properties of the gain media coupled to the synthesized nanoarrays have
been characterized with different methods to obtain information about wavelength, band-
width, threshold, directionality and angular divergence of the emission. In particular, we
coupled Au nanodome arrays with Pyridine 2 dissolved in ethanol (Au NDoA-Py2) and
PMMA films embedded Styryl 9M (Au NDoA-St9M). Ag nanodisk arrays has been cou-
pled with Pyridine 2 dissolved in ethanol (Ag NDiA-Py2). The concentration of Pyridine
2 in ethanol is of about 1 mM, as well for the Styryl 9M embedded in the PMMA film.
These results will be presented in the following paragraphs.

4.3.1 Nanodome Array - Liquid Gain Medium

The first sample we are going to discuss is the Au nanodome array (Au NDoA), which
parameters are reported in table 3.1. From the optical properties of the Au NDoAs, we
have chosen to couple these nanoarrays with Pyridine 2 dissolved in ethanol (Au NDoA-
Py2). This device is characterised by the PL measurements (sec. 4.1) and shows an am-
plified emission, which arises at 720 nm as we can see in figure 4.4a at a pump fluence
of 1.4 mJ/cm2. On the other hand, this phenomenon occurs neither in SiO2 nanodome
arrays nor in the presence of the dye only. This means that our system works and that
the dye emission is modified by the presence of the plasmonic lattice below. The ability
to emit laser light lasts for a long time, thanks to its low emission threshold which allows
the system to work at low fluences, minimizing the photobleaching effect.

(a) (b)

Figure 4.4: Comparison of the Pyridine 2 emission coupled with an Au nanodome array, a SiO2

nanodome array and a flat silica slab. The samples are pumped at 50◦ with a fluence of about
1.4 mJ/cm2 and the emission is collected at 17◦.
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In figure 4.4b an emission spectrum of the Au NDoA-Py2 at a pump fluence of 1.4 mJ/cm2

is reported. How we can see the spectrum is formed by two component, the amplified
emission and the fluorescence band. These two components are deconvoluted by a mul-
tipeak fit, as shown in figure 4.4b, where the linear convolution of two Gaussian peaks is
used.

Threshold

One of the main characteristics of a laser emission is the threshold behaviour. For exci-
tation at fluence above the threshold a narrow emission feature distinctive of stimulated
emission grows very quickly, faster than spontaneous emission, as a function of pump
fluence.

Au NDoA-Py2 is pumped with a different fluences in order to verify the threshold be-
haviour of the sample emission. As shown in figure 4.5a and 4.5b (in a 3D representation
for a clearer view of the individual curves), a narrow peak at 720 nm arises from the flu-

(a) (b)

(c) (d)

Figure 4.5: Emission spectra of Au NDoA-Py2 device are plotted at different pump fluences in (a)
and in (b) with a 3D view. (c) Intensity of fluorescence (black points) and amplified emission (red
points) as a function of pump fluence. The two lines are linear fits of the data. (d) Bandwidth of
the amplified emission peak as a function of pump fluence.
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orescence band. This emission is redshifted with respect to the fluorescence peak, which
occurs at about 695 nm, because, unlike fluorescence that depends on only the molecule
structure, lasing emission is the result of the combination between a cavity mode and a
specific optical transition in the molecular energy level structure.

By deconvolution of the two contributions intensity peaks of fluorescence and ampli-
fied emission can be plotted as a function of excitation fluence, as shown in figure 4.5c.
The Fluorescence peak grows linearly with the fluence, while amplified emission presents
two distinct trends, which define a threshold behaviour. These two regimes are corre-
lated, one to compensation population inversion where spontaneous emission prevails
and the other when the saturation of population inversion is reached and stimulated
emission prevails [43]. By fitting these two regions with linear fits the crossing point
between the lines is obtained. This represent the threshold point of the laser emission,
which occurs at 0.9± 0.1 mJ/cm2, comparable with threshold values in the literature for
the similar devices [19, 27, 34].

The FWHM of the Gaussian fits is also plotted as a function of pump fluence, is shown
in figure 4.5d. The graph shows a decreasing of FWHM of amplified emission, from ∼
23 nm to 14 nm, which confirms the arising of a stimulated process. For the fluorescence
one the value stills around 70 nm.

Furthermore, an important phenomenon that has to be taken into account is: the
Amplified Spontaneous Emission (ASE). ASE is the amplification of the spontaneous emis-
sion by the stimulated emission process, i.e. a photon emitted by spontaneous emission,
before leaving the gain material, triggers stimulated emission of excited molecules gener-
ating amplification [118, 119]. ASE presents many common features with laser emission,
such as the threshold behaviour. However, unlike laser emission, which needs a feedback
for oscillation, ASE arises without the feedback process and this gives rise to an impor-
tant difference on the temporal coherence of the signal. In fact, even if ASE can present
high spatial coherence, it has not temporal coherence given by the feedback process and
presents a broad emission.
Therefore, in order to discern lasing emission form ASE, coherence measurements have
been performed. The results will be presented in section 4.4.

