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Abstract

With increasing demand for nanoscale optical deyitke ability to confine the light on
length scales smaller than those allowed by thigadifon limit of light has begun to attract
enormous interest. A possible solution to this ewbis offered by Plasmonics.

Under certain conditions, a metal-dielectric irded supports Surface Plasmons (SPs), i.e.
electromagnetic excitations strongly coupled toillzgions of free electrons in the metal.
Thanks to these excitations, electromagnetic eneagy be confined in a sub-wavelength
volume close to the metal surface. This opens epudy for a wide range of opportunities and
applications, from photovoltaics to biosensing.

The focus of this thesis was to engineer metakdiek interfaces in order to excite
plasmonic hotspots, i.e. nanometer-sized regionsrevkhe electromagnetic field is strongly
enhanced. As hinted above, this can be achievexdtyeniently meso- and/or nano-structuring
the metal surface. The properties of metal-digleatterfaces emerging from these studies are
of particular interest in the field of moleculanseng, but are also of more fundamental interest.

Different classes of devices are proposed. We estaftom digital plasmonic gratings,
studying their excitation modes thoroughly. We theaved to nanostructures supporting a
Localized Surface Plasmon Resonance (LSPR), spaltyfiplasmonic nanoantennae, which are
of special interest for the enhancement of weldglsthed sensing techniques such as SERS.
Coming to nanofocusing, we studied plasmonic wedgeswhich provide adiabatic
nanofocusingat their ridge — as well as bull's eye/Archimedesiral structures, which can
generate and focus Surface Plasmons carrying basigular momentum (OAM). Finally, we
proposed a non-trivial integration of the above-timred effects, in the form of an
Archimedean spiral coupled to nanoantenna resaator

In parallel, we collaborated with the compamyP.E. Researchto develop a new
characterization instrument, call&lipsSNOM It consists in implementing a SNOM head on a
J.A. Woollam Co. Inc. Variable Angle Spectroscopitipsometer (VASE). This challenging
task was pursued in order to get simultaneous cbuwtr the far field and the near field
properties of the structures; ellipsometry and SN@ii¢roscopy are indeed both essential

techniques to achieve a full characterization agplonic nanodevices.



Compendio

All'aumentare della richiesta di dispositivi otticii scala nanometrica, la possibilita di
confinare la luce su scale di lunghezza inferiaguelle consentite dal limite di diffrazione della
luce ha iniziato ad attrarre un enorme interess& pbssibile soluzione a questo problema e
offerta dalla Plasmonica.

In determinate condizioni, un'interfaccia metallelettrico supporta Plasmoni di Superficie
(SP), cioé eccitazioni elettromagnetiche fortemeatteoppiate alle oscillazioni degli elettroni
liberi nel metallo. Grazie a queste eccitaziominérgia elettromagnetica puo essere confinata in
un volume di dimensioni inferiori alla lunghezzaodta della luce vicino alla superficie
metallica. Questo apre la strada a una vasta gasiimapportunita e applicazioni, dal
fotovoltaico alla biosensoristica.

L’obiettivo di questa tesi e stato progettare ifatere metallo-dielettrico al fine di eccitare
hotspotplasmonici, cioé regioni di dimensioni nanometeictove il campo elettromagnetico e
fortemente potenziato. Come accennato sopra, quesioessere ottenuto meso- e/o nano-
strutturando opportunamente la superficie del rneetdle proprieta delle interfacce metallo-
dielettrico che emergono da questi studi sono dtiquare interesse nel campo della
sensoristica, ma sono anche di interesse piu foantae.

Sono proposte diverse classi di dispositivi. Sigpaotiti da reticoli plasmonici digitali,
studiando a fondo i loro modi di eccitazione. Canso poi spostati su nanostrutture che
supportano una Risonanza Plasmonica di Superfidgeallzzata (LSPR), nello specifico
nanoantenne plasmoniche, che sono di particoldezesse per il potenziamento di tecniche
sensoristiche ben consolidate come il SERS. Ven@uoi@l nanofocusing, abbiamo studiato
strutture plasmoniche tip@edgegcunei) — che fornisconoanofocusing adiabaticsulla loro
cresta — e strutture tipbull's eydspirali di Archimede, in grado di generare e foaxzlre
Plasmoni Superficiali che trasportano momento argobrbitale (OAM). Infine, abbiamo
proposto un'integrazione non banale degli effedipra citati, in forma di una spirale di
Archimede accoppiata a una nanoantenna.

In parallelo, abbiamo collaborato con la diiaP.E. Researclper sviluppare un nuovo
strumento di caratterizzazione, chiam&itipsSNOM Esso consiste nell'implementazione di
una testa SNOM su un ellissometro spettroscopido \/oollam Co. Inc. Variable Angle
Spectroscopic Ellipsometer (VASE). Questo intriganbiettivo & stato perseguito al fine di
ottenere il controllo simultaneo delle proprieta adimpo lontano e di campo vicino delle
strutture; ellissometria e microscopia SNOM sonfatth entrambe tecniche essenziali per

realizzare una completa caratterizzazione dei napositivi plasmonici.
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Introduction

The study of light and especially the interactidright with matter has always stimulated
the interest of the scientific community. Half anttgy ago, Richard Feynman was well aware
that ‘there is plenty of room at the bottgnthus paving the way for the development of
nanotechnology. Accessing the "nanoworld" unveites fact that, besides providing the well-
known electrical properties, the electron gas ibl@eanetals also determines surprisoygical
properties, arising from its interaction with hiffequency electromagnetic fields. The study of
these optical phenomena led to the developmentagfr®nics, which studies the properties of
the electromagnetic field resulting from collectisectronic excitations in noble metal films or
nanoparticles. These oscillations are commonly ¢erias Surface Plasmons (SPs) due to their
interfacial nature.

These striking properties are not manifest in edaylife. As a matter of fact, the dispersion
of SP waves propagating on a flat metal surface dietside the light cone and the direct
coupling of incident light to these waves is therefimpossible. It was the enormous progress
in nanofabrication technology which took place dgrthe 90s which allowed us to enter the
fascinating world of Plasmonics.

In my research work, | exploited these powerful afabrication techniques to design and
fabricate different plasmonic nanostructures, priisg a number of interesting and still not
completely understood phenomena. We started fromple” devices presenting well-defined
plasmonic resonances; then, we moved to more cansplectures, combining different optical
effects. The final goal was to propose efficiemtctiures for the delivery and concentration of
light into nanoscale hotspots, together with the fiontrol of its properties.

The characterization of the same structures ish@namportant issue which is worth to be
addressed; an entire chapter will be dedicatetidodevelopment of an innovative instrument

which allows a full (far- and near-field) opticdlaracterization of the devices.

This thesis is organized as follows.

In Chapter 1 we provide an introduction to someadesncepts of Plasmonics. We approach
the problem by recalling the unique optical projesrof metals and we show that the existence

of Surface Plasmons is a direct consequence o tpesperties. In particular, we discuss

Surface Plasmon Polaritons (SPPs), with a spettaiteon to their dispersion relation, and the
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Localized Surface Plasmon Resonance (LSPR), dtleetoteraction between electromagnetic
fields and sub-wavelength metal nanopatrticles.

In the following two chapters (2 and 3), we stayt donsidering two simple plasmonic
structures, supporting propagating SPPs and LS#3Rectively. These studies allowed us to get
a deep insight in the physical and material scigamoperties of different plasmonic substrates,
and we also describe their practical use for bisisgn

In Chapter 2, the first class of plasmonic struesuinvestigated during this work is
presented. It consists of gold digital gratingshdgraphed and electrolytically grown on a
substrate. We propose a full analysis of this stine¢ discussing the different kinds of
supported plasmonic resonances thoroughly. Aftat, the present a published work in which
we designed, fabricated and characterized suclasampinic grating for SERS, optimized for
concentrating electromagnetic radiation insidedtits.

In Chapter 3, we address another kind of plasmsulixstrate, i.e. hanorod-shaped antenna
arrays; their localized resonance was once agdgiloigad for SERS. We discuss the parameters
affecting the resonance, in order to define pregisdelines for the design of our nano-material.
We also address in detail the materials and faliwitastrategies which were chosen for the
optimization of the structure, in order to obtairelldefined and reproducible plasmonic
nanoantenna substrates. The recently started ooditiin with Politecnico di Milano about
exploiting these structures for Surface Enhancedhe@mt Antistokes Raman Scattering
(SECARS) will also be briefly described and prehaniy results will be shown.

Nanofocusingis the delivery and concentration of light at @lscsmaller than the limit
imposed by diffraction. It gives the title to thigesis and it is with this topic that we deal ie th
chapters from 4 to 6. In the framework of this the# can be considered a further step with
respect to the simple resonances described inrthaops chapters, since it enables a true and
controlled manipulation of the properties of lighthe nanoscale.

In Chapter 4 we discuss a wedge-shaped structuiehveémables nanofocusing of SPPs at
the ridge. As will be discussed in detail, thiskiaf nanofocusing principle belongs to the
family of adiabatic nanofocusing [1]. The advantage of the proposedctsire lies in an
extremely simple and scalable nanofabrication mecevhich allows in particular to obtain
extremely low curvature radii at the tip. We nuroally and experimentally demonstrate that
this configuration can be exploited for enhanciragran signal and we perform accurate near-
field characterization.

In Chapter 5, we explore the optical propertiesaafew class of structures that has been
object of great attention in the Plasmonics comityuery recently. It is th@lasmonic Vortex

Lens(PVL) structure [2], which consists in a spirat-aircular-shaped grating made of grooves
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milled in a gold slab. The interest around thisdkad chiral structures stems from their ability to
couple impinging circularly polarized light to SR®ssessing a non-zero orbital angular
momentum (OAM), also termed Plasmonic Vortices (PV the same time, the structures
focus the coupled Plasmonic Vortex towards thentew® acting as lenses; therefore, they are
often referred to as Plasmonic Vortex Lenses (PVE&sgh a class of structures opens up new
possibilities for sensing and/or TC applications.

The possibility to achieve full optical charactetibn of plasmonic structures, with many
degrees of freedom, is of fundamental importancenngroposing new plasmonic devices. That
is the reason which drove us to start a projech witP.E. Research, a well-known company
located in Trieste, which produces and develops -Bgid microscopes (AFM, STM, SNOM),
with a peculiar attention to research. The ainhefproject was to design a custom SNOM head
to be mounted and interfaced with a pre-existitigsgmeter.

In Chapter 6, we describe the whole project, whigs carried in the framework of the
PLATFORMS project. The combined system was calligdgSNOM and it allows performing
coupled near- and far-field measurements, as welparticular and easy-to-setup SNOM
characterization. Such an instrument has never tescribed in literature or industry, and it is
very promising since it allows to completely deserand investigate the optical properties of

plasmonic surfaces and devices.

In Appendix 1 we give an overview of the fabricatiand characterization techniques which

were use throughout this thesis, with particulgiard to Electron Beam Lithography.
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Chapter 1

The striking optical properties of metal-dielectric interfaces: an

introduction to Plasmonics

1.1 Introduction

Metal-dielectric interfaces show unique optical pedies. One of the most striking
phenomena encountered in these systems are elagmetic resonances termed Surface
Plasmons (SPs). Using a term borrowed from PhySiadace Plasmons can be described as the
eigenmodesof this metal-dielectric interface, in the sendattthey arise as (evanescent)
solutions of Maxwell’'s equations at the interfafdasmonic modes exist in a number of
geometries and metals, among which noble metals asigold and silver are the most common
[3, 4, 5].

The interaction of metals with electromagnetic atidn is largely dictated by the free
conduction electrons in the metal. Under certamtucnstances, light can excite collective
oscillations of the electron gas, giving rise eaith@ propagatingor localized plasmons. It is
worth noting that the existence of SPs is charmtierfor the nanoscale at optical/NIR
frequencies. A similar behavior cannot be simplyroeluced in other spectral ranges using the
scale invariance of Maxwell’'s equations, since thaterial parameters change considerably
with frequency. The study of Plasmonics then fiteithe long trail of scientists' efforts to
understand and manipulate the interaction betwighn &nd matter, a story that goes back in
time to Newton.

Plasmonic surfaces range from corrugated surfacgsnderfaces to nanoparticles. In these
systems, SPs can give rise to strongly enhancecabpear-fields which are spatially confined
to the interface. In the case of a small sub-wangtle particle, the overall displacement of the
electrons with respect to the positively chargdticka leads to a restoring force, which in turn
gives rise to extreme local charge accumulatiomistians by strongly enhanced optical fields.

The interest in plasmon modes dates back to thimfiieg of the 20th century [6, 7, 8], but

recent advances in structuring, manipulating andeobing on the nanometer scale have
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revitalized this field. Even though these technwmalyadvances were at first driven by an
increasing demand for semiconductor based intefjyragkectronic components, optical
applications are now receiving increasing attentldowadays, plasmons are one of the most
promising strategies exploited in bio-molecule seng9], and they are seen as one possible
route in the development of sub-wavelength opti€s.[

In this Chapter, after a short historical overvieve recall the unique optical properties of
metals that lie at the basis of their plasmonicabvedr. We show in particular that metals
support electromagnetic surface waves that we sladlliSurface Plasmon Polaritons (SPPs).
We will discuss the dispersion relation of SPPewshg that they cannot be directly excited by
free-space light, and we will introduce some comrooupling methods. Then, we will discuss
another kind of plasmonic resonance, the Local&edace Plasmon Resonance (LSPR), which
is due to the interaction between electromagnids and sub-wavelength metal nanoparticles.
Finally, some of the techniques used for the diete@nd characterization of plasmons will be

presented.

1.2 Timeline of Plasmonics

Plasmonics as a field of science and technologpi®lder than a couple of decades. Yet its
origins lie in the turn of 20th century (1899-190%)hen Sommerfeld theoretically studied
electromagnetic waves on metal wires [11, 8], eetng surface modes which are
electromagnetically equivalent to SPPs, and hidestuZenneck proposed a presented a paper
on planar surface electromagnetic waves [6]. Insdree period, Gustav Mie established a clear
mathematical foundation on scattering of light oralt spherical particles [7].

It was also in those years that Wood illuminatednatallic diffraction grating with
polychromatic light and noticed narrow dark bandthe spectrum of the diffracted light, which
he referred to as anomalies [12]. Lord Rayleighgested a physical interpretation of the
phenomenon [13], but it took several years untitd-fL4] associated these anomalies with the
excitation of electromagnetic surface waves ondifieaction grating and realized that they
were a special case of the waves first suggestetbbyeck and Sommerfeld.

In 1957, Ritchie related the electron energy lossnietal thin films to the excitation of
collective oscillation in the electron plasma [HBld the experimental verification followed two
years later by Powell and Swan [16, 17]. Furtheegtigation was performed by Stern and
Ferrell, who introduced the term “Surface Plasmdios'the quanta of these surface collective

oscillations [18]. In 1958, experiments with methhs on a substrate [19] again showed a large
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drop in optical reflectivity, and ten years latke texplanation and repeated optical excitation of
SPs were reported by Otto [20] as well as Kretsetmzand Raether [21].

In 1967 Teng and Stern [22] illuminated a diffraatigrating by varying the angle of
incidence of incoming radiation, obtaining peaksatl-defined angular positions. Using this
information, they were able to determine the SPRewaector parallel to the surface of the
grating and hence the dispersion curve could beethput.

Intense research on Plasmonics began in the 188@hemists began to exploit the striking
properties of Surface Plasmons for the enhancem&maman spectroscopy [23]. Surface
Enhanced Raman Spectroscopy (SERS) [24, 25, 2&}visprobably one of the most winning
applications of Plasmonics. Finally, the flowerin§ nanotechnology over the past decade
brought about a proliferation of techniques forrfediting structures at the nanoscale - exactly

what Plasmonics needed to progress from laboratmigsity to practical applications.

1.2  Optical properties of metals: an overview

1.2.1 The dielectric function

The response of a material to electromagnetic tiadiazan be described in general by a

complex dielectric functiom, related to the (complex) refractive index ﬁy=\/§ [27]. For a
dielectric medium like glass, the refractive indexoptical frequencies is nearly constant and
predominantly real (for glass, it is around 1.5@r Fnetals instead, we cannot speak of a
dielectric constant but rather of a frequency-degendielectric functione(w) and different
frequency regimes can be described. In the lowufraqy regime, metals are highly reflective
and do not allow electromagnetic waves to propathmtaigh them, as we know from everyday
experience; for this reason, metals are traditlgreahployed as cladding layers for waveguides
and resonators. We say that they act like perfegbod conductors, i.e. they can be described
by means of an infinite or fixed finite conductiyitwith a negligible fraction of the EM wave
penetrating into the metal. In the visible part tbé spectrum, however, this penetration
increases and leads to more loss. As we approadidhpart of the spectrum, metals converge
to dielectrics and become transparent after aioeftaquency threshold, albeit with varying
degrees of attenuation, depending on the detaileeoglectronic band structure. These optical

properties are determined mainly by the fact thatlie conduction electrons can move freely
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within the bulk of the material, and (2) interbagxtitations can take place if the energy of the
photons exceeds the band gap energy of the metal.