The comparison between the emission spectra as a funcion of the pump fluence of a
Au NDoA-Py2, SiO2 NDoA-Py2 and Pyridine 2 only is presented in figure 4.6. Fixing
the intensity range for all the samples, we notice a significant difference in the maximum

Figure 4.6: Comparison of the Pyridine 2 emission coupled with an Au nanodome array, a SiO2

nanodome array and a flat silica slab at different pump fluences. The samples are illuminated at
50◦ and the emission is collected at 17◦.
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(a) (b) (c)

Figure 4.7: SiO2 NDoA-Py2: (a) emission spectra as a function of pump fluence. (b) Intensity
of fluorescence (black points) and amplified emission peaks (red points) as a function of pump
fluence. (c) Bandwidth behaviour as a function of pump fluence.

emission. It is important to say that, even if we use a ten-times higher fluence, we do
not obtain comparable values with Au nanodome arrays. In fact, in SiO2 nanodome
arrays and the dye solution, the maximum emission is significantly lower, meaning that
stimulated emission does not occur.

However, some narrower features arise from the fluorescence band in the SiO2 NDoA-
Py2 and dye emission spectra, as we can see in more details in figure 4.7a for SiO2 NDoA-
Py2 and 4.8a for Pyridine 2. For the SiO2 NDoA-Py2 this narrow emission occurs at flu-
ences bigger than∼ 5 mJ/cm2 as shown in figure 4.7b. This emission grows linearly with-
out any characteristic threshold features, with a stable FWHM of about 20 nm (fig. 4.7c).
Instead, for the sole Pyridine 2 a narrow peak arises above ∼ 9 mJ/cm2, as we can see in
figure 4.8b, with a similar FWHM.

These results confirm a drastically different interaction between the dye and the Au
nanostructured sample, which is due to the plasmonic properties of the nanoarray. This
narrow peak, that arises at the same wavelength as for Au NDoA-Py2, is probably due
to the amplified spontaneous emission of the dye which can exhibit at this fluence.

(a) (b) (c)

Figure 4.8: Pyridine 2 solution: (a) emission spectra as a function of pump fluence. (b) Intensity
of fluorescence (black points) and amplified emission peaks (red points) as a function of pump
fluence. (c) Bandwidth behaviour as a function of pump fluence.
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Directionality

Amplified emission of Au NDoA-Py2 is strongly angle-dependent, i.e. the sample emits
a beam with a specific direction and a small angular divergence. Directionality of laser
emission is an important characteristic which distinguishes laser from other light sources
and is also very useful for many applications. In a conventional laser, as discuss in sec-
tion 1.1.4, directionality is a consequence of the selection of modes by the optical cavity
where the gain medium is placed.

For two-dimensional plasmonic arrays, the directionality is given by the coupling
with the lattice modes. Figure 4.9a represents the angular behaviour at 1.4 mJ/cm2 pump
fluence of the amplified emission of an Au NDoA-Py2: a high intensity emission at 17◦

and 720 nm (1.72 eV). By superimposing the Rayleigh anomaly mode (-1,-1), it is clear that
lasing emission occurs when the plasmonic lattice mode (sec. 1.2.3) crosses the emission
band of the dye. This confirms that the plasmonic lattice mode couples spectrally and
spatially with the Pyridine 2 molecules, leading to an amplified emission.

Analysing the emission spectra taken at different angles, we can plot the angular
behaviour of the amplified emission, the result is reported in fig. 4.9b: a Gaussian curve
can be used to fit the data. The FWHM of this curve identifies the angular divergence
of the emitted beam and result 3.0◦ ± 0.3◦. The peak occurs at to the emission angle of
16.9◦ ± 0.1◦.

The angular emission behaviour of SiO2 NDoA-Py2 is reported in figure 4.10a, mea-
sured at higher fluence 14.3 mJ/cm2. This value is almost ten times the fluence used for
the Au NDoA-Py2. This sample shows again an amplified emission at 17◦, resulting from
the crossing of the Rayleigh anomaly (-1,-1) mode, figure 4.10a. This means that the lat-
tice properties of the nanostructed array define the directional properties of the amplified
emission.

Differently for the Pyridine solution (fig. 4.10b) the amplified radiation does not ex-
hibit any angular dependence.

(a) (b)

Figure 4.9: (a) Emission map of a Au NDoA-Py2. The white line identifies the (-1,-1) Rayleigh
mode. (b) Amplified emission intensity as a function of collection angle: the red curve represents
the Gaussian fit of the data.
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(a) (b)

Figure 4.10: (a) Emission map of a SiO2 NDoA-Py2: the white line identifies the (-1,-1) Rayleigh
anomaly. (b) Emission map of Pyridine 2 only dissolved in ethanol.

Furthermore, since amplified emission occurs at 17◦, the sample is pumped with an
angle of 50◦ due to the geometrical arrangement of the optical system. So we investigated
the dependence of the emission as a function of the incidence angle of the excitation
beam, in order to verify that the direction of the incident beam does not play a role on the
lasing emission. This means that the pump configuration does not influence the lasing
emission. Therefore we chose to excited the sample at 50◦ in order to have an enough
wide range of angles to study the directional properties of the lasing emission. Moreover,
as shown in figure 4.11, above 50◦ the intensity drastically decreases due principally to
the dependence of the fluence on cos(θ). The gap in the data is due to the condition of
superimposition of the specular reflection of the pump beam and the collection setup.

Particularly, figure 4.11 shows the emission of an Au nanodome array coupled with
Pyridine 2 in ethanol as a function of the incident angle of the exiting beam. These mea-
surements have been taken with the same PL setup described above, with the collection
setup fixed at 17◦ from the normal of the sample surface. In the graph, the points rep-
resent the intensity of the two contributions which form the emission spectrum: fluores-

Figure 4.11: (a) Emission of Au NDoA-Py2 as a function of the incident angle of the pump beam.
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cence emission (black squares) and amplified emission (red dots).

In summary the Au nanodome array device (Au NDoA-Py2) exhibit an amplified
emission with a low threshold 0.9 mJ/cm2 and a high directionality 17◦ with an angular
divergence of 3◦, different to SiO2 nanodome array device (SiO2 NDoA-Py2) and Pyri-
dine 2 only. However, SiO2 NDoA-Py2 present a similar angular behaviour as the Au
NDoA-Py2, even if the amplified emission occurs at a fluence ten times higher. There-
fore we can deduce that the lattice modes contribute to the directionality of the amplified
emission, while the plasmonic properties contribute to reduce the threshold of the ampli-
fied emission.

4.3.2 Nanodisk Array - Liquid Gain Medium

The next structure taken into account is the Ag nanodisk array, with a lattice constant of
340 nm defined by the diameter of PS NSs used during the synthesis process (sec. 2.5).
This class of nanoarrays sustaains localized SPR resonances since the metallic disks are
well separated and was designed to move the working range more in the visible. How-
ever the minimum reachable nanodisks’ diameter limited us to the range of Pyridine 2
emission band, as shown in figure 4.2d. From this figure, we expect that an amplified
emission arises in the crossing range of Rayleigh mode and the Pyridine emission band.
Therefore, we tested these samples by coupling them with Pyridine 2 dissolved in ethanol
at a concentration of ∼ 1 mM (Ag NDiA-Py2).
As showed in figure 4.12 at a pump fluence of 3 mJ/cm2, we found an amplified emission
arise from this coupling, in particular at 720 nm and an angle of 65◦. Given the high angle
of emission, the sample is pumped at normal incidence.

Figure 4.12: Spectral emission of Pyridine 2 in ethanol (black line) and Ag NDiA-Py2 (blue line).
The samples were pump at normal incidence with a fluence of about 3 mJ/cm2 and the emission
was collected at 65◦.
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Threshold

As for the Au nanodome arrays, Ag nanodisk arrays present a threshold behaviour for
the amplified emission. In figure 4.13a, the emission spectra of the Ag NDiA-Py2 are
plotted at different pump fluences, showing an increase on the amplified emission peak
by increasing the excitation fluence.

The analysis of the spectra by deconvolution of the fluorescence and amplified contri-
butions allowed us to obtain the graph in fig. 4.13b and 4.13c in which the peak intensity
and the peak FWHM are reported as a function of pump fluence. For this Ag NDiA-Py2,
the threshold occurs at 1.6±0.1 mJ/cm2 (intersection of the two linear fit), which is a little
higher but in the same order of magnitude than Au NDoA-Py2 threshold. Furthermore,
FWHM of the amplified emission shows a decreasing from 20 nm down to 14.6 nm, that
are values comparable with those found for Au nanodome arrays.

(a)

(b) (c)

Figure 4.13: Ag NDiA-Py2: (a) Emission spectra at different pump fluences. (b) Intensity of
fluorescence (black points) and amplified emission (red points) as a function of pump fluence. (c)
Bandwidth behaviour as a function of pump fluence.
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Directionality

As for Au NDoA-Py2, Ag NDiA-Py2 presents a strong angle-dependent emission. The
directionality of the amplified emission is given by the coupling with the lattice mode.
In fact, when the (-1,-1) Rayleigh anomaly intercepts the emission spectra the amplified
emission occurs assisted by the LSPR plasmonic properties of the individual nanodisk.