The dielectric function enters Maxwell’'s equati¢®8] in a medium and it can be shown [4]
that it is related to the conductivity of a metaiough

&(w) =1+M (1.2)
E,w

It is worth noting that equation (1.Igflects a certain arbitrariness in the separatbn
charges into bound and free sets. At low frequene{e) is usually used for the description of
the response of bound charges and it is relatéldetaoncept of polarization, whitedescribes
the contribution of free charges to the currenwfldAt optical frequencies however, the
distinction between bound and free charges is édurr

In generalg(w) is a complex numbes (w) = ¢, (w) +i€, (w) and is related to the complex
refractive indexn = n+ ix by

g =n"-k> (1.2)
&, =2nk (2.3)
o & 1 5
n _E+?/€1 +&, (1.4)
K:% (1.5)

The imaginary partx of the refractive index is called thextinction coefficientand

determines the optical absorption of electromagnetives propagating through the medium.

1.2.2 The Drude model

Over a wide frequency range, many metals can bé aexcribed by a simple model
developed by Drude [29], where a gas of free adastiof humber density. moves against a
fixed background of positive ion cores. Detailstié lattice potential and electron-electron
interactions are not taken into account, but sommaracteristics of the band structure are
incorporated into the effective optical massof each electron. The electrons oscillate in
response to an applied electromagnetic field aeg #tatter with phonons, electrons, lattice

defects or impurities. Thus, their motion is dampeth a common average relaxation time

17



usually, the damping is described via the collidi@guencyy = 1/. At room temperature, is
of the order of 10 fs, which corresponds te100 THz.

The equation of motion of such a system can baemriaismX + myx = — &, whereE is

the external electric field. If we assume a harmdithe dependence &, we can solve the

equation obtainingx(t) =;_E(t) [30]. Then, using the constitutive relations of
m(w2 +i yw)
electrodynamics we arrive at
or
£(w)=1-——"—
(@=1- 7w (1.6)
_ n€ o o
where @, =, |[—— is the plasma frequency. The real and imaginarispz the dielectric
0
function are
Wir?
&(w)=1-—"—— 1.7
l( ) 1+CL)2T2 ( )
WT
& (w)=——"—— (1.8)
)= e )

We can distinguish two frequency regions:

a) if o is larger than,, £(w) is positive and the corresponding refractive indés a real
quantity. This is the so-called “transparency regjim

b) if @ is smaller tham,, ¢(w) becomes negative amds imaginary, which implies that an
electromagnetic wave cannot propagate inside tlidume It is in this frequency region

that metals retain their metallic character andm¥eimit ourselves to this case.

For metalsm, typically lies in the ultraviolet region, so thesible part of the spectrum falls
in the latter case: that is why metals are shird/glittering at visible frequencies.
If we consider “large” frequencies closedg howeverg(w) is predominantly real, and we

get

_1_0.)[2) 1.9
£(w)= = (1.9)
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This equation can be interpreted as the dieleftiiction of the undamped free electron
plasma. In a first approximation we will use thigpression when discussing Surface Plasmons.
Figure 1.1 plots the real and imaginary part of dieectric function of a Drude metal. We

note that the real part is negative over the \esibhge where < .
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Figure 1.1 Real and imaginary parts of the dieledtrnction of a Drude metal, with the frequency regsed in

terms of the plasma frequeney.

1.2.3 Noble metals

At high frequencies, the Drude model describesésponse of most metals less accurately,
due to the presence of interband transitions [BBis happens down to visible frequencies for
noble metals such as gold and silver. For thesalmedn extension to this model is needed,
since the filledd-band close to the Fermi surface causes a highbriget environment. This

effect can be described by a dielectric constgnfusually 1< g, < 10), and we can write
elw)=¢, ——5—"— 1.10
(@)=~ e (1.10)

This correction helps, but is still not enough &scribe the experimental data correctly. This
is particularly true for the imaginary partagto) where the contribution of electrons from the
band is crucial. Therefore, the real and imaginaayts ofe(w) which shall be used in the

simulations are taken from experimental (ellipsoy)edata.
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Figure 1.2 Real and imaginary parts of the dieledtrnction for gold (a)-(b) and silver (c)-(d). Tegperimental
data together with the measuring uncertainty hasntiaken from Johnson and Christy [31].

One last remark can be extrapolated from the pégerted in Figure 1.2. It can be seen that
the metal that exhibits the smallest absorptionlavhaving a large and negative real part of
¢(w) throughout the visible and NIR frequency regimeg, while Au is a good alternative in
the NIR. This fact will be taken into account latghen choosing the proper materials and

experimental conditions.

1.3 Surface Plasmon Polaritons at a metal-dielectriinterface

1.3.1 The dispersion relation of SPPs

As we said in the introduction, Surface Plasmomescallective electron oscillations existing
at metal-dielectric interfaces. When SPs are cauplgh electromagnetic energy, they are
called Surface Plasmon Polaritons (SPPs). SPPsrapagatinglight waves that are bound to
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and guided along a metal-dielectric interface amddifferent from Localized Plasmons which
will be discussed in Section 1.5

SPPs are evanescent modes, i.e. the amplitudee @RI field decays exponentially away
from the metal surface. Thus, they are confinedhatinterface, where the electromagnetic
fields are highly enhanced.

The equation that describes the behavior of SPPhel dispersion relation, i.e. the
relationship between the angular frequency andlang wave vector dép The dispersion
relation can be easily obtained from Maxwell’s dores, introducing some hypotheses which

shall be discussed here briefly. For a completavatgon we refer to [4].

1. We consider the planar interface of two semi-itdinoptically isotropic, homogeneous,
non-magnetic media.
This allows to combine the Maxwell's equations inmeedium straightforwardly,
yielding the well-known wave equation. We choose itlterface to coincide with the

plane z=0 of a Cartesian coordinate system, asls@tinFigure 1.3

ropagation direction)

Figure 1.3 Sketch of the SPP-sustaining surface.

2. We assume in all generality a harmonic time depeoel®f the electric field
This turns the classical wave equation into thentheltz equatiom2E+k02£E =0,

where k=w/c is the wave vector of the propagating wave icuvan.

3. The dielectric profile(r) depends only on one spatial coordinate: ¢ (z).

! The difference lies in the boundary conditiond gtell be applied in the two cases. More in gdnera
these boundary conditions allow us to distinguistwieen bulk, surface and particle plasmons.
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With this assumption the wave equation for the rfate mode becomes
0°E
0z°

4. We are looking for interface waves that propagdtmg the interface in x and show no

+ (£k§ - kszpp) E =0. An analogous equation exists for the magnetld fi&

spatial variation along the perpendicular in-pladizection y

0 .
These conditions imply respectivngk=lkSPP andai=0; with these requirements
X y

we can easily solve the wave equationHandH. It can be demonstrated that two sets
of self-consistent solutions exist, namely TM (9mpodes, having only £E, and H
being nonzero, and TE (or s) modes, with onlyH and E being nonzero.

5. We are looking for bound solutigrise. with evanescent decay in the z direction.

This implies a dependence_‘kZ‘M for the fields in both media, where Is the z

component of the SPP wave vector. The spatial senfent of the plasmonic mode can

be quantified by = %@I .

6. We impose continuity boundary conditions at therfate

k £
For TM modes this yieldsz—'1 =—-=2 where 1 and 2 denote the two media. It means

z,2 1
that if one of the media is a dielectric with aléagric constant,=¢q, the real part of the
dielectric function of the material in the othelfkfgpace must b&ele(®)]<0. As we
have seen in the previous section, metals, especiable metals such as gold and
silver, do have a large negative real part of tleéedtric constant. Therefor8PPs can

exist at the interface between a noble metal anddielectric.
Imposing that the magnetic field, Kfor TM modes) satisfies the wave equation, we @nd

withk,; =4/ Kiop— €K, withi=d, m. It can be shown that SPPs are only possible fbwaves.

With these conditions, the famous explicit exprasdior the SPPs dispersion is obtained

straightforwardly:

W | E4&n (@)

kspp(w): c\ e, +£m(w)

(1.11)

In the following we will omit the frequency depemade for simplicity. The dispersion is

plotted in Figure 1.4, assuming a Drude modekfor
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Figure 1.4 SPP dispersion for a single metal-digtemterface.

The dispersion curve approaches the light lisreck) at small values ofdkp (ky in the plot),
but always to its right, i.e. it has larger momentthan that of free space light for a given
frequency. This means that SPPs cannot be exgjtsdriply illuminating a flat metal-dielectric
interface with a plane wave; special coupling tegixes are required, as shall be discussed in
the next section. For these wave vectors, the waxesnd over many wavelengths into the
dielectric space and the corresponding SPPs avekatsvn asSommerfeld-Zenneck wavés
large values of 5 the dispersion curve approaches a certain freyydémown as the Surface
Plasmon resonance frequenoyr , which occurs when Reg[] = -g4. At this frequency, the
group velocity of SPPs approaches zero and thatderfi®ptical states diverges (in real metals,

it only reaches a finite value due to the metad)os

1.3.2 The length scales of SPPs

So far, we have not discussed the role of the ingagiparts of k-pand k. These imaginary
parts account for the losses in the media and dktermine the characteristic length scales of
SPPs [32]:

» SPP wavelengthspp= 2t/Re[kspd;

» SPP propagation length. = 1/[2- Im[kspd];

* SPP penetration depth in dielectrig = 1/Im[k; o;
» SPP penetration depth in metal, = 1/Im[k; .
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In Figure 1.5 (b), the four length scales for gilgad gold are reported; the permittivities are
taken from literature [33]. Besides, the real amdginary parts of the SPP dispersion relations
are plotted in Figure 1.5 (a); their knowledge &Hoto calculate the aforementioned lengths.
We notice that they present a back bending andSarshape aroundse. As a matter of fact,
although the SPP wave vector tends to divergeofes wsp, its maximum value is limited by
losses in metal, accounted in the complex-valyeds can be seen in Figure 1.5 (b), the scales

go from few nanometers féy, to hundreds of microns for L.

Ag. Au SPP dispersions
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Figure 1.5 (a) Single metal-dielectric SPP dispersiurves in case of gold and silver, dielectriostants are
taken from literature [33]; (b) SPP characteriddngth scales; (c) SPP,Hield in case of silver and vacuum

wavelength,;=590nm.

The SPP wavelengthspp is relevant from a practical point of view, sinités the length
scale to which we have to compare the structuresha# design and fabricate. As can be seen
in Figure 1.5 (b), it keeps slightly lower than wam wavelength across the whole frequency
range. It is worth noting that, when the overlyitiglectric is not air/vacuum but some other
medium,sppWill be reduced in proportion of the refractivel@x.

The propagation length, L, is also important inctice, since it sets an upper limit on the
size for SPP photonic components or waveguidedinite value is due to the complex nature

of & which results in a complex SPP propagation constgr We note that L is much larger
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thanispr Although it is possible to reach much higher Lthe IR range, one should take into

account that the increased propagation lengthttseagéxpense of field confinemeijt

1.4  Excitation of SPPs by light

As already pointed out, the fact that the SPP déspe curve lies to the right of the light line
means that light impinging on the interface froma thelectric cannot couple directly to the SPP
modes. The wave vector mismatch between SPPs dratioa thus needs to be overcome in
some way. In the following, we will descrilpgism couplingandgrating coupling since they

will be exploited in this thesis.

1.4.1 Prism coupling or Attenuated Total RefleciidinR)

This method exploits the phenomenon of total irgkeraflection in a dielectric with a higher
refractive index than the one which shall sustam $PP. Typical ATR setups are shown in
Figure 1.6 (a) and (b) [3]. Configuration (a) idled the Kretschmann-Raether setup. The high-
refractive index medium ¢his a prism, combined with a thin metal film antbwer refractive
index () dielectric. The working principle can be undeostdy looking at Figure 1.€), in
which we report the light lines in the prism ane@ tthielectric and the dispersions of silver-
dielectric and silver-air SPPs. Thanks to the highvesm refractive index, the dielectric-metal
SPP dispersion lies to the left of the light linghe prism and momentum matching is therefore
possible for some impinging anglésaccording to the relation

ko Sin@) = ke = o, |20 (112
En(w)+1

In conditions of total internal reflection illumitian (where total internal reflection is
intended between the prism and the lower index umajJi an evanescent wave can tunnel
through the prism/metal film and reach the loweateix dielectric, where it may excite SPPs.

This wave has enough momentum to efficiently cotplmetal-air SPPs.
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Figure 1.6 ATR coupling schemes, Kretschmann-Raég#)esnd Otto (b); (c) SPP dispersion relations etain

air and metal-prism interfaces compared with ligtes in the two dielectrics.

An analogous mechanism is exploited in configuratd Figure 1.6 (b), also termed Otto

configuration. In this case, the prism is kept aub-wavelength distance from a metal slab, in

order to allow near-field coupling.

1.4.2 Grating or diffraction coupling

Another technique to optically excite SPPs is bamedhe diffraction of incident light by a
metallic grating [3, 4, 34], sketched in Figure (by. Some diffraction orders can couple to an
SPP if the momentum of the diffracted light palatie the surface equals the propagation

constant of the SPP:

K, + NG =K gpp (1.13)

being k, the component of the wave vector of impinging tiglrallel to the surface and

G :ZF]TIZX the reciprocal lattice vectod (being the period for 1-dimensional gratings). The

process can be visualized in Figure @@). The yellow region is the light cone. Withoutya
periodic modulation, only the single-interface SR$persion curve is present (thick solid lines).
In presence of a (shallow) modulation, instead tiplels of the grating crystal vect@ sum up

to the impinging light parallel momentum, allowit@ match the required SPP momentum. In
an equivalent view, the SPP dispersion curve iteshby multiples ofG. Some portions of the

“diffracted curves” then fall within the light coralowing SPP coupling.
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Figure 1.7 Scheme of the grating coupler workiriggiple.

We point out that this is a good approximation omlypresence of shallow gratings. The

presence of a relevant surface modulation will iseu$sed in Chapter 2.

1.5 Localized Surface Plasmon Resonance in metalmaparticles

When a metallic nanoparticle is illuminated by whiight, the plasmonic resonance
determines the color we observe [35]. This effeets wvell-known, even if not physically
understood, by artist in the Middle-Age, who inamaded tiny gold and silver particles in the
stained glasses of church windows to create tlegintiful lustrous colors. Another very famous
example dates back to antiquity — a Roman cup rmadeéchroic glass illustrating the myth of

King Lycurgus [36].
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Figure 1.8 Color effects of LSPR in metal nanopaticl(a) Scheme of the particle resonance excitaftpn
Nanoparticles of various size and shape in solughoto by Carsten Sénnichsten, http://www.nanotbeas.de).
The spectral position of the LSPR determines thewol(c) Stained glass window in the Cathedral ofaii seen
from the inside, and (d) top view of the Lycurgus chighlighting the different color observed ifieetion (reddish)

and in transmission (green). These artistic effectsdue to dispersions of metallic nanoparticteslloys.

This resonance is physically different from the ome have described so far, where
propagatingplasmons were traveling on an infinitely extendeetal surface acting as a SPP
waveguide. In a finite-sized system, a non-propgagat.ocalized Surface Plasmon Resonance
(LSPR) is observed. The electrons at the partinitase, driven by external fields, are subject to
a restoring force exerted by the curved surfadbebparticle. Therefore, the system can be seen
as a forced and damped oscillator and the typesdrrance effect occurs. For gold and silver,
the peak falls in the visible range.

As we will discuss in the following, the simplesSER is the dipole mode of a metal
nanoparticle, which has been widely studied andogegl in many applications. Among these,
biosensing is probably the most important, sincenethe slightest change in the dielectric
surrounding leads to a detectable shift of therr@soe energy.