Figure 4.14a shows the angular emission map of the Ag NDiA-Py2. Moreover, data
analysis of the amplified emission peaks reveals an emission centred at 65.2◦ ± 0.3◦ with
a divergence of 14◦ ± 1◦ (fig. 4.14b). This wide divergence can be explained by looking
at the data figure 4.14a: in the region where the amplified emission occurs, around 65◦,
the slope of the Rayleigh anomaly is lower than that one in the Au NDoA-Py2 emission
range, spreading the interaction in a broader range of angles, which results in a bigger
divergence of the emission.

Au nanodome arrays and Ag nanodisk arrays are structurally different. Au nan-
odome array is a nanostructured continuous film where LSPR arises in the gap of two
neighbour domes, as shown by numerical result 3.4.1, while nanodisks present a LSPR
confined in the single disk. The lattice constant is different (522 nm for Au NDoA and
340 nm for Ag NDiA), as well as the material, shape and dimensions. However, a simi-
lar emission behaviour was found, which confirms that the amplified emission in these
nanoarrays occurs as a consequence of the interplay of lattice modes in the nanoar-
rays and LSPR properties of each nanounit. Therefore, as a perspective, optimizations
of shape, lattice path, dimension, composition and gain medium can be done in order
to synthesize the most efficient system, taking in to account the optimization of lattice
modes and the coupling with the gain medium.

(a) (b)

Figure 4.14: (a) Emission map of an Ag NDiA-Py2: the white line identifies the (-1,-1) Rayleigh
anomaly. (b) Fluorescence (black point) and amplified emission (red points) intensity as a function
of the collection angle.
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4.3.3 Nanodome Array - Solid State Gain Medium

We also took into account the possibility to synthesize solid state devices, by embedding
dye molecules in a polymer matrix. A solid state system is very useful in terms of inte-
grability in optical circuits, and makes the devices more stable and compact with respect
to a liquid state system. In particular we coupled the Au nanodome arrays with a Styryl
9M-doped PMMA film with a thickness of about 100µm and a concentration of the order
of 1 mM (Au NDoA-St9M).

As shown in figure 4.15, an amplified emission arises at 795 nm for the Au NDoA-
St9M. The graph shows also the result obtained for an Au thin film (thickness 70 nm)
coupled with the dye-doped film (blue line) and the Styryl 9M-doped PMMA film only
(black line): no amplified emission is observed at the fluence used. The measurements
shown in figure 4.15 were performed with a collection angle of 25◦ and a pumping fluence
of 2.5 mJ/cm2.

The different intensity between the emission spectra of the samples with and without
the gold film (black and blue lines in figure 4.15) is due to the reflection of the metal film.
This last reflects both the incident and emitted radiation, with a reflectivity of 75 % and
97 % for the two wavelengths, respectively [120].

Threshold

The graphs in figure 4.16 show the results of the pump fluence dependence of the sam-
ples’ emission spectra: Au NDoA-St9M, Au thin film coupled with Styryl 9M-doped
PMMA layer and Styryl 9M-doped PMMA film.

The Au NDoA-St9M emission intensity at different fluences is plotted in figure 4.16a,
showing how by increasing the excitation fluence an amplified emission peak drastically
grows over the fluorescence peak. Figure 4.16b displays the amplified emission peak in-

Figure 4.15: Comparison of the emission spectra of Au NDoA-St9M, an Au thin film coupled
with Styryl 9M-doped PMMA film and a Styryl 9M-doped PMMA film only. The samples were
pumped at 0◦ and was collected at 25◦.
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(a)

(b) (c)

(d) Au thin film coupled with Styryl 9M-doped
PMMA layer

(e) Styryl 9M-doped PMMA film

Figure 4.16: Au NDoA-St9M: (a) Emission spectra at different pump fluences. (b) Amplified
emission intensity as a function of pump fluence. (c) FWHM of the amplified emission peak as
a function of pump fluence. As a comparison:(d) Emission spectra at different pump fluences of
Au thin film coupled with Styryl 9M-doped PMMA layer. (e) Emission spectra at different pump
fluences of Styryl 9M-doped PMMA film.
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tensity as a function of the pump fluence. How we can see, as for the liquid-state system
Au NDoA-Py2, the solid-state system Au NDoA-St9M presents a threshold behaviour: in
this case, the intersection of the two linear fits defines the threshold, is at 1.2±0.1 mJ/cm2.
The threshold value is comparable with the one obtained with the previous samples in
the liquid-state system, Au NDoA-Py2 and Ag NDiA-Py2, suggesting that the amplifica-
tion of the emission is due to the same phenomena.

The FWHM of the amplified emission peak decreases from 35 nm to 26 nm as a func-
tion of pump fluence, suggesting a stimulated emission nature of the amplified emis-
sion, further confirming a coupling between Au NDoA and dye emission. However,
the FWHM value result higher than the previous ones found for Au NDoA-Py2 and Ag
NDiA-Py2 in the liquid-state system.

Figures 4.16d and 4.16e show the emission spectra as a function of the pump fluence
for a thin Au film coupled with Styryl 9M-doped PMMA layer and the Styryl 9M-doped
PMMA film only, respectively: no threshold behaviour was observed for these samples.
This means that the amplification emission in the Au NDoA-St9M occurs as a conse-
quence of the coupling between plasmonic nanoarray and the dye.

Directionality

The directionality properties of Au NDoA-St9M were investigated by angle-dependent
measurements from 15◦ to 80◦, with a normal incidence of the pump beam at 2.5 mJ/cm2.
In figure 4.17a it is reported the map of the intensity spectra as a function of the angle,
showing a high intensity spot in the crossing of (-1,-1) Rayleigh anomaly with the dye
emission. The emission is directed at 23.7◦±0.2◦ with an angular divergence of 6.0◦±0.5◦

(figure 4.17b).
It should be noted that the working condition for this sample is lower then the limit

imposed by the photobleaching phenomenon, which becomes important above∼ 4 mJ/cm2,
as discussed in section 4.2.

(a) (b)

Figure 4.17: (a) Emission map of an Au nanodome array coupled with Styryl 9M-doped PMMA
film, the lines white identify the Rayleigh anomalies labelled by Miller indices. (b) Amplified
emission (black points) intensity peaks as a function of collection angle.
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We have shown the possibility to synthesize a solid-state device, with emission prop-
erties similar to the other samples made with a liquid-state gain medium. A remarkable
characteristic of the solid-state system is the possibility of creating a self-standing de-
vice without the need of a substrate. We have then separated the PMMA film from the
substrate, maintaining in the dye-doped film the nanostructure array.

Self-Standing Samples

A self-standing device is very useful for optical integration, by giving the possibility
to eliminate the space occupied by the substrate, reducing the dimensions of the final
device. Furthermore, there is also the possibility to use a flexible polymer for hosting the
dye molecules, opening up to new properties, such as the tunability of the emission.

As for the previous samples, emission as a function of the pump fluence was studied

(a)

(b) (c)

Figure 4.18: Self-standing Au NDoA-St9M: (a) emission spectra at different pump fluences. (b)
Fluorescence (black points) and amplified emission (red points) as a function of the pumping flu-
ence. (c) FWHM of fluorescence (black points) and amplified emission (red points) as a function
of fluence.
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(a) (b)

Figure 4.19: Self-standing Au NDoA-St9M: (a) Emission map, the white lines identify the
Rayleigh anomalies labelled by Miller indices. (b) Amplified emission (black points) intensity
as a function of the collection angle.

and the results are reported in figure 4.18. The amplified emission arises at 815 nm with
a threshold of 2.9 ± 0.2 mJ/cm2 (fig. 4.18b), while FWHM of it decreases down to 22 nm
(fig. 4.18c).

The angular behaviour is shown in figure 4.19a. Rayleigh anomalies are plotted to
evaluate the crossing at the emission angle. We found that the amplified emission is
directed at 21.3◦ ± 0.2◦ with a divergence of 3.7◦ ± 0.4◦ (fig. 4.19b).

4.4 Coherence

As described in section 1.1.4, coherence is one of the most important properties of a laser
beam and is a unique property that characterizes lasers [42, 43, 121].

Our purpose is to evaluate the temporal coherence property of the synthesized sam-
ples, in order to distinguish ASE from lasing emission in our devices and to estimate the
coherence length of the emitted beam. To this aim, a modified Michelson interferometer
is setted up.

4.4.1 Modified Michelson Interferometer

The scheme of the modified Michelson interferometer set up for the temporal coherence
measurements is shown in figure 4.20a. The sample is pumped, as for previous PL spec-
troscopy by the second harmonic of the Q-switched Nd:YAG laser, and the emitted beam
is directed toward the interferometer. A longpass filter (λ > 550 nm) is placed in order
to avoid possible reflections from the pump laser to enter the CCD. The emitted beam
passes through the filter and an iris before reaching a cube beam splitter, which divides
the radiation in two beams with the same intensity and with an angle of 90◦. Two high
reflectance silver mirrors (R > 97.5 % in Vis-NIR region) are placed at the same distance
from the beam splitter and reflect the two beams. The two superposed beams are then
collected by a fused silica lens with a focal length of 20 mm. The image formed by the
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(a) (b)

Figure 4.20: (a) Schematic description of the optical setup used for the characterization of tempo-
ral coherence properties. (b) Photo of the used interferometer.

lens is recoded by a CCD camera (BGP-USB-SP503U Camera by Ophir-Spiricon), which
sends the data to a computer. By the BeamScan software we can visualize the interference
pattern created by the superposition of the two beams. An optical density filter is used
to adjust the input light level on the CCD.