Before discussing the LSPR, we highlight some difiees between that and SPPs.
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Surface Plasmon Polaritons Localized Surface Plasmons

Propagating and dispersive waveps Non-propagatinigetions
Need of coupling strategies Can be directly exdigdree space light
1d sub-wavelength confinement 3d sub-wavelengtiirmement

The excitation strongly depends o

=

No angular dependence

the angle of incidence

Table 1.1 The differences between Surface Plasmtari®dns (SPPs) and Localized Surface PlasmonBg)L.S

In the beginning of the 20th century, Gustav Midved Maxwell’s equations for an
electromagnetic wave interacting with a sphere When applying the correct boundary
conditions, calculations gave a series of multipzdeillations (dipole, quadrupole, ...) for the
extinction and scattering cross section of theigaras function of particle radius.

For particles significantly smaller than the frggee wavelength of the incident light, the
fields can be considered constant over the panmlieme at any instant in time; this assumption
is called thequasi-staticor electrostaticapproximation. In this regime, only the low-order
modes contribute to the extinction and resonanéectsf can be determined by finding the

electrostatic potential for a given geometry aneladitric constant. In formulas, we look for

solutions of the Laplace equatioh® =0, from which we will then calculate the electrield
E=-00.

For simplicity, we consider a spherical nanopagtiof radiusa, as sketched in Figure 1.9.
We denoteg(w) and gy its dielectric function and the dielectric constan the (dielectric)

medium where it is embedded, respectively. Thetrgtefteld on the particle can be considered

static, E=E,Z.

g(w)

&

Figure 1.9 Sketch of the LSPR system.
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Exploiting the symmetry of the system and applyimg boundary conditions at— o and

r = a, we obtain [28]

3¢,
O =-— 8 1.14
in gm(a))+2£d E,rco ( )
®, =-E,rcosd+ £n (@) =24 Tl (1.15)
&, (w) +2¢, r

We notice thatd;, is constant inside the particle, whidg,, is given by the superposition of
the applied field and that of a dipole locatedhat particle center. This physical interpretation

allows us to rewrit&,, by introducing the dipole momept

p [d

®  =-Ercosf+—-
out 0 ATE £, r°

(1.16)

E\w)—¢
With p=4m0£da3@Eo. We can thus say that the applied field induces a
&, (w) +2¢,

dipole moment inside the sphere, proportional gh Mow, if we introduce the polarizability,

defined byp = £,6,aE,, we can finally write

(1.17)

It is clear that the polarizability experienceseaanance wheg (o) + 2&4 is @ minimum,

which, if Im[e(w)] is small or slowly-varying around the resonanoceans
Re ¢, (w)]=-2, (1.18)

We immediately notice that quasi-static resonameguencies are independent of particle
size, while they strongly depend on the dieleatdostant of the environment, besides of course
on the metal itself. Therefore, a gold or silvertigke can be used as a sensing element, since its
resonance will shift upon local dielectric changes. due to the specific binding of certain
ligands after chemical functionalization of the tigde surface. Equation (1.18) is called the
Frohlich condition and is associated to the dipotale of the LSPR. Figure 1.10 shows plots of

the termM

, proportional to the polarizability, for two metals (Ag and Au) and for
&, (w) +2¢,
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different dielectric media (air, water, glass). Tti@a are taken from F.J. Garcia de Abajo,

http://nanophotonics.csic.es/static/widgets/epshriatml

35 r :
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Figure 1.10 Plot of the terr@g—m(%%, proportional to the polarizability, for (a) Ag and (b) Au nanoparticles
m d

in three different media: air/vacuum (n=d4=1, blue curves), water (n=1.38;=1.77, green curves) and glass
(n=1.523,64=2.32, red curves). A red shift is observed agéfiactive index of the dielectric medium increadd®
also notice that the resonances for Au are redeshifviith respect to the same resonances for Agy: fillein the
green spectral region (energy: 2.2-2.3 eV, wavéleris0-550 nm), while the Ag resonances fall ia tolet/UV

region. This explains the bright red color of Anoparticles observed in transmission.

We notice that the polarizability of an Au nanogsgh# the considered dielectrics has a
maximum at an energy between 2.2 and 2.3 eV, qwrelng to the wavelengths of green
(520-550 nm). That is why Au nanopatrticles in traizsion show the characteristic reddish
color also observed in the Lycurgus &up

At resonance, the field is strongly localized n#r surface of the particle. An interesting
feature is that the electric field inside the metis homogeneous, as was already pointed out.
For metal particles this is an unexpected ressltya know that electromagnetic fields decay
exponentially into metals. Consequently, the qgstalic approximation is only valid for
particles that are smaller in size than the skptldef the metal. For larger particles, size-effect

are expected and the resonance depends on theepsize.

We now briefly discuss how the theory describedvelman be generalized.

2 Actually, in the Lycurgus cup the colloidal nandjides form a gold-silver alloy.
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1.5.1 Oscillating fields

We must now consider spatial retardation effectsrdtie particle volume. Under plane-

wave illumination with E(r,t):Eoe‘i“‘, the fields induce an oscillating dipole moment

p(t) = £,6,0E 7, with a given by the electrostatic result. The radiatiéithis dipole leads

to scattering of the plane wave by the sphere, hvbén be represented as radiation by a point

dipole.

1.5.2 Non-spherical particles

We consider an ellipsoid with semiaxes < a < a. In this case we obtain three

polarizabilities for the three axes, given by (L, 2, 3) [37]:

gm(w) —&y
3¢, +3L, (£, () - 2,)

a; = 47,8, 3 (1.19)

WhereL,; is a geometrical factor dependinga@na,, az and such thgt; L; = 1 (for a sphere
L; =3 Vi),

A special case is that of spheroids (ellipsoidsifiwo axes of the same length), that
exhibit two spectrally separated plasmon resonancesesponding to oscillations of its
conduction electrons along the major or minor axespectively. The resonance due to
oscillations along the major axis can show a sigaift spectral red-shift compared to the
plasmon resonance of a sphere of the same volumss, plasmon resonances can be lowered
in frequency into the near-infrared region of thearum using metallic nanoparticles with
large aspect ratio. Lithographic nanorods whichwik discuss in the next chapters show a
similar behavior, with two distinct peaks, one doi¢he excitation of a plasmon mode along the
long axis of the patrticle, the other correspondinga plasmon along the short axis. For the
longitudinal excitation, the field-induced chargese separated over a larger distance with
respect to a sphere with the same volume. Thernegtforce is thus smaller and hence the

resonance frequency is red-shifted. This issuebegiladdressed in more detail in Chapter 3.
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1.5.3 Non-homogeneous surrounding medium

This is the case, for example, of lithographic ioles, which are fabricated on a substrate
having, normally, an higher refractive index thdre tother half-space (usually air). The
electromagnetic fields in such an asymmetric emwvitent are different than for a nanoparticle
in an homogeneous and isotropic medium, and thenaese can exhibit strong shifts. We

distinguish two cases:

DIELECTRICS [38, 39]: In the presence of a dielecsubstrate, the nanoparticle plasmon
can couple to its image of surface charges in teledtric, screened by the facteg ¢ 1)/(es +
1), whereg; is the permittivity of the substrate. Dielectrigih a larger permittivity give rise to
a stronger “image” and larger interactions. Theeddffis a hybridization of the multipolar
plasmon modes of the nanoparticle. However, theraction is usually modeled as an effective

refractive index embedding the nanostructure.

METALS [40, 41, 42, 43]: In this case, we have rarggly coupled plasmonic system, with
hybridization of LSP of the nanoparticle and thePSPf the extended metal. The observed
energy shift contains both image-like contributiomesulting from the interaction of the
nanoparticle plasmons with their images in the imetad hybridization shifts, resulting from
the dynamic interaction between the plasmon mot@lem peaks are actually present, which
eventually degenerate in a single peak, with a Bhape broader than the single particle

resonance.

1.5.4 Particle chains

When two or more LSPR-supporting particles are qiasufficiently close to each other
(interparticle distance << X ), interparticle coupling occurs, leading to shiiit the spectral
position of the plasmon resonance compared to #%& of an isolated particle. For small
particles, these interactions are essentially pbldr nature, and the particle ensemble can in a
first approximation be treated as an ensemble tdracting dipoles. For closely spaced
particles, the particles interact predominantlythiair near-field. The direction of the resonance
shift can be intuitively understood by consideritgg Coulomb forces associated with the
polarization of the particles. As sketched in Fegur.11, the restoring force acting on the
oscillating electrons of each particle in the chairither increased or decreased by the charge

distribution of neighboring particles. Depending thie polarization direction of the exciting
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light, this leads to a blue-shift of the plasmosamance for the excitation of transverse modes,

and a red-shift for longitudinal modes.

(@)

(b)

Figure 1.11 Schematic of near-field coupling betwemetallic nanoparticles for (a) transverse and (b)

longitudinal polarization with respect to the peldichain.

For such chains of closely-spaced particles, strielg localization in nano-sized gaps
between adjacent particles has been observed §ddfjesting that these system may be good
substrates for SERS.

For larger particle separations, far-field dipolemupling dominates, with a distance
dependence of U A detailed description of the properties of coexpimetal nanoparticle

systems can be found in [45].

1.6 Revealing Plasmons

Different techniques have been used to reveal Saiffdasmons; here we give an overview
of the ones which shall be used in this thesis. drandetailed description of the specific

instrumentation used is provided in Appendix 1.

1.6.1 Surface Plasmon Resonance - SPR

In a typical SPR experiment, a light beam with aae wavelengthih is shined on a
plasmonic substrate and the reflected intensity éasured as a function of the angle of
incidenced [46, 9]. Let us consider the case of a shallowatthetgrating. If ap-polarized light
beam is shined on the surface, it will be almosfeutly reflected if no SPPs are excited.
However, if the resonance condition is met and taplasmon excitation is set up, a sharp drop
of the reflectivity will be observed, since the @temagnetic energy couples to the surface

wave and is therefore not radiated back in thdiédd- In general, the successful excitation of
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SPPs can be deduced from a decrease in the igtehsitreflected (or transmitted) light beam;
beside the “angular interrogation” described abawewavelength interrogation” (fixed,
spectral scan) can be adopted. In this thesidjeflgrmeasurements were usually taken using a

spectroscopic ellipsometer, described in Appendix 1

1.6.2 SNOM

To achieve a direct visualization of the plasmoekcitation, the system must be studied
with sub-wavelength resolution, which is not achigle with a conventional far-field
microscope. A powerful technique to do thatSsanning Near-field Optical Microscopy
(SNOM), in which a sharp tip, usually a taperedagbtfiber, is brought in close proximity of
the plasmonic substrate under study and colleattopk by coupling the evanescent near field
above the surface to propagating modes insiddlibe[#7, 48].

The near-field optical tip is often metalized a¢ #nd in order to suppress the coupling of
diffracted light fields. The resolution of this tedque is limited by the size of the tip aperture,
which can reach dimensions of only 50 nm. With teishnique, it is possible for instance to
measure the SPP propagation lengths and in-plamfénement, thus highlighting the trade-off
between the two [49, 50, 51]. This technique isdudgoughout this thesis and Chapter 6 is
specifically dedicated to the development of aa@usENOM head.

1.6.3 Fluorescence

Fluorescent emitters such as molecules, quantus) dotare earth ions can be placed in a
dielectric host close to metal surfaces suppoi&R&s. If the frequency of the propagating SPPs
lies within the broad spectral absorption bandhef ¢mitters, they can be excited via SPP and
emit radiation to the far field. This can be cadlégtin a microscope to serve as a measure of the
local SPP intensity that is responsible for exgitine emitters. Therefore, SPP propagation on a
metal-air interface can be mapped, even if not sith-wavelength resolution [52]. Of course,

care must be taken to counteract non-radiative cueg.
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Chapter 2

Plasmonic resonances on digital gratings

2.1 Introduction

We have already pointed out that Surface Plasmarnat be excited by directly
illuminating a flat surface, due to their non-radia nature [3, 4]. We have overviewed the
different strategies which are possible to overcdhig limit; one of these is to pattern the
metal-dielectric interface with a diffractive grragi of periodd [3, 4, 34]. In this way, one of the

diffraction orders of the grating may couple tolasmponic mode according to (1.13), explicitly

£ +&,(w)

k,SinG+nG= k., = I@D( MJ 2.1)

wheren=1,2...,a is the angle of incidenc&=21vd the reciprocal vector of the latticke, =
wl/c the vacuum wave vector of the impinging wave. Wimple description, however, holds
only as long as the grating can be considered d peraurbation of the flat metallic surface. If

the grating is thicker, the response can be mamgptax.

Figure 2.1 Sketch of the 1D digital metallic gratistructure. In our structures, a gold grating fedsicated on a

transparent glass substrate with a 100 nm —thi€kl&yer.
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As the starting point of this thesis work, we wahte study the optical response of a 1D
digital metallic grating on a dielectric substratuch a structure can be described as a
nanomaterial which is uniform in one dimension, g-girection in Figure 2.1, and periodic in
the other dimension (x-direction in the same figure

In this Chapter, we present a work in which we giesd, fabricated and characterized a 1D
gold grating, optimized for concentrating electrgmetic (EM) radiation inside the slits. The
plasmonic properties of this grating were then exetl for Surface Enhanced Raman Scattering
(SERS) applications. This technique, which allowgentifying molecules at very low
concentrations, is widely used, since the molecfifeyerprint information present in Raman
spectra makes it specific and quantitative. MoreoRaman measurements are non-destructive
and non-invasive. SERS, which relies on the angalifon of the Raman signal induced by
suitable metal nano-structured surfaces, allows otercome a drawback of Raman
spectroscopy, which is its lack of sensitivity. Haxer, it is often extremely difficult to perform
accurate measurements of the amount of functiedhlimolecules. To our knowledge, only a
few papers have previously computed and measuee8HRS enhancement factor [53]. This is
due to the combination of several factors relatedhiy to the geometry of the nanostructures
and to the intensity and distribution of the elestagnetic (EM) fields.

An accurate control on these parameters can béebtay patterning the metal-air interface
in a controlled way. Nano-lithography offers a poiwktool to achieve this goaDn the other
hand, by choosing simple geometries with a highrekegf symmetry, such as digital gratings, it
is possible to fully simulate the response of ttnectures with a relatively short computational
time. In this way, we gain a better insight in figdd distribution on the metal surfaces.

The approach described in this Chapter for theldpwgent of a plasmonic device represents
a “flowchart” which was used for the design, fahtion and characterization of all the
structures presented in this thesis. The first @ obviously identifying the scientific problem
and/or interest concerning a topic and studyinditbeature. After that, the goal was identifying
one or more nanostructures which presented theedesharacteristics. Not only the structures
should be good candidates to “solve” the scienfificblem, but it should be possible at the
same time to fabricate them with our tools and attarize them with the techniques available
to us. Then, the structures were simulated by nigadeainalysis, using the commercial software
COMSOL Multiphysics, which implements the FiniteeElent Method (FEM). This step
enables us not only to “see what happens”, thuskamg if our predictions make sense, but
most of all to optimize the geometrical and streatyparameters of the structures, as well as

carefully choosing the materials for our deviced #re experimental conditions. At this point,
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the structures were fabricated. Defining the bestofabrication process (substrates, resists,
technique) is a fundamental step, and optimizingge thanofabrication parameters
(exposure/development doses/times, metal deposp@rameters, ...) is crucial. Finally,
characterization of the devices was performed.

In the work described in this Chapter, the striectuas a digital Au grating, as hinted above.
The reason for the choice of such a structure wsssimplicity both in simulation and
fabrication, which, however, does not limit thei@éncy of the device as a SERS substrate.
After FEM simulations, a chip with the correct geintal parameters was fabricated by
Electron Beam Lithography (EBL) and electrolytiogth. The SERS enhancement factor of

the chip was be measured and compared with theetieal estimation.

2.2 Resonances in digital metallic gratings

In order to have an insight into the physics of system we considered a thorough numeric
approach using Finite Element Method (FEM) simoladi Figure 2.2ummarizes the response
of the grating. We consider only TM-polarized irend light since it is the only polarization
which can give rise to SPPs. Different modes assipte:

1) Cavity mode (CM) resonancebhese resonances result from the multiple sdadgtexf the
single propagating mode inside the slits. The medgartially reflected and transmitted at the
slit ends. When the phase difference between tivesvansmitted in the substrate is a multiple
of 277 a peak in transmittance is observed, like in lary&erot resonator. When this resonance
takes place, a great fraction of the incident ligHfunneled within the slits and is transmitted in
the substrate, resulting in what is called Extrawd/ Optical Transmission (EOT) [54].

2) Surface Plasmon Polariton (SPR)sonances. They are excited in a 1D grating vthen
in-plane component of the incidgmpolarized radiation and that of the scattered wastem up
to match the SPP momentum, following equation (Z h)s kind of resonance is associated to a
transmittance extinction and to a high field enlegnent in proximity of the grating (hundreds
of nm in silicon) [55].