One of the mirrors is placed on a micrometer in order to adjust the mirror position ex-
actly at the same distance of the other mirror, which is in a fixed position from the beam
splitter. The two mirrors, unlike a conventional Michelson interferometer, are tilted of
about 1◦. A conventional Michelson interferometer, performs a first order correlation
γ(1)(r, τ) (eq. 1.22) of the two light beams as a function of the optical delay τ . In the
conventional interferometer, it is introduced an optical path difference (OPD) and, con-
sequently, a time delay τ = OPD/c, by moving backward one of the two mirrors. Then,
the visibility V (eq. 1.24) is calculated as a function of the OPD. The coherence length lco
is determined as the FWHM of the visibility function.

In the configuration with the tilted mirrors set up in the present work, these are fixed
during the measurement because the tilting introduces a continuous increment of the
OPD along one direction, allowing to show in a single image the visibility variation as a
function of OPD. Furthermore, the movable mirror can be moved in order to adjust the
zero path distance, which can be positioned for example in the center of the image. In the
interference image, the distance between two maxima is related to the wavelength of the
radiation λl according to the expression:

OPD = (λl/Λ)x (4.2)

where Λ is the period of the fringes and x the coordinate normal to the fringes, i.e. the
pixel coordinate. The value of Λ depends on the mirror tilting and the distance of the
CCD from the lens. Therefore, these two parameters have been optimized in order to
maximise the OPD range in the acquired images.

By analysing the intensity profile of an interference image, we can extrapolate the
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(a) Above threshold 1.4 mJ/cm2 (b) Below threshold 0.4 mJ/cm2

Figure 4.21: Au NDoA-Py2: Interference fringes collected by CCD camera above (a) and below
(b) threshold.

visibility

V =
Imax − Imin
Imax + Imin

as a function of the OPD, where Imax and Imin are the value of the maximum and mini-
mum intensity of the fringes, and estimate the coherence length lco of the emitted beam.

4.4.2 Results

Figure 4.21 displays two interference images collected by the CCD camera of the Au
NDoA-Py2: (a) was taken at 1.4 mJ/cm2, above the threshold, while (b) at 0.4 mJ/cm2,
below the threshold. First, we can note in figure the presence of interference fringes,
which confirms that the emitted beam is coherent.
Moreover, the wide number of visible fringes above the threshold indicates a good level
of coherence, in contrast to the small number in figure 4.21b, which has been taken below
threshold. In fact, due to the tilting of the mirrors, in the x direction there is a continuous
increment of the delay. Therefore, the higher the number of visible fringes, the wider the
visibility curve and so the greater the coherence length, as we shall see below.

Extrapolating a profile from the images, we can evaluate the coherence length of these
two configurations. The extracted profile is modified by a fast Fourier transform (FFT)
filter. The result can be seen in figure 4.22a (4.23a below threshold); the X pixel coordinate
(normal to the fringes) is converted into the OPD by equation 4.2.
Thus we are able to calculate the visibility V for each consecutive maximum and mini-
mum, V is plotted as a function of OPD, in figure 4.22b (4.23b below threshold). The data
are then fitted by a Gaussian curve whose FWHM identifies the coherence length lco of
the emitted beam.

Above the threshold we obtain lco = 29± 1µm, while below the threshold the coher-
ence length results lco = 4.2± 0.3µm.
This means that the degree of coherence increase above threshold confirming the stimu-
lated nature of the emitted beam.

As discussed in section 1.1.4, for a stationary beam, the concept of temporal coherence
is intimately connected with the monochromaticity by τco = 1/∆ν ' λ2/c∆λ where ∆ν is
the oscillation bandwidth and ∆λ is the spectral bandwidth. Considering an emission at
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720 nm with a bandwidth of 14 nm as our system shows, the estimated coherence length
is l(th)co ' 37µm, which is close to the experimental one of 29µm.

(a) (b)

Figure 4.22: Au NDoA-Py2 at 1.4 mJ/cm2, above threshold: (a) X profile of interference fringes;
(b) extrapolated visibility curve from the X profile in (a).

(a) (b)

Figure 4.23: Au NDoA-Py2 at 0.4 mJ/cm2, below threshold: (a) X profile of interference fringes;
(b) extrapolated visibility curve from the X profile in (a).
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4.5 Prospectives

The amplified emissions in the synthesized samples is the result of the coupling between
the dye and the plasmonic modes, in the region between the two high symmetry points of
reciprocal space, Γ andM . The amplified emission occurs at the angles of the intersection
between the Rayleigh mode and the wavelength region in which the dye is most efficient.
However, at these positions the Rayleigh modes have a non-zero slope which leads to a
group velocity vg = ∂E

~∂k different from zero of the propagating waves in the lattice plane.
A group velocity different from zero gives rise to a phase shift in the individual LSPRs,
that leads to a phase shift in the emission of different dye molecules, distributed in the
lattice plane. The result is a decreasing of the temporal coherence and a broadening of
the emission band.

On the other hand, at the high-symmetry points Γ,M orK at the bandedge, the group
velocity of the wave is zero. Thus this produces a stationary wave on the whole lattice,
which leads to an in-phase oscillation of the individual LSPRs. As a result the temporal
coherence of the emission will increase and a narrower bandwidth will be obtain.

For this reason we performed numerical simulations by COMSOL Multiphysics R© in
order to find a lattice mode at the Γ point, i.e. at incidence equal to zero, by narrow peak
next to the diffraction condition in the extinction simulated spectra.

4.5.1 Ag Nanodisk Array

For the nanodisk arrays, since the synthesis process places a limit on the minimum nan-
dodisk’s diameter reachable, the simulations were performed for different lattice con-
stants fixing the nanodisks’ diameter at the corresponding minimum reachable. The pa-
rameters used for these simulation are shown in table 4.1

Table 4.1: Numerical simulation parameters for different Ag nanodisk arrays.

Lattice Constant a (nm) Diameter D (nm) Height h (nm) Refractive Index n

248 83 70 1.33 - 1.5
340 113 70 1.33 - 1.5
418 139 70 1.33 - 1.5
522 150 150 1.33 - 1.5

The used model is the same as the one presented in section 3.6. We show in figure 4.24
the extinction spectra with different lattice constants a: (a) 248 nm, (b) 340 nm, (c) 418 nm,
(d) 522 nm.
All the spectra show two distinct peaks: one, broader and redshifted, which can be as-
sociated to the dipolar LSPRs of each disk; the other, narrower and blueshifted, can be
associated to the SLRs.

It is important to note that the sample with lattice constant of 522 nm and a refrac-
tive index of 1.5 presents a strong SLR peak in the visible range which is a promising
candidate to improve the performance of our devices.
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(a) (b)

(c) (d)

Figure 4.24: Numerical em simulated extinction spectra of Ag nanodisk arrays with different
parameters as reported in table 4.1: (a) a = 248 nm, (b) a = 340 nm, (c) a = 418 nm, (d) a = 522 nm.

4.5.2 Ag Nanosphere Array

Another structure taken in to account to find a SLR at Γ point, is the Ag nanosphere array,
described in section 2.6. In order to obtain nanosphere arrays, we performed thermal
annealing on the nanoprism array. This process results as a blueshift of the LSPR peak in
the visible region, as shown in figure 2.18e and 2.18f, and suitable to show an SLR with a
structure having a lattice constant a = 522 nm. For this reason the numerical simulations
have been performed with nanospheres arranged in a honeycomb lattice with a lattice
constant a = 522 nm.

The numerical simulations have been performed by the software COMSOL Multiphy-
sics R©, and the details of the simulations are described in section 3.3. The used 3D model
and the parameters are reported in figure 4.25a and 4.25b, respectively. The nanosphere
honeycomb lattice was modelled with a rhomboidal conventional primitive cell with a
lattice constant of a = 522 nm that corresponds to a side of the cell. In the cell, two spheres
with 100 or 150 nm diameter are placed in (0 , ±a/2

√
3) , as shown in figure 4.25b. Each

lateral face of the cell has a PBC condition with its opposite and the model has PMLs
on the top and the bottom, in the ẑ direction. The SiO2 substrate is modelled by a non
dissipative material with a refractive index n = 1.45 and a thickness of 500 nm. Instead
the medium on the top is modelled by a non dissipative material with a refractive index
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(a) (b)

Figure 4.25: (a) Representation of 3D model used for Ag nanosphere array siulation where spheres
are highlighted and mesh is shown. (b) Principal geometric parameters used in the simulation,
the sketch shows the x̂y plane at z = 75.

n = 1.33− 1.43− 1.5 and a thickness of 700 nm.
FEM simulations in FDFD have been performed in the wavelength range of 400 −

1000 nm. The incident beam is a EM plane wave with amplitude E0 = 1 V/m.
The simulated extinction spectra are displayed in figure 4.26, and they exhibit a peak

associated to SLRs. In particular, in figure 4.26a, nanospheres with diameter of 100 nm
present a LSPR at 450, 470 and 490 nm for the three different refractive indices, and for
n = 1.43 and 1.5 a SLR peak occurs at 655 and 675 nm, respectively. Moreover, in fig-
ure 4.26b, nanospheres with diameter of 150 nm present a LSPR at 430, 455 and 475 nm,
and a stronger SLR peak at 655, 675 and 705 nm, for the three different refractive indices
respectively.

This demonstrates that this type of arrays are optimal candidates to develop plas-
monic nanolasers, thanks to their strong SLRs.

(a) Diameter of 100 nm (b) Diameter of 150 nm

Figure 4.26: Simulated extinction spectra at three different refractive index 1.33, 1.43, 1.5: a
spheres’ diameter 100 nm b spheres’ diameter 150 nm.



Chapter 5

Conclusions

In this work the possibility to reach lasing emission in plasmonic nanolaser devices has
been studied. The synthesized plasmonic nanolasers exhibit amplified emission by the
coupling between plasmonic nanostructure arrays and laser dyes. Two principal plas-
monic nanostructure arrays have been investigated: gold nanodome arrays and silver
nanodisk arrays.