3) Wood-Rayleigh anomalig$VR). Abrupt changes in transmittance as a funatibperiod
are observed in configurations for which a diffratorder lies in the plane of the grating, i.e. at
periodsd,=nA/N, beingN the refractive index of the dielectric medium. VERomalies are not
resonant phenomena but are rather due to pure gecaheeasons and are fully independent of
CM and SPPs [56].
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Figure 2.2 Magnetic field norm in a unit cell ofleital grating. (a) CM-resonance; (b) SPP-CM rescopaic)

WR-CM resonance.

It is worth noting that CMs arecal resonances, since they would appear as well inghes
illuminated slit without any periodicity [57]. Orhé other hand, SPPs agibal resonances
since they can exist thanks to the coherent paitgdof the structure [3]. As many authors
pointed out, however, CMs and SPPs are not indeperehch other [58]; actually, one should
better speak of a hybrid mode which presents btMha@d SPP resonant characteristics. On the

other hand, the EOT efficiency is greatly enharingatesence of a periodic structure [54, 58].

2.3  Design

2.3.1 Materials

The substrate was an Indium Tin Oxide (ITO)-coatggdss slide (Sigma-Aldrich, ITO
thickness: 100 nm, resistivity: 15-2%sq, linear formula l§O; (SnQ),). Indium tin oxide is a
highly degenerate-type semiconductor with a wide band gap (3.5-%8[89, 60]; it exhibits
high transmission in the visible region, high reféace in the infrared region and high electrical
conductivity (2500-500@" cmi*) [59]. Due to these unique properties, ITO hasihesed in a
wide range of applications including light-emittinigpdes (LEDs) [61, 62], gas sensors [63],
antireflection/antistatic coatings [64] and flanpadisplays [59, 65]. In our case, transparency
was required since the characterization would lseopaed in transmission; on the other hand,
conductivity is preferred in order to avoid surfad®rging inside the EB system, and is also
needed to perform electrolytic growth.

The material constituting the grating must be aaaofetal; the choice usually falls on silver

or gold. In this case, even if both metals provaleplasmonic resonance at the desired
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wavelength (633 nm), gold was chosen since it cdm¢ssuffer oxidation. The simulation also
takes into account a thin (2 nm) dielectric layéamon-absorbing material conformal to the

plasmonic grating surface profile, resembling teazenethiol layer used for functionalization.

2.3.1 Plasmonic properties

The structures were designed in order to obtaimatZ Mode resonance inside the slits. A
scheme of the simulated structure is shown in [Eig@r3. In order to minimize the
computational time, perfect periodic boundary ctods were imposed, and calculations were
made for one period only. The dielectric constasftshe different layers were taken from
ellipsometric data, which were obtained directhynfrthe samples used for the experiments. The
gold grating was illuminated from the air side atrmal incidence with TM polarization. In
principle, the EM field distribution depends on tile geometric parameters: metal thickness
(h), slits width (a), and period (d). In our simtidas, the duty cycle (slit width/period ratio) was
fixed to 40% in order to have a large zone of &®ERS surface, while slit width and period

were taken as the parameters to be optimized.
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Figure 2.3 Sketch of the FEM model.

In order to obtain useful information about EM @ielonfiguration, far field quantities, such
as reflectance, transmittance and absorbance wetiaded as a function of period and
thickness; this is shown in Figure 2.4 (a) and As).can be clearly seen, a periodic pattern in
the maps is present. The areas of minimum refleeteamd maximum metal absorbance
correspond to Fabry—Perot resonances excited lsynplaic effects. Looking at the maps, these
two conditions are verified for a gold thicknes¥ ¢h100, 350 and 600 nm, and up to a grating

period (d) of 400 nm. The chosen parameters wetiegd=300 nm and thickness h=350 nm.
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The other possible values for the thickness presenbdt spots that are not well localized (h =
100 nm) or have a lower intensity (h = 600 nm).Figure 2.4(c) the optimized EM field
configuration for TM (right) and TE (left) polarizan are shown. It clearly appears that TE
polarization is forbidden to penetrate the trarafebe slits. On the contrary in TM polarization
the EM generates a plasmonic standing wave.
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areas corresponding to plasmonic excitations lithénperiod range 200-400 nm and in metal thicknasge 320—
380 nm.(c) Optimized field configuration for TM polarization (left; d = 300 nm, h = 350 nm, a = 120 nm) and TE

polarization (right). In the latter case, the EMldiis not localized inside the slits.

2.4 Fabrication

As pointed out in the previous sections, a prect@rol on the geometry of the grating is

needed in order to obtain hot spots inside the.slihis is ensured by the chosen fabrication
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process, which consists of two main steps. FirstllpfElectron Beam Lithography (EBL) was
performed on the ITO/glass substrate by using aLJEBX-6300FS EBL system operating at
100 keV, with a current of 2 nA. The substrate wesviously spin-coated with a 490nm-thick
PMMA resist layer and soft baked at 180°C on apiate for 10 minutes. A dose of 1200
uCl/ent was used for the exposumdn area of 2 mm x 2 mm was patterned on the surface
Although a smaller area could be fabricated, sasplé¢h large and uniform SERS-active
surfaces can be more easily implemented in praaliedces. After the exposure, the sample
was developed in a methyl-isobutyl-ketone (MIBK)lusimn diluted with isopropyl-alcohol
(IPA) (volume ratio: MIBK:IPA = 1:3) for 30 s at oon temperature, and rinsed in pure IPA.
The metallic structures were obtained by electiolgtowth. The electrolytic bath used in the
process was the commercial solution Karatclad™ BRE5 with 4.5 nominal pH. The growth
parameters were deposition temperature 36° C, grawtrent 100 mA, voltage 2.9 V and
growth time 45 s. The growth rate was calibrateied3.3 nm/s. In Figure 2.5 (a) a fabricated

grating is shown.
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Figure 2.5 (a) SEM picture of the optimized fabiéchstructure. (d) SERS spectrum (TM-pol: red, TE-plack)

upon functionalization with benzenethiol.

2.5  Experimental results

SERS measurements were performed with a Renishavo+{Raman instrument employing
a 50x microscope objective and the 632.8 nm line HE—Ne laser. Spectra were acquired with

different laser polarizations, obtaining either ttasverse magnetic (TM) or transverse electric

42



(TE) mode. The SERS enhancement factor is detedrayerecording the SERS signal of a
benzenethiol (BT) monolayer adsorbed on the natieqed surface.

BT presents an intense Raman signal at 992, aarresponding to the breathing of the
benzenic ring, with a well-known Raman cross-secf@6]. The experimental SERS substrate
enhancement factor (SSEF) can be evaluated by trerfgrmula:

1

oluene
= (2.2)
I RS, BT CSBT O.BT A

SERS BT (BT
EF — | (:V Heff UT

wherel is the Raman signal intensity of the molecule ntayer absorbed on the metal
surface (SERS) and the liquid used as referencg, (% and CS are the volumetric and
packing density of the reference liquid and thed@lBorbedH. is the collection efficiency of
the experimental set-up,is the Raman differential cross section &nid the ratio between the
patterned area and a flat one. As the referencéllige used toluene instead of benzenethiol,
for technical reasons. The volumetric density ti¢oe and the packing density of benzenethiol
are known from literatureCV = 5.69 x 16" molecule/ct andCS = 6.8 x 16* molecule/crf
[67, 68, 69]. The ratiGrouendosT Was measured to be 0.56. Figure 2.5 (b) shows 3tpR&ra
of BT: the Raman signal recorded with TM polariaatis much more intense than the one
recorded with TE polarization, as foreseen by satoihs.

The experiment is characterized by the possildititpompare the SERS intensitgrsfor the
two polarizations, without changing any other expental parameters. Therefore, we
considered the parameter R=[SSHISSEReg] and compared its theoretical value with the

experimental one, obtained by evaluating (2.2)hm T™M and TE conditions and taking their

SSEE | SERS BT
R, =|——M™| =] —— 2.3
exp |: SSEEE :|exp |: FS, BT oo ( )

since all the other factors except for 1hezsand thelgs contribution are eliminated in the

ratio. This yields

ratio.
A similar reasoning can be applied for the theoattialue. In principle, the SERS EF for a
specific molecule on a specific substrate can bmpeoed by spatially averaging the EF of a

single moleculeM,,.(r,w,) MW =F(r,wy), over the entire metallic surface:

SSEF :{ Mo ( Te) Mo ®( r,a)R)X[T(aN,eLOC( rw ) €57 ( rw F))]} (2.4)
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Rigorous definitions about the terms in (2.4) am@vled in [66]. The curly brackets denote
spatial averaging while the square brackets reptetbe averaging over allowed molecular
orientationsT (ay, e;, er) is the surface selection rules factor, which cesiphe excitation and
re-emission problems through the normalized Ran@arigability tensor (characterizing the
symmetry of the Raman tensor and the moleculamtaii®n). Basically, the total SERS
enhancement factor is due to two multiplicativetdes: the electromagnetid factor and the
chemical one [66]. Th# factors can be computed taking into account takl fdistribution
provided by the simulation code within the *{&@pproximation [66]. On the contrary, the
contribute in the square brackets is independenthenEM field; it depends only on the
orientations of the molecules on the surface of ghating, and it is eliminated when we
compute the ratio between the TM and TE values.

A match between the experimental and theoretidal veéas found, as reported in Table 2.1.
The error associated to the experimental SSEFaldsilated from experimental data collected

on different regions on the sample and it givesstimation of the homogeneity of the device.

Theory Experiment

EM EFmy EM EFReg R SSEF Eky SSEF Ele R

6,43(A=4,2) | 0,17(A=4,2) 37,43 245,67+9,82 7,51+1,51 | 32,68+6,52

Table 2.1 Comparison of the theoretical and the xgaital EFs. EM Efy, and EM ERg are evaluated in the
|Ef-approximation. Experimental SSEFs are evaluatedyy8.2). R is the ratio defined in (2.3).

2.6 Conclusions

We designed, fabricated and characterized a digitéd grating supporting a plasmonic
resonance with hot-spots inside the slit, callegitgaviode resonance. This excitation differs
from the classical Surface Plasmon Polariton arsdahacal character.

The structure was designed with the help of FEMustions. Its geometry was optimized
and proper materials were chosen. The grating Ve ffabricated by Electron Beam
Lithography followed by electrolytic growth; thebi@gcation process also required optimization
and an accurate choice of all the variables. Tivecdavas then used for SERS applications. Its
Enhancement Factor was calculated both theorstiealtl experimentally and a good match
was found between the two.

The approach described here provides a way toggd control of the SERS phenomenon

and its Enhancement Factors (EFs). In fact, despi#ehigh potential demonstrated by the
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SERS technique, it is often difficult to obtain antrollable and reproducible EF due to
uncertainties in the surface geometry and the releagnetic fields distribution. On the
contrary, thanks to accurate FEM simulations andgutul and reliable fabrication techniques,
we were able to foresee the behavior of the demieesatisfactory and promising way.

This result is a good starting point for tailoriting properties (like field distribution) of more

complex nanostructures, which can be optimizedexipdbited for different applications.
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Chapter 3

We go small: localized plasmon resonances on gold nanorods

3.1 Introduction

In recent years, an increasing interest has adsaumnd the possibility of engineering of the
near-field localization properties of nanostructusipporting LSPR [70, 71, 72]. In fact, a
properly designed structure offers unique oppotiesito build integrated optical devices with
sub-wavelength localization of light [73] and plagskey role in developing more efficient
sensors [74], optical antennas [75], and nanofagusilements [76]. The resonant optical
response of metallic nanoparticles can be largehed by a careful design of the particle
morphology and/or by arranging the particles imavenient fashion [77, 78, 79, 80].

Structures such as bowties [74], nanodisks [81]nonabes [82], nanostars [83],
nanorods/wires [84, 85] and nanoshells/nanorings B¥] have been investigated recently.
Such structures are sometimes called nanoantennakeeir ability to couple propagating light
to strongly localized electromagnetic fields [88), 85, 90]. In particular, it has been
demonstrated that plasmonic dimers, i.e. nanopamiairs separated by sub-wavelength gaps,
give rise to highly concentrated electromagnet&d8 in the gap region [81, 91, 92]. This
makes these structures particularly interesting rfwany sensing techniques [93] and in
particular for SERS, since they can efficiently ieh optical radiation into nanometer-sized
volumes and thus boost the Raman cross-sectionotdécoles attached to their surface by
several orders of magnitude [94, 95, 96].

We have already remarked that LSPR can be tunedaowéde range via a careful choice of
nanoparticle size, shape, materials and arrangembatefore, it is crucial to rationally design
reproducible plasmonic nanoparticle arrays, capabfgoducing the highest field enhancement
at well-defined locations and targeted frequenf@&s 98].

For many years, technological limitations have rgjip slowed down the development of
LSPR-based techniques. In particular, most of thepgsed SERS substrates exploited
chemically roughened surfaces [23, 24] or colldifs, which of course support LSPR but do

not provide the high degree of control needed tecéfely tune and control the resonance. In
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the last decade, however, the advancement of maderafabrication techniques such as EBL
has removed this main limit and opened up the pibisgito fabricate lithographic nanoparticles
with arbitrary as well as controllable and repratleeshape, size and arrangement.

The choice of a suitable nanoantenna geometry nexjgreat attention. In our case, we
chose periodic arrays of nanorod-shaped partieleedated by EBL on top of an ITO coated
glass slide. By “nanorods” we mean planar rectaargnbno structures with rounded ends,
which can be viewed as elongated disks; they canobeidered the “planar version” of the
ellipsoids discussed in Chapter 1 and they exhkibitlar properties, even if we have to take into
account effects due to the anisotropy of the systEém planar nanorod geometry was chosen
for the following reasons:

a) Due to their shape, nanorods exhibit a large amipptwith respect to the polarization
direction. If the polarization is parallel to thenly axis, the observed resonance is red-
shifted, has a smaller linewidth and a higher isitgn with respect to
nanodisks/nanospheres of the same volume (seeeF8jl). The short axis mode is
blue-shifted, broader than the long-axis resonaaice,weaker. Moreover, non-radiative
damping is reduced and the scatterifficency is increased in nanorods as compared to
nanospheres of the same volume.

b) Their high degree of symmetry makes them easynalate and fabricate.

—— Nanorod
— Nanodisk

20

18

16

14

12

10

Scattering Cross Section

2

750 800 850 900

0l—
500 550 600 650 700
wl (nm)

Figure 3.1 Comparison between the LSPR resonancenaharod and a nanodisk of the same volume. Light

polarization is set along the nanorod major atisah be easily seen that the resonance of theodimred-shifted

and higher.
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In this work, we designed, fabricated and charamsdrcoupled nanorod arrays in order to
exploit their localized resonances for SERS. Asulised in the previous Chapters, SERS is a
powerful analytical technique, since it enableseaunoles to be identified from their vibrational
spectra at very low concentrations. An even higlegponse can be envisaged by combining
LSPR with coherent Raman techniques such as Cdhéretr-Stokes Raman Scattering
(CARS), for which the possibility of enhancing thsignal by means of plasmonic
nanostructures is far from being an establishedoag [99].

First of all, we discuss the parameters which affiee resonance, in order to define precise
guidelines for the design of our nano-material. SeEhg@arameters include both geometrical
variables (length, width, gap width, thicknesswasl as considerations about the materials to
be employed for the particle and for the substrate.

We will then discuss the design of the nanorodsiclwhvas performed using numerical
simulations based on the Finite Elements Methods Biudy showed different possible
solutions among which we chose the most suitable fom our experiments. The optical
properties of the optimized structure will be dissed, with particular regard to the polarization
dependence and the estimation of the enhancenwat.fa

The fabrication will then be described thoroughiighlighting the experimental issues we
had to deal with and the final strategy we choseally, the SERS experiment will be
presented, together with its experimental enhanoefaetor which shall be compared with the
calculated one.

Recently, we have started a collaboration withtBatiico di Milano about exploiting these
structures for Surface Enhanced CARS, or SECARSlirfinary results will be shown and

discussed at the end of this Chapter.

3.2  Parameters affecting the resonance

As hinted above, our LSPR substrate consists irowbld-periodic array of rod-shaped
nanoparticles, fabricated on top of an ITO-coatedgslide; the array configuration was chosen
to obtain a large number of hotspots in a smahli.af@e nanorods are oriented with their major
axis alongy and they are coupled, being separated along ther ragis by a small gap. To
obtain a resonance inside the gap, the polarizasiaset alongy. A sketch of the device is

reported in Figure 3.2.
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Figure 3.2 Sketch of the nanorod array geometryichvitonsists in Au nanorods fabricated on top of an
ITO/coated glass slide. Four unit cells are shown.

We will now briefly discuss how the different gednieal parameters of the array affect the
LSPR of the nanorods. These parameters are:
« Nanorod length (1);
* Nanorod width (w);
« Nanorod thickness (t);
* Gap along the nanorods major axis, parallel toyttieection (g);

¢ Gap along the nanorods minor axis, parallel taxtdeection (g).

The first three parameters affect the resonantleeogingle nanorod. In particular, the length
of the nanorods is the main parameter determitiagpectral position of the resonance, i.e. the
wavelength at which a nanorod can be excited. &sing the length of a nanorod, a red-shift of
the resonance is observed, as shown in Figurga3.30n the contrary, a blue-shift of the
resonance is observed when the width of the nasosdecreased while keeping the length
fixed, i.e. with increasing aspect ratio I/w (Figu3.3 (b)). The resonance also blue-shifts as the
thickness of the nanorod is increased (Figure@)3 (

The values of the gaps, on the contrary, influgheespecific properties of the array. As the
gap along y is decreased (i.e. the structures ramée' coupled”), the resonance is red-shifted
and its intensity is increased (Figure 3.3 (d))tuadly, the red-shift is not so big until the gap i
larger than= 10 nm. Strong-coupling effects leading to large-shifts and huge enhancements
are observed for gap amplitudes below this valumvéVver, we will not enter this regime, as
discussed in the following. The variation of thepgalong x is not so crucial with our
polarization setup. However, if the particles ae mear along the minor axis, a lowering of the

resonance intensity is observed, due to lateralsetalk of the particles.
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In Figure 3.3 we report a study as the above-meatigparameters (length, width, thickness

and gap width along y) were varied. These reswdise been considered in the design of our
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Figure 3.3 Spectral position of the LSPR resonasaddifferent parameters of the geometry are va(@dAs the

Scattering cross section

nanorod length is increased, the resonance retssti) As the width is decreased (i.e. the aspid is increased),
the resonance red-shifts. (c) As the nanorod tleskris increased, the resonance blue-shifts. (dhe\gap along the

major axis becomes narrower, the resonance rets-stmifl its intensity increases.

We now consider the materials which can be usddhncate the nanorods; we discuss in
particular the choice of the metal supporting LSPRR.said many times, Ag and Au are the
most common plasmonic materials. Although the padnequencies for both metals are
comparable, the corresponding LSPR mode of a ndrgitaped particle with the same size
occurs at different wavelengths: the deviationioates from the additional contribution of the
interband electronic transitions to the dielectuiaction. In the case of the Au nanopatrticle, the
resonance occurs at higher wavelengths as compathd one for Ag, as shown in Figure 3.4.
Keeping this fact in mind, we started by choosingas our plasmonic metal, due to its higher

stability.
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Figure 3.4 Comparison between the LSPR resonancevfsisahe scattering cross section) of a singlgdreen
line) and Ag (blue line) nanorod with the same disiens. (a) Spectral position of the resonancefoarray made
of nanorods having I=110 nm, w=35 nm, t=30 ngx39 nm and g=165 nm. (b) Band position of the LSPR as a
function of | for the two materials. The LSPR of Aanorods is clearly red-shifted.

3.3  Design

To investigate the behavior of the system as atiomof the geometric parameters and the
materials involved, we performed FEM simulationgngshe commercial package COMSOL
Multiphysics. We have seen in Section 2 that maamameters are affecting the LSP resonance
of lithographic nanoparticles. In the case of nader the parameters which determines the
spectral position of the resonance is length; nahtiickness and width also play a role in the
optimization of the structure, while the effect thie amplitude of the gaps is to adjust the

resonance intensity and cause a slight red- orditife We therefore decided to keep the gaps
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fixed. Along the major axis,,gvas set to 30 nm to obtain high field enhancenasnivell as
lithographic reproducibility. Moreover, this can bseen as a trade-off between high
enhancement and the necessity to avoid the “fowewaixing” effect (occurring at,g0< 30 nm)
[100], which is a competitive effect for applicatosuch as SECARS. Along the short axis, we
set a period of 200 nm. To optimize the nanorodhrgeoy, instead, we (a) optimized its length
using FEM simulations while keeping all the othargmeters fixed, (b) adjusted the width and
thickness once length was optimized, thus fineAgnihe antenna. For nanoparticle arrays
intended for SERS or SECARS, a suitable variablédo¢oobserved to determine the best
geometric parameters was the electric field norrthengap. To evaluate it, we considered its
average on a three-dimensional region inside th® d#s allows to smooth out possible
singularities due to the meshing of the specifioudated geometry. The calculated vales were
then normalized to the incident field at the sataee

Initially, we tried to optimize our structures f@r=633 nm, available in our lab. The
structures were illuminated from the air side agtitl polarization was set along the nanorods
major axis. The metal was gold, deposited by adedic growth; its optical constants were
measured by ellipsometry and implemented in theisitions. The substrate was an ITO-coated
glass slide; the thickness of the ITO layer was A80 As initial values in the simulations, we
set 30 nm for both width and thickness, since simiblues are used for nanoantenna structures
in literature. We found a resonance for a lengtlB3®@inm. In Figure 3.5 we report the spectral

dependence of the electric field norm in the middléhe gap.
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Figure 3.5 Spectral dependence of electric fieldmim the middle of the gap, for an array of Au o@ts with

I=w=t=30 nm, separated by a gap of 30 nm. Insait pf the electric field norm in a unit cell forettoptimized
geometry (slice at half thickness).

With these parameters, the rod is actually a nakodnus losing the interesting properties
shown by the nanorods due to their higher aspedab, rdiscussed above. Moreover, the
enhancement factor for the electric field normaktively low (a factor 3). To obtain a better
resonance on a “proper” nanorod structure, we tbherdried to use silver, which should have a
blue-shifted resonance for a given nanorod lengthsuggested from the study reported in
Section 2. We repeated the simulation with the sparameters, just changing the metal from
gold to silver, obtaining a resonance for a lera@ft@0 nm. Width and thickness were also fine-
adjusted and their best values actually turned toube 30 nm. We report the spectral
dependence of the electric field norm in the miduflghe gap in Figure 3.6; the inset shows the
electric field norm in a unit cell for the optimizgeometry. A resonance is clearly set on at the
nanorods ends and inside the gap.
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Figure 3.6 Spectral dependence of electric fieldmim the middle of the gap, for an array of Ag aarts with
I=70 nm and w=t=30 nm, separated by a gap of 30Inset: plot of the electric field norm in a unglicfor the
optimized geometry (slice at half thickness).

Although these configuration provides the desiegbnance, we still prefer to use Au as the
LSPR-supporting metal, since it does not suffedation. A possible solution is to switch to an
higher wavelength, for which a resonance shouldtgfor gold particles, at higher valuesl of
We chosel=780 nm since it is widely used in literature ardis available in many
characterization laboratories. Thinking of our sttme as a SERS substrate, 780 nm is therefore
our “pump” wavelength. The optimal nanorod lengtined out to be 95 nm, while both width
and thickness are 30 nm. Figure 8hows the spectral dependence of the electric fiefch in

the middle of the gap, together with a plot of ¢hectric field norm in the unit cell.
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Figure 3.7 Spectral dependence of electric fieldmim the middle of the gap, for an array of Au oats with
1=95 nm and w=t=30 nm, separated by a gap of 30Inset: plot of the electric field norm in a untlicfor the

optimized geometry (slice at half thickness).

At this point, the design of the structures was pleted and we started performing
fabrication. However, as will be shown in the negttion, we encountered some problems
during fabrication, due to the high roughness eflO layer. We therefore decided to use ITO-
coated glass slides with a thinner ITO layer (nahitickness: 15-30 nm). The simulations
were repeated with the new configuration. The optiamd final values found in this case are
summarized in Table 3.1. Figure 3.8 shows the sgled¢pendence of the electric field norm in
the middle of the gap and with the full solutiondnunit cell of the array for the optimized

geometry. A peak is clearly visible fiax780 nm.
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Figure 3.8 Spectral dependence of electric fieldmim the middle of the gap, for an array of Au oats with

1=90 nm and w=t=30 nm, separated by a gap of 30anthsitting on a 20 nm- thick ITO layer. Inset: tpbd the
electric field norm in a unit cell for the optimikgeometry (slice at half thickness).

NR length | NR width | NR thickness| Gapy| Period x
90 nm 30 nm 30 nm 30 nm 200 nm

Table 3.1 Final optimized nanorod array parameteitl, an ITO thickness of 20 nm.

Figure 3.9 compares the calculated electric fi@ldmfor two perpendicular directions of
polarization, namely along the major axis ((a),duse the simulations reported above) and
along the short axis (b). The figure includes twut wells of the array along y for a better
visualization of the hot-spot and was calculatedeabnance. It is clear that, when we switch
polarization from “parallel” to “perpendicular” vitrespect to the nanorods major axis, the

device is switched on and off.
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Figure 3.9 Plot of the electric field norm arouhd hanorods with (a) parallel and (b) perpendicpddarization.

We now want to quantify the expected SERS enhanaefaetor of our device. As can be
seen from the optimization, the expected electietdfenhancement factor is 6.9 at pump
wavelength, while at the Stokes wavelength of 84b(corresponding to the Raman shift 992
nm*, breathing of the benzenic ring) it reduces to B/& calculated the enhancement factor as
|Eoumd’ |Estoked” , Obtaining 1.44.0°.

34 Fabrication

The structures were fabricated by EBL, followeddbgctrolytic growth of gold. A sketch

of the fabrication process is reported in Figu3.
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Figure 3.10 Sketch of the fabrication processT(& substrate is an ITO-coated glass slide. (b)SEmeple was
spin-coated with PMMA (positive tone resist) andt-t@aked at 180° for 10 minutes on a hot platetitaim a final
thickness of 90 nm. (c) The sample was exposeddiyfesolution electron-beam lithography and (c)edeped in
DI H,O:IPA 3:7 for 20s. (e) 30 nm of gold were deposiBdelectrolytic growth and finally (d) the resisas
stripped by dipping the sample in hot acetone GRfor 3 minutes and rinsing in cold acetone and.IPA

EBL was performed in high resolution (HR) mode (1@§/, beam current 100 pA). This
technique offers a high degree of control of theigla shape, its orientation and the pattern
arrangement. In fact, the performance of our mahinHR mode achieves a minimum line
width below 10 nm. Moreover, the structures careasily placed into a regular array, so that
the uniformity of the sample is guaranteed anddie&ance between the nanorods can be easily
and precisely controlled.

The initial substrate, as mentioned above, wasaasgklide coated with an ITO layer
having a nominal thickness of 100 nm. First of BMMMA (AR-P 671.02, nominal thickness 90
nm at 4000 rpm) resist was spun onto the substoat€0 s and soft-baked at 180° for 10
minutes, to obtain a final resist thickness of & ihen, the sample was exposed in HR-EBL.

In order to obtain uniform and well-defined chigsnaive EBL exposure is often not
enough. As discussed in detail in Appendix 1, Rnityi Effect Correction (PEC) is extremely
important; it refers to the dose correction thastrhe applied to different regions on the same
sample, in order to compensate for the differemamh of backscattered energy which hits the
sample in a geometry-dependent way. In the casgaonbrods, it is important to correct for
wrong dose assignments not only overall the chipafider to maintain the desired array
structures also at the chip sides and cornersalbataround the nanorod ends, which are at the
same time tiny and very close to one another. T® eéhd, short-range PEC was performed

together with long-range PEC. The correct base d&&®), o, n and 3 parameters were
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identified by exposing nanorods chips with diffar®&C parameters around the standard ones
foreseen for the materials we were using. In thek e obtained BD=186QC/cnt, =40 nm,
n=0,4 andu=10 nm. We therefore exposed the corrected pattihnthese parameters.

After the EBL exposure, the samples were develapedmixture of DI HO and IPA 3:7
for 20 s and rinsed in DI water. Then, Au was groam the lithographed substrates by
electrolytic growth in a bath with an acidic sotutj controlled in voltage. The growth rate was
calculated to be 2.2 nm/s. The resist was theppgtd and the obtained samples were finally
imaged by SEM, as shown in Figure 3.11.
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Figure 3.11 (a) SEM micrograph of the first fabtézhnanorods. (b) Tilted picture. As can be sdemyoughness

of the substrate strongly affects the growth ofrthaorods, which follows the morphology of the ITstals.

As can be seen from the pictures, the result wagamd. The shape of the structures is quite
irregular; in particular, they seem to follow theomhology of the underlying ITO crystals,
which are quite big compared to our structuress ®ifect did not significantly influence the
growth of bigger structures such as the plasmoratirggs described in Chapter 2, but strongly
affect the geometry of our tiny nanorods.

Before considering changing the substrate, we tmedifying the post-lithographic process,
using Au evaporation instead of electrolytic growttowever, the lift-off step did not work
properly, since the gap was very narrow; moreotrex, shape of the rods was not improved
(Figure 3.12).
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structure, which is mainly determined by the motphg of the substrate.

It therefore seemed that the metal depositionegiyatvas not the problem. The shape of the
nanostructures was mainly determined by the moggyobf the substrate, and this problem
could be overcome neither by changing the postqssing strategy nor by improving the
lithography or PEC. We therefore decided to usmaosher substrate. We bought ITO-coated
glass slides with a thinner ITO layer from Sigmahidh; the nominal thickness wa0 nm.
With these new substrates, we were able to obtaig good structures, as shown in Figure

3.13.

)
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Figure 3.13 SEM pictures of a fabricated nanoradya: (a) Coupled nanorods corresponding to thelated

structures. (b) Large image showing the uniforroftyhe fabricated chip.
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3.5 SERS experiments

We then used our structures for SERS analysis. nBm®structures were functionalized
with benzenethiol, which was chosen since its offfra index is well-known and because of the
high cross sections of its Raman bands. The fumalization was performed by dipping the
substrate in liquid benzenethiol (10mM) overnighite SERS measurements were performed
with a micro-Raman instrument equipped with a 50grascope objective. The microscope
allows focusing of the incident beam into a spo2 @im. The light, collected in backscattering
by the same objective, is filtered through a ndiiter that cuts almost all elastically scattered
light, transmitting the Raman emission of the sampl

In Figure 3.14 we report a typical SERS spectrurasueed on a nanorods chip. The black
curve refers to parallel polarization while the @tk refers to perpendicular polarization. As
expected, the signal is highly suppressed for pelipalar with respect to parallel polarization,
suggesting that the enhancement is actually duthéoLSPR resonance rather than to any
isotropic effects (i.e. surface roughness).

The experimental SERS substrate enhancement {&3&F) can be evaluated by using

EF_ISERS E;TC\ESTHeff 1 a1
_lRSBT CBTK ()
S

wherel is the Raman signal intensity of the molecule ntayer absorbed on the metal
surface (SERS) and the liquid used as referencg, (% and CS are the volumetric and
packing density of the reference liquid and thed@lBorbedH. is the collection efficiency of
the experimental set-up aAds the ratio between the patterned area and arikat

The experimental enhancement factor, calculatedgusiie 992 crm Stokes band of

benzenethiol, wagl.4+0.8)10%, in good agreement with predictions.
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Figure 3.14Measured SERS spectrum on a nanorod array chiptethgpectrum (perpendicular polarization, no
enhancement) is clearly suppressed with respetttetdlack one (parallel polarization). Insets: pétthe electric

field norm.

3.6  Application to SECARS

We have recently started a collaboration with Bofiico di Milano for the application of
the nanorod structures to SECARS. CARS is a resgraness induced in its simplest form by
a pair of narrowband picosecond pulses with freqi@s,ym, andmsikes- the so called pump
and Stokes frequencies — the difference of whickches a Raman active molecular vibration
Q. When resonant excitation occurs, a third photon,a,, also provided by the pump beam,
interacts with the excited vibration level to cakwdty emit a photon at the anti-Stokes
frequencywani.siokes thus providing a chemically specific signaturetted probed molecule. In
CARS, a strong issue is represented by the depeedeihthe signal on the square of the
number of oscillators in the focal volume. Whenesach number is low, due to a strongly
diluted sample or to a low density of chemical NGARS fails to exhibit the required
sensitivity for many applications. That is why eosg interest has arisen around the possibility
of exploiting Surface Enhancement (SE) techniquedas to the ones used for SERS, in order
to boost the CARS signal (SE-CARS).