Au nanodome arrays and Ag nanodisk arrays arranged in a two-dimensional hexag-
onal lattice have been designed, synthesized and characterised. The possibility to syn-
thesize this type of devices in a cost-effective way and with a high-throughput technique
has been also proven. It has been shown how nanosphere sithography (NSL) represents
a powerful and reliable technique to realize high ordered nanostructure arrays based
on self-assembled monolayers of polystyrene nanospheres as lithographic masks. More-
over, the versatility of NSL combined with Reactive Ion Etching (RIE), Physical Vapor
Deposition (PVD) and thermal annealing has allowed us to develop different nanofab-
rication protocols and finely control the morphology of the nanostructures and thus the
plasmonic properties of the nanoarrays.

The optical properties of our synthesized nanostructures have been investigated in
TM mode, reconstructing the optical band structure along the high symmetry directions
ΓM and ΓK of the reciprocal space. We have thus observed an interaction between the
lattice modes and the plasmonic resonances driven by the Rayleigh anomalies. Then,
suitable dye emitters were selected in order to couple their emission with the optical
modes of the nanoarray. In addition, in order to optimize the plasmonic properties
and the local field enhancement of the metallic nanostructures, numerical simulations
by COMSOL Multiphysics R© were performed.

As expected, the interaction between dye and plasmonic structure generated an am-
plified emission. In the Au nanodome array coupled with Pyridine 2 dissolved in ethanol,
the plasmonic structure provides a sufficient feedback action to overcome the energy loss
of metal nanostructures. Consequently, a narrow amplified emission arises at 720 nm
with a FWHM of 14 nm. This amplification exhibits a threshold behaviour and the thresh-
old is at 0.9 mJ/cm2. Furthermore, the Au nanodome array has a highly directional
emission that occurs at 17◦ with an angular divergence of 3◦ and takes place along the
Rayleigh anomaly mode identified by the Miller index (−1,−1).

In order to strengthen our results, we additionally compared the properties of Au
nanodome arrays with silica nanodomes array ones and with the pyridine 2 solution
only. No clear threshold behaviour is observed in this case, even if a narrow emission
was found for the SiO2 nanodome array, at high fluences (around 1 order of magnitude
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larger) and with a broader FWHM with respect to the Au nanoarrays. Moreover, silica
nanodome array presents an amplification at the same angle of the Au one, even if at
higher pump fluence. From this comparison, we concluded that lattice modes give a
contribution to the emission directionality, while plasmonic modes provide a reduced
lasing threshold to overcome the energy loss.

We investigated also Ag hexagonal nanodisk arrays, which show a behavior similar
to the Au nanodome arrays. We found a lasing threshold at 1.6 mJ/cm2, with also a
similar FWHM. Due to the different lattice path, the emission occurs at 65◦ and presents
an angular divergence of about 14◦, broader than the previous one, due to the lower slope
in the reciprocal space of the coupled mode.

Moreover, we considered a nanolaser with a solid state gain medium for the interest
in applications and for the device integration on a chip. The laser dye Styryl 9M, suitable
for this purpose, was embedded in a PMMA film, presenting a fluorescence emission at
740 nm. When the dye-doped film is coupled with an Au nanodome array, this solid state
system presents an amplified emission at 795 nm with a threshold of 1.2 mJ/cm2 and a
FWHM of about 26 nm. The sample has also a directional emission at 24◦ and with an
angular divergence of 6◦. In addition, we have demonstrated the possibility to eliminate
the substrate, creating a self-standing device, which exhibits an amplified emission with
similar properties of that with the substrate.

Finally, in order to discern the spontaneous or stimulated nature of the emission, we
performed coherence measurements of the emitted beam. By a modified Michelson inter-
ferometer, a coherence length of about 29µm was obtained for the Au nanodome arrays
above threshold. This result demonstrated that a coherent, low-threshold and highly di-
rectional emission can be obtained by coupling a suitable fluorescent dye to a properly
designed virtual cavity realized by an ordered array of plasmonic nanostructures.

With the prospect to improve these remarkable results, by increasing monochromatic-
ity and coherence properties, we have studied the possibility to realize by NSL a suitable
nanostructure which presents plasmonic modes at the high symmetry point Γ of the re-
ciprocal lattice. Therefore, by FEM numerical simulations and optical measurements, we
have shown how Ag nanoprism arrays arranged in a honeycomb lattice could satisfy this
request.

On the other hand, the possibility of selecting different materials to be used both
for the nanostructures and for the gain medium makes the device adaptable to many
situations. It would be possible in principle to explore the whole visible range, with
the possibility of a laser emission tunable by varying for example the grating period of
the nanostructures or to make multi-color devices implementing more gain media. This
opens the way to many studies for the future, placing these devices at the center of inter-
est for new applications in many fields, including diagnosis, sensing, communications or
optical circuits.
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