Due to these characteristics of SECARS, it wouldek&emely interesting if we could

produce multiple-resonance structures, able to rexéhahe signal at both the excitation
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wavelengths and possibly at all the three wavelengin some very recent experiments in

literature [99], the Enhancement Factor for SECARS been reported to be proportional to be

Gsecars™ 9 pum® s ani sior Where @ = E/ E, is the enhancement in local optical field at
each frequency, thus providing an advantage ovERSSEGg rq= gzpumrgzsmk‘) given by

G ,
—SECARS = g2 o0 ni swoke- 1N OUI case, the wavelengths of interest were i@0(pump), 895

GSERS
nm (Stokes) and 690 nm (anti-Stokes).

As a zero-step, we wanted to investigate the beha¥ithe SE-CARS enhancement factor
when only one of the three wavelengths is enhaatexdtime. Therefore, the structure could
simply be an array of nanorods, like the ones we ledready studied for SERS and described
above. Of course, we have to fabricate three separeays, each one optimized for one of the
three wavelengths involved. To this end, we remkdbe optimization described above for
Stokes and anti-Stokes wavelengths. Moreover,igndéise, an additional fabrication issue had
to be taken into account. In fact, with the newaftge free) electrolytic solution in use in our
lab, the thin ITO layer turned out to be not enowgimductive, resulting in a non-uniform
growth. The use of a cyanide-free solution was isegloby safety issues. In order to improve
the conductivity of the substrate, we decided tattsp a nanometric (2-3 nm thick) layer of Au
on the ITO surface before spinning the resist. Timist of course be taken into account in the
simulations; thus, we also had to repeat the opttidin for 780 nm. We kept the width and
thickness fixed for all three wavelengths, in orttehave nanorod length as the only parameters
changing in the three chips. The optimized pararsetee reported in Table 3.2; Figure 3.15 (a)

shows the spectral dependence of the resonances.

Wavelength| Length Width Thickness Gapy | Gapx
690 nm 105 nm
780 nm 150 nm 35 nm 55 nm 30nm 160 nm
895 nm 220 nm

Table 3.2 Final optimized nanorod array parameteitl, an ITO thickness of 20 nm.
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Figure 3.15 (a) Spectral dependence of the resenaadculated for the three wavelengths involvead ém
(Anti-Stokes, blue curve), pump (780 nm, green eur$tokes (895 nm, red curve). The spectra wdoellated for
optimized geometry. (b) First extinction measuretagrerformed on nanorods arrays on a glass/ITOfAuisred)
substrate. The resonances are broad and slighibydtiifted. This effect is probably due to the tgretd Au layer.

The resonances are broad, but anyhow they mesptwral requirements of the SECARS
experiment. We then fabricated the nanorod arraijrgyuthe same fabrication process described
above. The presence of the sputtered Au layerasea the roughness a little bit, but in a way
that did not affect the metal deposition. SEM pietuof the fabricated structures are shown in
Figure 3.16for the three wavelengths, together with the caled electric field norm in a unit

cell of each array.
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Figure 3.16 SEM pictures of the fabricated nancaadys for SE-CARS. First line: plot of the electfield
norm, normalized to the incident field, for the ioapzed geometry. Left to right: optimization for @»m, 780 nm
and 895 nm, respectively. Second line: correspanfiibricated arrays. Third line: tilted SEM pictuaned large-field
picture highlighting the uniformity of the samples.

The substrates were characterized at Politecnidottas results are shown in Figure 3.15
(b). For optimized structures, the resonances theetiesign wavelength, but, as expected, they
are quite broad. Moreover, we found that the theslsnof the sputtered Au layer strongly
affected the resonance: for instance, passing 8emm to 10 nm, the resonance is blue-shifted
of 100 nm, as shown in Figure 3.17 (a). This effemtld explain some results obtained by
PoliMi, where some nanorod chips exhibited stronglye-shifted resonances, reported in
Figure 3.17 (b). Since sputtering does not alloehsaiprecise control of the thickness of the Au
layer, we decided to remove it and use anothettrelgtic solution, available in our partner
laboratory at IOM/TASC, in Trieste. This solutianot cyanide free but it enables electrolytic

growth on the ITO layer without the need of anyiiddal conductive layers.
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Figure 3.17 Effect of varying the thickness of Hpaittered gold layer deposited onto the substoagahance the
conductivity of ITO. (a) Passing from 3 nm (bluewa) to 10 nm (green curve) of gold, a shift of entinan 100 nm
is observed. (b) In one of the samples measurBaldtli, the resonances looked blue-shifted by acbli®0 nm. An
imprecise control of the Au layer thickness maythe cause, since the control on this parameteotisaccurate
enough (and for sure less accurate than the otmameters, which are defined by lithography), pdtedi that, as
shown in (@), the slightest shift on this parameter dramatically change the response of the device

Moreover, we decided to study the effect of placihg particles in array, in order to
clearly distinguish the features of the responssingle (or coupled) particle from collective
effects. To this end, we considered three differamtfigurations: isolated single nanorods,
isolated nanorod dimers, nanorods array. The sitiongshow that, in the three configurations,
the resonance occurs for similar (even if not equalues of the geometry; nevertheless, it
would be interesting to investigate the respongheiystem experimentally. All the structures
— three wavelengths for three configurations - wierefore optimized in the new conditions
after having measured the optical constants ohtwe electrolytically grown gold; the results
are summarized in Table 3.3 and the scatterings@estion of the optimized single structures is
reported in Figure 3.18 as a function of the wawgile. The fabrication is being optimized in
these weeks.

A=690 nm | A=780 nm | A=895 nm Other parameters
Isolated particle 80 nm 110 nm 150 nm t=w= 30 nm for all
Dimer 75 nm 105 nm 140 nm | ¢,=30 nm where present
Array 70 nm 100 nm 140 nm |  Period along x: 300 nm

Table 3.3 Optimization of the new nanostructuresSBCARS.
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Figure 3.18 Scattering cross section of the opguhigingle structures according to Table 3.3, amation of the

wavelength. The spectra for dimers and arraysianiéas.

In the meantime, SECARS measurements will be dan¢he old samples; in fact, the
observed broad resonance could be useful to enhmooe than one wavelength at the same
time, as actually required for the optimal SECAR8asurements, and it would be useful to
compare these results with the one obtained inratgharesonant substrates.

Parallel to this optimization, we are studying stawes providing multiple resonances; this
would actually be the optimal configuration, withasp-and well defined resonances at exactly
the wavelengths of interest. In particular, we waspired by the Y-shaped structure reported in
[101]. We moadified this structure by setting a €iffnt length for each of the “short” arms of the
Y, expecting two resonances to occur, at two sepavavelengths, for the two arms. Moreover,
we wanted to obtain the multiple resonaat¢he same placen the structure. To this end, we
further modified the structure by adding a smap) ¢b5 nm) in the long arm of the Y; a sketch
of the structure is shown in the inset in Figurk93.

We expect that, for conveniently small gaps, tegion will be excited at both the resonant
wavelengths. Figure 3.19 shows the results of éimgation performed by FDTD simulations
on such a structure; in this case, the structuopiisnized for being resonant at the Stokes and
anti-Stokes wavelengths, but it can be tune toiolatay combination of the three wavelengths
of interest. The transmittance as a function ofvlagelength is shown, together with the full
solution (shown is the electric field norm) on @eslat half thickness. For both wavelengths, the

electric field is enhanced within the gap.
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Figure 3.19 FDTD model solution of a Y structurg@porting two resonances at separate wavelengthes bith
plot shows the transmittance as a function of thgelength, showing two dips at 690 nm (anti-Stokes) 895 nm
(Stokes). The insets show the electric field nommtioe structure (slice at half thickness) at the te@sonant
wavelengths. For both resonances, the electrid fieénhanced within the gap. The structure catuted in order to

obtain any combination of the three wavelengtmtdriest.

The fabrication of this structure will be performad soon as the characterization of the
first proposed substrates (nanorods) has been etedpl

3.7 Conclusions

We designed and fabricated coupled gold nanoradanged in a periodic array, and we
used these chips for SERS applications. We extelysstudied all the parameters affecting the
resonance. This allowed us to identify the pararsetéhich should be tuned to obtain an
optimized SERS substrates and gave us a strongemefe framework for the design of the
nanorods.

We simulated the structures numerically using timité-Element Method. Initially, we were
looking for a resonance at the visible and commamekength of 633 nm, but soon we realized
that a “proper” gold nanorod structure could ngbgsurt this resonance. Instead, we found a

resonance either for Ag particles at the same veaggh, or for Au particles, but using a higher
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wavelength. We chose the NIR 780 nm wavelengthesings also widely used in labs and it
allowed us to work with Au nanopatrticles, whichmlat undergo oxidation. We then fabricated
the structures by EBL and electrolytic growth, tlaehieving a good and reproducible control
on particle geometry and arrangement. We also itbesta SERS experiment which provided
an experimental enhancement factor in good agreewinthe calculated one.

We also described the recent collaboration stastiéglal Politecnico di Milano. The project
aims to exploiting these structures for SECARS. #tlihis, preliminary results were shown and
discussed. It is worth mentioning that the work adibed in this Chapter and the deep
understanding it gave us about LSPR-supporting stamciures will pave the way to the design
and fabrication of smarter structures (e.g. supmprinultiple resonances) which are being
optimized and shall be used in the framework of 8 CARS project.
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Chapter 4

Squeezing light on a ridge: plasmonic adiabatic nanofocusing

by means of metal wedges

4.1 Introduction

In Chapter 1 and Chapter 3 we have seen how nactstes supporting a Local Surface
Plasmon Resonance can find important applicatiord! ithe fields where nano-scale resolution
is essential. As a matter of fact, the investigatid such strongly localized plasmons has
attracted a large interest in recent years, dudgopossibility of confining light beyond the
diffraction limit [73].

In the localized plasmon-supporting structures vewehdescribed so far, a plasmon is
directly excited by impinging light and has an irdrgly localized nature, due to the confined
geometry considered. Now, a central problem ofho-optics is: “Is it possible weliverand
concentratethe optical radiation energy on the nanoscale?’s Tgroblem introduced the
concept ohanofocusingwith which we are dealing in this Chapter.

The word “focusing” probably reminds us the conagd lens. In particular, we know that a
spherical lens focuses electromagnetic energyarsimall region. However, for a spherical lens,
the dimensions of this region cannot be smallen thase allowed by the diffraction limit (half
the wavelength of the incoming radiation). For asphonic nanofocusing system, instead, this is
possible; in the case of a metallic nano-tip fastamce, the region of localization has the
dimensions of the tip curvature radius, that caademall as few nanometers, i.e. two orders of
magnitude lower.

A major issue when dealing with electromagneticrgynéransfer in materials are losses. In
many cases, only a minor part of the excitatiorrggnes actually transferred to the nanoscale. A
way to overcome this problem was proposed by Stackfi]. In that work, he theoretically
demonstrated that axially symmetric SPPs propagatinwvard a tip of a tapered metallic
nanowire, acting as a surface plasmon waveguideslawed down and asymptotically stop

near the tip, i.e. their phase and group veloctéesl to zero. This phenomenon, referred to as
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adiabaticnanofocusing, causes accumulation of energy and tpaal fields at the tip, leading
to huge EM field enhancements; the term “adiabateférs to the absence of power losses
involved in the phenomenon other than metal dissipg1l, 102]. The fact that the tip is a
plasmonic waveguide rather than the conventionpérd optical fiber supporting guided
photonic modes is crucial. In the latter caseatt,fthere would be a cut off at some waveguide
radius, beyond which the propagation is not posdibl 103],because of back-reflections. This
problem is well-known, regarding, for instance, éfitciency of SNOM probes [30, 104]. With
the proposed plasmonic waveguide instead, the I&b4lfield is oscillating in space with
progressively decreasing wavelength and increaamglitude, and the highest enhancement is
limited only by the tip size.

In this Chapter, we present a work in which we giesil, fabricated and characterized
propose an alternative structure providing adiabatinofocusing. In particular, we obtained
plasmonic field localization at the ridge of a met@ated dielectric wedge. The proposed layout
is significantly simpler than axially symmetric diurations proposed in literature. These
structures theoretically provide higher field entements, but their performance crucially
depends on the curvature radius at the tip [103], 1@hich is very difficult to control in
fabrication.

Gramotnev and Vernon [106] discussed nanofocusfn§RiPs along the sides of a sharp
metallic wedge, describing it as a metal film witirying thickness. In these structures, the two
SPPs travelling along the sides actually couple teatip, where they form a film plasmon.
However, only plasmons with an anti-symmetric distiion of the magnetic field across the
wedge will experience nanofocusing. Proper excitatf the wedge mode is therefore a major
problem we must take into account. Fabricationassisuch as metal surface quality and tip
sharpness, are at least equally important. In &scpreviously reported [107], Surface Plasmons
are very sensitive to surface inhomogeneities, whicay cause enhanced metal losses,
scattering, and limited propagation.

With our compact design, both efficient couplinglight to SPPs and the correct in-phase
matching of SPPs are achieved. This is obtainecbibining metal-coated transparent wedges
with a dielectric step-like phase shifter. The rofethe phase shifter is to producer-phase
shift between SPPs on the two sides of the weduges allowing the correct interference
conditions at the tip. Full field Finite Elemenimalations allowed to verify the design and to
optimize the materials and the geometrical parampetkn order to achieve large field
enhancements [102, 105], then, we chose a falmitatiocess ensuring very sharp features, in
particular very low tips radii, and low surface ghmess. We were inspired by the strategy

proposed by Napgal et al. [107] and Boltasseva ¢t@8], which leads to very smooth surfaces
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and sharp edges, and we developed a fabricatiaegsovhich basically consists in a template
stripping based on replica in a transparent polyf@&aracterization was carried out by means
of Scanning Near-field Optical Microscopy (SNOM)YaRaman spectroscopy measurements.
The enhancement obtained with our structure, atthawt comparable to that obtained with
3D focusing structures, demonstrates that the gegbecheme for coupling and phase matching

can be effectively exploited for nanofocusing pusgm

4.2  Parameters affecting nanofocusing

Nanofocusing in tapered plasmonic waveguides hasn bextensively investigated by
Gramotnev et al. [106] and Stockman [1, 109] indd&batic hypothesis. For this hypothesis
to be matched, there must be a parameter (or anptea set) slowly (“adiabatically”) varying
along the waveguide, in such a way that the phakmity of these SPPs tends to zero in the
vicinity of some point at a finite distance. Thiendition can be described in terms of the

adiabatic parameterexpressed by

_ dice [ P(X)]
dx

) <1 (4.1)

where x is the propagation direction of SPRHX) is the parameter set varying along the
waveguide andtsppyis the projection of the real part of the SPP pgstion constant along the
propagation direction. In metal wedges and i) is the cross sectional size (wedge thickness
or tip conical tip radius). For adiabatic nanofangsto take place, it is also required that the
excited SPP mode exists without a cut-off in théirerrange of the parameters. If these
conditions are satisfied, the effect can be sing@gcribed in terms of the SPP modes of the
straight structure; the adiabatic theorem predictt the wave will propagate without back-
reflections and scattering into three dimensionthéostopping point, where it is converted into
a quasi-electrostatic Surface Plasmon.

As can be shown [109], an important consequendbki®thypothesis is that it sets an upper
limit to the aperture anglé. On the other hand, arguments of general validity loa applied
which lead to a general scaling law of the SPFRI faghplitude as a function of the distance from
the tip. This hypothesis is reasonable whenevelSIPEB wavelength is much shorter than the
vacuum wavelength. In these conditions it was destnated [109] that a constraint to the

minimal aperture angl#, exists and is given by:
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>0, = arcta'{ ij (4.2)
1+d

whered is the waveguide dimensionality akgis a complex quantity. The physical meaning of
this limit is that SPPs should be focused suffitjefiast to allow the nanofocusing field
enhancement to exceed the SPPs losses in metagfditee from these arguments is seems that,
for a tapered waveguide, the range of angles faclwhdiabatic nanofocusing is possible is
strictly limited. Actually, numerical simulationd10] revealed that these conditions are too
restrictive, and the adiabatic theory also worksrédatively large angles. Moreover [111], an
increased taper angle often means a wider powégction to SPP modes and a therefore a
more efficient power delivery to the tip. As a neatbf fact, numerical studies demonstrated that
in case of tapered rods, the taper angles maxigitia field enhancement lie in the range 30-
40° [110].

Another parameter to be taken into account is ¢urgaradius. In particular, it is interesting
to note that, for reasonable experimentally acHikvacurvature radii 5nm), the field
enhancement depends by a much lower extent uporuepeangles; above this limit, the
curvature radius still actually turns out to be thest relevant parameter that determines the

nanofocusing performances.
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Figure 4.1 FEM-calculated field enhancement attih€a), metal absorptance (b) and radiative logsgsas a
function of taper angle, for different curvatureslii at the tip. The metal considered is silver][38e SPP wave has
frequencyo = 2.97-1&° Hz (vacuum wavelength 633 nm).

These considerations led us to consider the wedgestructures presented in the following.
In fact, despite the high aperture angle, the megcstructure can be fabricated with extremely

low curvature radii, thus allowing to reach valuabhnofocusing effects.
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4.3  Proposed device layout and simulations

Different experimental setups can be designedderoio verify the nanofocusing properties
of wedges [112, 113, 114]. Our setup resemblesvéleknown Kretschman-Raether [3, 115]
SPPs generation scheme. We consider first the tagkmiched in Figure 4.2, i.e. a transparent
dielectric wedge coated with a thin metal film. Asrsupposed to be present in the other half-
space. TM polarized light with proper frequency inges normally onto the basis of the wedge
from the transparent dielectric side. Thin-film SP€an thus be excited at the metal-air

interface.

Figure 4.2 Sketch of the wedge structure.

In order to verify the plasmonic effects outlindmbae and to properly design the structure so
as to maximize the field enhancement at the ridgesimulated the full electromagnetic fields
by means of the Finite Elements Method. The FEM ehtayout is reported in Figure 4.3 (a)).
Since the structure is inherently invariant alohg but-of-plane dimension, 2D simulations
were performed. A port excitation is set at the arpboundary, providing a unit power of
incident light. Perfectly Matched Layers are pla@didaround the model in order to properly
absorb light scattered from the structure. Modstwitization is performed by means of the
COMSOL automatic meshing tool. In particular, diffiet mesh sizes were used in different
parts of the model in order to maximize resolutiorthe regions of steepest variations of the
fields, keeping at the same time reasonable theutational costs.

Figure 4.4 (a) shows the results of the simulatidred us look at the y component of the
electric field plotted in the inset. The two cobtriions on each side of the wedge @a@ut-of-
phase and SPPs are thus expected to undergo disrugerference when they reach the tip,
resulting in a plane wave propagating away fromsthecture into air
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Figure 4.3 FEM models layouts of the simulated ineteated dielectric nanowedge structures. Configumat
without (a) and with (b) phase shifter. TM poladzaglane waves impinges normally onto the structéne@s the top
wedge aperture is 70.4° as reported in the text.

10 Max: +1.79 41076 Max: +9.98
1 15 1
e —— — 15
— o — —
. 0.5 ——— — 1
p— . — —
0.5 0 g — 0.5
-
0 - 0
-0.5
-0.5
-1
-1
-1.5
-1.5 N
(a) Min: -1.79 (b) Min: -9.98
x10.6 iax: 7.60 x10-6 26;0153.4
1 7 1 9
0.5 6 0.5 8
7
0 5 0
6
0.5 -0.5
¢ 5
-1 -1
3 4
1.5 1.5 3
2
2 2 2
1
1
25 ] S —
‘15 -1 05 0 05 1 15
6 i 6 pul
x10 Min: 0 x10 Min: 0
(c) (d)

Figure 4.4 (a), (b) Full field simulated x compohém the presence and absence of the phase sHiftats:
zooms on the wedges edge; (c), (d) Field intema#ps. The fields are normalized to the amplitudhefimpinging
wave in vacuum. Note that in (d) the maximum fieddue is well above the maximum colorscale valueoi@etrical
parameters of the structure are the following: veetigight: 1.4um, metal thickness on the wedge sides: 33 nm,
phase shifter thickness: 238.6 nm, curvature radiuthe wedge edge: 5 nm. TM polarized light witicsum

wavelength = 390 nm impinges normally on the structures fedove.
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Thus, in order to obtain in-phase SPPs at the wadge, the illumination condition must be
adjusted. In particular, the wedge must be illurr@davithn-out-of-phase light on one side with
respect to the other side. This can be obtaineld thé setup shown in Figure 4.3 (b), where a
step-like dielectric phase shifter is introducednediately before the metal-coated wedge. Its

height,t, is given by

2
“n-n)=7 (4.3)

being/ the vacuum wavelength of the impinging wamgeandn, the refractive indices of the
lower and upper media, respectively. In this camagion, SPPs generated on each side of the
wedge approach the edge in phase and are thusteaednterfere constructively. As reported
by several authors [1, 106], the field enhanceregpected in this case is much higher than that
obtained by the trivial sum of two SPP waves, bseaf the nanofocusing effect.

The final results can be visualized by comparingufé 4.4 (a) and (c), relative to the
configuration without a phase shifter, and Figuee(4) and (c), which refer to the phase-shifted
configuration. Surface Plasmon dynamics is weluaized looking at the components of the
electric field in the two configurations, with amdthout the phase shifter. As can be seen, light
coupling to SPP modes takes place at both siddakeolielectric-silver interface, with low
reflections. Without the phase shifter, SPPs rearthe wedge edge have oppo&ijdields and
parallel E, fields. SPPs destructively interfere at the tigl goower is therefore coupled to
propagating waves in the air domain. On the otlardhin the presence of the phase shifter,
SPPs constructively interfere in a very small metgion close to the edge (see Figure 4.4 (b),
insets).

After having identified the correct illumination rditions, the first issue we dealt with was
finding the optimal combination of materials, methickness and incident wave vacuum
wavelength in order to maximize the SPP coupling dogiven wedge aperture. As will be
discussed in the next section, wedge aperturexedfito 70.4° by the chosen fabrication
technique. This aperture angle limits the efficiemchievable with this structure [116], but
leads to a very smooth surface in the final falbedasamples, which is crucial for the
performance of the device. The dielectric matecahstituting the wedge is also fixed by
experimental issues (NOAG61), having a refractiveeln of ~1.58 at visible wavelengths. The
upper material was then chosen to have a much higlfiactive index, in order to obtain the
desired phase shift within relatively small thickses, according to equation (4.3). Lead
Zirconate Titanate (PZT) was chosen, having a céfraindex of ~2.4 in the spectral range of

interest.
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As discussed in the previous section, that theature radius at the wedge edge crucially
influences the extent of EM field focusing. The pial nanofabrication technique allows to
obtain a very small curvature radius, which in case is about 5 nm. Therefore, also curvature
radius was considered a fixed parameter. On thé&rargn wedge dimensions, metal coating
material and thickness and illumination wavelengdre set as varying parameters in order to
maximize field enhancement at the wedge edge. Coimgethe wavelength, high efficiencies
were found in the UV part of the spectrum. For thetal coating, gold and silver were
considered. Silver turned out to give the bestgueréince due to its lower dissipation rate at
UV-VIS wavelengths, and the optimal metal thickmess 33 nm.

The already discussed Figure 4.4 refers to thismabt configuration; the optimized
geometrical and physical parameter values are teghan the figure caption. As can be seen in
Figure 4.4 (d), a remarkably high intensity enhameet at the wedge edge is predicted in the
latter case, with a maximum enhancement factorrardib0 (note that the maximum intensity
value lies well outside the color scale range, alse the inset plot). On the contrary, no
enhancement at the wedge tip is found in absenpbasfe shifter, as expected.

As reported above, the optimal metal coating far wadges is Ag with a thickness of 33
nm. With these parameters, the best focusing pedoce occurs at a wavelength of 390 nm.
Unfortunately, we are not equipped for near-fiefifical characterizations at this wavelength.
Nevertheless, the experimental verification of tla@ofocusing effect can be carried out also at
higher wavelengths, even if a lower intensity emeament is expected, which can however be
related to the optimal case. We therefore repeiedimulations imposing a standard 514 nm

laser light; in this case, Au turned out to proviggter coupling.

4.4 Fabrication

The fabrication process of our wedge array requivegollowing steps:

* Focused lon Beam (FIB) lithography;

« Wet etching;

e Au evaporation;

* Phase shifter integration;

¢ Replica molding.

A flowchart of the process is reported in Figurg. A SiG, layer of approximately 500 nm
was thermally grown on Si <100> in a hot furnachisToxide layer was patterned by FIB

lithography (FEI nova 600i dual beam). An array@ftangles (500 nm deep, 3 um wide) was
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fabricated with a single exposure over an areadffuéh x 640um. After that, an anisotropic
KOH wet etching was performed to obtain V-groovesirced by crystalline Si (111) atomic
planes, thus obtaining the negative of the desstadtture. The KOH etching along the (111)
planes fixes the wedge aperture angle at 70.4%inded in the previous section.

We should now evaporate a gold film on the substrahich will eventually become the
metal coating of the final structure. Since the ladhesion of Au on Si could be a serious
drawback, the patterned grooves were previouslgiped in air for 5 hours at 1000 °C. Hence,
e-beam evaporation of 33 nm Au was performed onSii@» layer. The metallized grooves
array was then used as a master for replicatiom NMO®A61 (transparent thiolene optical
adhesive from Norland Optical Adhesives) by UV ngriNegative copies of the master, i.e.

wedges, were thus obtained.

FIB Lithographyon the SiO2 layer Metal Evaporation

[

l [ 111

Molding Replicaand UV curing -
Phase Shifter overlap (tilted)

Wet Etchingin KOH

Wet Etchingin HF

| | l | | Final Strip

SiO2 growth in hot furnace

Ve ¥ e W s 4

Figure 4.5 Scheme of the fabrication process.

As discussed above, a digital grating placed abtttom of the wedge ensures the required
phase shift between the two sides of the wedge.phlase shifter was fabricated by means of
FIB lithography on a ITO/glass substrate, whereommercial PZT52/48 sol-gel solution
(Inostek) layer with n=2.4 (@514nm) was previoustyn coated at 3600 rpm and annealed at
300°C for 30 minAfter repeating the spin-coating and baking prodess times, the samples
were annealed in a muffle furnace at 450 °C. Thé\BiDrefractive index is about 1.58 in the
VIS spectrum; therefore the correct thickness efpthase shifter turns out to be 313 nm.
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The integration of FIB patterned phase shifteriggatvith the grooves pattern was obtained
by pressing a drop of NOA61 between the metall@edhaster and the phase-shifter substrate,
aligning the two patterns under an optical micrpgcand compressing the stack in a manual
hydraulic press at 100 bar. After 10 minutes, UYirayis performed by illuminating the sample
- still under pressure - through a transparentktigi@ass plate that acts as a top compression
plate. The compression process is necessary taamaa small (< 500 nm) distance between
the wedge base and the phase shifter pattern. W¥gcwas performed using a 100 Watt UV
flood lamp (SB100OP spectroline) optimized for 368 wavelength. When performing the NOA
replica, a stripping effect removes Au from thediséd Si mold and covers the NOA wedges.
This process allows to obtain wedge ridges witladius of curvature below 5 nm, as can be
seen in the inset of Figure 4.6.Figure 4.

(b)

Figure 4.6 (a) Optical Microscope image of the ffisample (b) SEM micrographs of the replicated masdne
array. The inset shows a detail of the nanowedggénighlighting the extremely small curvature radiu

In Figure 4.6, optical (a) and SEM (b) images & ghepared wedges array are reported. In
particular, the inset in Figure 4.6 (b) reportsaidstof the obtained tip radius. It is worth to
notice that the phase shifter pattern was inteatipmotated by around 25 degrees with respect
to the wedge array before compression, so thatdhesct conditions for phase shifting exist
only at the points where the wedge edges crosplihee shifter stripes (Figure 4. (a)). This
approach allows to compare the behaviour of thecstre in optimal and non-optimal
configuration.
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4.5 Optical characterization

4.5.1 Near-field Scanning Optical Microscopy (SNOM)

Experimental near-field characterization was penfdt by means of Scanning Near-Field
Optical Microscopy (SNOM) [117] using a confocal téd microscope equipped with a fibre-
coupled 150 mW Ar laser, providing a wavelength of 514 nm. The sanwgas illuminated
from the backside with either unpolarized or TMaraded light. An “apertured” metal-coated
SNOM tip (cantilever type, see Appendix 1) was ugedollect the spatial intensity profile of
the wedges near-field. Figure 4.7 reports SNOM nadipigiht intensity over an area of 50um x
50um, showing the details on five wedges of thayarAn intensity peak is observed at the
wedges tip and a minimum of the intensity is prégenorrespondence of the phase shifter.

In order to better understand the experimentallt&esa FEM simulation of the interaction
between the SNOM tip and the wedge structure wa®npeed. A schematic SNOM tip was
included in the simulation domain, together witle fall wedge and phase shifter layout. The
SNOM tip was modelled as an aluminum-coated holgmamid with a 100 nm-sized central
hole. All the geometrical parameters of the wedgri$ing structure were set to match the ones
of the fabricated sample, in order to faithfullypreduce the results of the experimental
characterization. Experimental dielectric constamiere used for gold, obtained from
ellipsometric measurements. We calculated theifnadaf light power transmitted from the tip
into the hollow pyramid, which models the SNOM mdty signal sensed by the detector. In
Figure 4.8 we report the out-of-plane magnetiadfid)} with and without the phase shifter. As
can be seen, no signal is transmitted when theepbliter is present (a), while a non-zero
signal is transmitted in its absence (b). In otdesimulate a SNOM scan of the wedge edge, the
calculation was repeated for several y positionthefphase shifter with respect to the wedge
symmetry axis. In particular, the initial and finghase shifter positions are set sufficiently far
from the wedge edge position in order to reprodheeoptical configuration of Figure 4.3 (a) in

which no phase shifter is seen above the wedgetstau
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Figure 4.7 SNOM maps of the wedge array sample. gitese shifter is present and it is highlightedthy
dashed lines. TM polarized 514nm light was usedlliamination. (a) Unpolarized light impinging, (FM-polarized

light impinging. The darker spots correspond to ihiersection between the wedges and the phastershifie
position of which is marked by the dashed lines.

(a) x10 (b) x10°®

Figure 4.8 Simulated transverse magnetic field) (Histribution in the presence of a SNOM probe. (a)
Configuration with the phase shifter; (b) Configusatiwithout the phase shifter. The geometrical patars of the
simulations match the ones of the best fabricadeaote.

The calculated power transmitted into the hollowapyid as a function of the position of the
phase shifter is reported in Figure 4.9 (a) (gi@®), taking into account the 25° angle between
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wedges and phase shifter. A minimum SNOM intensignal is predicted in presence of

nanofocusing at the wedge edge.
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Figure 4.9 (a) Comparison between experimental {l#od simulated (green) SNOM signal along a wedger

(b) Simulated SNOM signal along a wedge ridge &n®® for the optimized structure.

This is somewhat counterintuitive, since it carelgpected the SNOM signal to be sensitive
to the near-field intensity and therefore being immaxn in presence of strong nanofocusing at
the wedge edge. However, it is well known that $NOM probe often perturbs the near field
distributions and the SNOM intensity map is theulesf sample-probe interactions which are
strongly correlated to sample morphology. Moreoteis result is confirmed by data reported
in literature for aperture-tip SNOM measurement$8]1 Figure 4.9 (a) we also report the
experimental near field intensity measured alongedge edge (blue line). As can be seen, the
measured intensity when the SNOM probe passes awossing between a wedge and the
underlying phase shifter exhibits a dip, the widthwhich is in good agreement with the
simulation. From these data we can infer that ti@focusing effect actually takes place at the
wedge-phase shifter crossing, manifesting itself aasminimum of SNOM signal in
correspondence of these points. For comparisonepert in Figure 4.9 (b) the result of the

same simulation performed with the optimal devaglut described in Section 3.

4.5.2 Raman spectroscopy

In order to verify the field enhancement at the geetip, experimental analyses based on
Raman/SERS were performed. Exploiting the fact thatSERS signal is local, proportional to
[E[*, and roughly independent of the field directione wexpect an enhanced signal in

correspondence of the intersection between the evedge and the digital grating below.

82



Intensity
- __

500 700 300 1100 1300 1500
Raman Shift / em*

200

[um]

100

(b)

Figure 4.10 (a) Comparison between the Raman spebtegned from a functionalized (blue line) and aeba

sample (red line). (b) Raman map of a wedge. Tharsattion between the wedge and the digital phaifersis

highlighted and two intensity maxima are observeddrrespondence of the intersection.

A wedge array sample was functionalized with aasfembled monolayer of dodecanethiol
(C12H25SH) deposited on the gold surfaces at room temperaBamples were pre-cleaned in a
basic peroxide solution (5:1:1 double distilledd; 30% HO, and 25% NHOH) for 10
minutes, rinsed in double distilled water and dnigdier N flux. The cleaned samples were
immersed in a 4-mM solution of dodecanethiol inaeii for 48 hours and therefore rinsed
thoroughly with ethanol for at least 5 minutes]daled by drying under nitrogen stream. The
spontaneous assembly of the molecules is knowarto & densely packed and highly oriented
structure on a metallic surface. The SERS specwtithe functionalized sample was then
measured by means of a confocal micro-Raman WhitgtcuimentThe system is equipped with
a 150 mW Af laser, fiber-coupled to the optical microscope #&mclised onto the sample
surface by a 100x objective. The emitted signanalyzed by a single grating spectrometer
coupled to an Andor DU401 CCD detector, enabling #lcquisition of local micro-Raman
spectra. The spatial resolution is about 0.5 pm5xin laterally and 1 pm in depth. SERS
maps can be obtained by integrating the Raman gigakl for each point of a defined grid.

A map along a wedge ridge was collected integratimgRaman peak of dodecanethiol at
707cm’ (v (C-S) [119]). Figure 4.10 (a) compares the acqguigeectra of a functionalized (blue
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line) and a bare (red line) sample. Figure 4.10 r@ports the result of this measurement
showing the intersection between the wedge anglthse shifter.

As can be seen, two maxima are found as expectemrespondence of the crossing
between the wedge and the underlying phase shifgually, as can be seen, the measured
Raman enhancement factor at the phase shifter-wardgsings is rather small, around a factor
25. This reflects the non-ideality of the fabrichstructure and is mainly due to the high losses
in the gold layer. Nevertheless, the Raman measnerprovides direct evidence of the

nanofocusing phenomenon.

4.6 Conclusions

We have shown that a valuable nanofocusing effdad place in a metal coated wedge
configuration, provided that the correct phasetstifillumination conditions are set and
geometrical parameters are optimized. Gold coat€A Nvedge arrays were fabricated by
means of FIB and wet etching, obtaining good cémfehe wedge size and, most remarkably,
a radius of curvature of about 5nm. The correctsphaodulation at the wedge profile was
achieved with a single step of imprinting. FiniteBents simulations of metal coated wedges
were carried out, showing that these structureseff@atively focus light at the nanoscale. The
plasmonic nanofocusing effect was demonstrated byans: of SNOM and Raman

measurements, showing the strong potentialiti¢Bisfsystem for nano-optics purposes.
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Chapter 5

Let’s twist to the nanoscale: sub-wavelength focusing of OAM-

carrying light by means of Plasmonic Vortex Lenses

51 Introduction

In 1992, in a famous paper, Allen et al. [120] w#re first to recognize that light beams
with an azimuthal phase dependee®?, | being an integer, carry an angular momentum, given
by the sum of a Spin Angular Momentum (SAM) ancwbrbital angular momentum (OAM).
The former, as was already well known, comes inwartwof/ per photon, while the latter is

guantized a¥i. This is expressed by [120, 121]

J +s
—Z=__ 51
W w 1)

where s = %1 is the SAM ana, the wave frequency and W the energy. The OAMgditlhas

of course a history prior to 1992, concerning fatance high-order atomic transitions. The key
point of Allen was that this OAM was a natural pedy of all helically phased beams, and
hence could be readily generated in a standar¢sofab. These beams can be described in
terms of solutions of the paraxial wave equationyilindrical coordinates, which are known as

Laguerre-Gauss (LG) modes. A plot of the phase bfsg beam and its intensity pattern are

reported in Figure 5.1.

@
Figure 5.1 (a) Helical phase of a Laguerre-Gaudséam with OAMI = 1 and intensity cross section; (b) Model

of a spiral phase plate, a device capable to ilm@agOAM contribution to an incident beam.
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In recent years, several groups have proposed ialateith special structural features, able
to generate or modify OAM-carrying beam. In a wptblished in Microelectronic Engineering
[122], we designed and fabricated a structure daf@ral phase plate, an optical element made
of glass and PMMA, the latter having an opticatkhiess which increases with the azimuthal
angle (like a “spiral staircase”). If the heighttbe step is properly chosen, an incident plane
wave emerges with a helical phase upon transmisSioa plate was fabricated by gray-scale
Electron Beam Lithography on standard positivested3MMA.

More recently, extremely interesting new opticaépbmena were discovered by combining
OAM-carrying light and plasmonics. Some example® glasmon-induced spin-orbit
interactions [123, 124], optical spin Hall effentnanoaperture arrays [125] and spin dependent
plasmonic effects [126]. In particular, it has betown that SPP waves carrying OAM can be
generated by using particular metallic sub-wavelengtructures illuminated by circularly
polarized light. Structures such as concentricutdnc grooves [2] and Archimedean spiral
shaped grooves [2, 127] were investigated. The &Ripled by such structures is sometimes
termed as Plasmonic Vortex (PV) [127] and structtgelf is called a Plasmonic Vortex Lens
(PVL). PVs are useful for various nanophotonic agpions such as trapping [128], soliton
[129], data storage [130], and quantum computation.

In this Chapter, we analyze PVL structures givennmyltiple-turns Archimedean spiral
groove gratings or multiple concentric ring groav@sch structures are able at a time to couple
impinging circularly polarized light to Plasmoni®@iices and to focus them at the center of the
structure, acting as lenses.

First of all, we will discuss the mechanism by whan incident wave is coupled to PVs and
explore the focusing possibilities offered by PVihgerms of field enhancement at their center.
We will also describe the special case in whiclole s milled at the center of the PVL. As will
be shown, a hole-guided mode can be coupled td*thdor proper geometrical parameters,
therefore obtaining Extraordinary Optical Transnhaissthrough the hole. The proposed setup
offers unique enhancement opportunities togethtr an easy-to-obtain experimental setup.

We will then describe the fabrication of such swwes, performed by means of a combined
EBL/FIB process. We fabricated PVL with differertiral and OAM properties in order to
experimentally validate our theoretical studies tmexplore different configurations for further
application.

The characterization of the structures will alsopbesented. We illuminated the structures
with circularly-polarized, collimated laser lighté measured the intensity transmitted through

the holes in different conditions and for differgeometrical parameters.
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Finally, we considered the possibility of placinganostructure inside the hole, in particular
a rod-shaped antenna (or more than one) in diff@@nfigurations. The exciting conditions and
enhancement properties of the integrated systera stadied and the structures were fabricated
and the characterization is going on in these weieksollaboration with the Politecnico di
Milano. The results will be presented in an ordk tat the well-known nanofabrication

conferenceMicro- and Nano-EngineeringMNE) 2013, held this year in London.

5.2  The Archimedean Spiral PVL

Our PVL structure consists of a gold-air interfaghere an Archimedean spiral-shaped
groove has been milled (Figure 5.2); SPPs areeaxkait this interface in the way we describe in

the following. The geometry of the groove is dediry
d
rm(¢):ro+m2—¢ (5.2
T

being ¢ the azimuthal angled the PVL pitch,m an integer and, the distance from the
center to the nearest point of the groove. The ¢tet@@PVL consists om spirals, each one
rotated of 36Gh degrees with respect to the adjacent ones. Wetevith these structures-
PVLs. We also notice that, in caserof 0, the groove is a circular ring of radiygs Thus, we
can consider the bull's eye structure, given byceotric ring grooves of period, as a

particular case of PVL.

Figure 5.2 Plasmonic Vortex Lens (PVL) geometry.
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We explain now how this nanostructured material @@ate an optical vortex. The simplest
example is a circularly symmetric structure illuadied by circularly polarized light. Pioneering
works on the angular momentum properties of thesSfelpled in this situation were done by
Hasman’s group [126]. We know that, when a 1D goatcoupler is illuminated by an
arbitrarily polarized beam, SPP surface waves acéegl via the TM component of light, and
the propagation direction of the resulting SPP asppndicular to the local direction of the
grooves. Now, if circularly polarized light illumates a circular groove, the optimal coupling to
SPP occurs at diametrically opposite points ofgraove, which rotate in time, following the
electric field of the impinging light. Each spielement produces a pair of SPP waves, traveling
respectively toward the groove center and towaedahtside. The wave has a space variant
local direction and an azimuthally increasing phake origin of this phase is thus purely
geometric and it is commonly referred as PanchanatBerry phase [131, 132]. A sketch of the
mechanism is reported in Figure 5.3.

In the case of the bull's eye, the geometric prsie SPPs is only due to a polarization
dependent coupling, resulting in a unity topolobidaarge. In spiral structures, an additional
phase arises as a result of a space-variant ptithedice and allows to impress an arbitrary
topological charge to the resulting PV [127]. Wdicm that the groove spiral pitch must be
equal toksppfor the SPP generatedett = 2z to be in phase with that one generatedtat 0.

OG0B

E(wt=n
Q E(wtzn)f E
E(wt=r)

Figure 5.3 Principle of generation of PVs in Plasimd/ortex Lenses (PVLs), above: circular grooveniinated
by circularly polarized light (red arrow). The réisug PV has OAM=1. Below: spiral groove with pitelgual to the
SPP wavelength illuminated by circularly polaridigt. With the shown helicity, the resulting PVsh@AM=0, and

(wt=2r)

E(wt=31/2)

it will have OAM=2 in case of opposite helicity.
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53 Field characteristics on a PVL

The characteristics of the SPP field pattern predusy the PVL are difficult to calculate

analytically. Anyway, it has been demonstrated [1B8t a reasonable approximation is:

Eqer o(RO) 0 €7 J( ko R (5.3)

hereJ; is thejth order Bessel function and
j=s+l+m (5.4)

is the total topological charge of the Plasmoniatsa The selection rule (5.4) was first
reported by Kim and co-workers [127] for arbitrasglue ofm and light without OAM (i.ej =
m + 1), and just very recently [134] for light carrgi©AM. The cases = 0 corresponds to a
radially polarized beam.

Since the intensity of the field is described b¥essel function, we expect an intensity
pattern with bright and dark concentric rings. artwular, forj=0 a bright spot is expected at
the center of the structure, while, joi0, there will be a dark spot at the center andritensity
maximum will be on a ring, the radius of which ieases witlj.

The field intensity at the origin due to a singlewlar groove placed at a distarrgas
|spro(0,0)r g2t (5.5)

The field enhancement due to N grooves can be cmdpby summing up all the
contributions. The meaning of this behavior is dieanderstood. At small values of, the
field concentrated at the center increases prapwatly to ro since the groove length — and
therefore the energy collected — increases lineaily the radius. This, however, is partially
compensated by the natural SPP decay, and the @mhant saturates at some distance from
the center, as can be seen in Figure 5.4, whermwmare the analytical and numerical results.
It is interesting to note that the saturation lénirns out to be 228 pm fa=780 nm and 29.5
um for A=633 nm, which are roughly 10 times the respeqgpr@pagation lengths across the
grating. This unexpectedly high contribution to fieédd enhancement from far grooves is due to
the lens effect. Anyway, the plasmon decay lendthiausly has an effect on the overall
achievable field enhancement and it is higher ftR Mavelengths. This decay length also
depends on the materials, and it should be alsoibhanind that the it can be strongly decreased

in presence of a rough surface. This issues wildiressed later when we discuss fabrication.
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Figure 5.4 Field enhancements at the bull's eygecers a function of the groove numberXs633nm (red) and
A=780nm (blue); FEM calculated values are marked witcles, solid lines are fits using expressior2@y. The
grating period, slit/period and depth are as regubih Fig. 5.4-1 folh=780nm, while fork=633nm they are 590nm,
0.5, and 30nm, respectively.

5.4  Optical transmission through a holey PVL

We then considered a holey PVL, i.e. a PVL whetwke has been milled at the center.
Extraordinary Optical Transmission (EOT) occursthis situation. Although EOT through a
single hole surrounded by a bull's eye structure een discussed in literature, in most of the
works only plane-wave, linearly polarized illumiimat is considered, probably due to the
relative difficulty of producing other illuminatiogetups, such as radially polarized light beams.
With our structure, on the contrary, it is possitdeobtain axially symmetric SPPs converging
to the center using standard circularly polariZghit!

We consider the case of a 200 nm thick gold PVlaaiass substrate, assumitre33 nm
andA=780 nm impinging light wavelengths and we studisdbehavior numerically. The results

are reported in Figure 5.5 (a) and (b).
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Figure 5.5 Transmittance of holey 1-PVLs illumirthtey circularly polarized ligh$=-1 (coupled PV hag= 0).
(a) »=633 nm; (b)A=780 nm. The geometrical parameters of the gratwege optimized for efficient plasmon
coupling. (c) Power flow as a function of hole wlifor different values of the overall OAM. Thisoplallows to

identify the radii at which light is focused forffdrent values of j. The results refer to a wavgteii=633 nm.

For A=780 nm, the PVL strongly boosts the transmittaatea hole radius of 400 nm,
resulting in a total transmittance that is rougb0p times higher than that of the single hole.
The enhancement is more modest, but still sigmificeor A = 633 nm at a hole radius of 300
nm. The maximum of the curves corresponds to tlienap coupling to hole guided modes. In
Figure 5.5 (c) we compare the transmittance fdedght values of the topological charge of the
PV as a function of the hole radius.

It is interesting to describe the characteristitthe field inside, and transmitted through, a
holey PVL,; in particular we focus on the in-plar@mponents (g E)) of the electric field. In a
recent work by our group [135], we demonstrated, thhile these components are small in SPP

waves travelling at the metal-air interface, thmagnitude is dominant in the region within the
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hole, and the Fand E components of the outgoing structured wave haeesttme order of
magnitude. The x-y cross sections show field pastermilar to the ones generated by a rotating
electric multipole [28] of order'2The PV generated at the upper metal—dielecttierfiace
induces such a rotating multipole charge distrdoutat the upper hole edge, which propagates

down to the lower hole edge [123].

Figure 5.6E, field distribution at 50nm under the lower holeedcolor scale) and scheme of the corresponding

surface charge distribution at the metal surfacease of =2.

5.5 Fabrication

We fabricated a series of hol&PVL and2-PVL, either left- or right-handed, for=633
nm. The geometry of the structure was optimizedHBM simulations. In particular, the
parameters affecting the response of the PVL aeptriod, the duty cycle, the depth of the
grooves, the overall thickness of the gold slab, distancerg) from the nearest point of the

groove and the hole radius. The optimal paramébersd in our case are reported in Table 5.1.

) Duty Groove Overall ] ]
Period _ Distance 1y Hole radius
cycle depth thickness
j=0 | 300 nm
Aspp= 570 nm 50% 35 nm 250 nm Asppthole rad.|
j=1 | 180 nm

Table 5.1 Optimization of the PVLs used in our eipents. The working wavelength was 633 nm.

The optimal constants of the material constituting PVL are also crucial. We therefore
used ellipsometry to measure the refractive indexhe gold we would actually use in the
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fabrication, we implemented the curves in the COMS0Oftware and used the experimental

values for our simulations. These curves are shovaigure 5.7.
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Figure 5.7Measured real (left) and imaginary (right) partteeg refractive index of the electrolytically grownld
used in the experiments.

Before fabricating our PVL structures, we checkbd validity of our optimization by
fabricating a linear grating with the same paramnset¥®/e measured its reflectivity using a
spectroscopic ellipsometer and compared it withdhe predicted by simulations. Since we
cannot perform a reflectivity spectrum at an amjlencidence of 0° - the illumination condition
required by the PVL design - we calculated the etgmk reflectivity at 15°, which is the
minimum value that can be set in our ellipsomelée observations can then be related to the

0° condition. The results are reported in Figue 5.

1 Reflectance, 6=15deg
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Figure 5.8 (a) Calculated reflectivity spectrum dfigital gold grating having the same geometricapzters of
the PVL, at an incidence angle of 0° (blue curve) &5° (red curve). (b) Comparison between the nredsiblack)
and calculated (red) reflectivity spectra at 15ifmum angle which can be set in the ellipsometéf.find a good
agreement between theory and experiment, eveslilat blue-shift and lowering of the depth is abvsel, probably
due to a decreased effective thickness causedrfaceuoughness.
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As expected, we find a dip in reflectivity at ab@®0 nm. A slight blue-shift and lowering
of the depth in the experimental curve, probablg ttusurface roughness, which may lower the
effective thickness of the fabricated grating. Aayw for our purposes, the dips are
superimposed well enough and so we can expecath&PP is actually coupled at the grating-

air interface.

We then fabricated our PVL samples. The fabricatimtess consists in three steps:

Substrate preparation;
Electron Beam Lithography, to generate the PVLcétme;
Au deposition, performed by electrolytic growth;

A w N PRF

FIB milling of the central hole.

A 200 nm-thick slab of gold was electrolyticallyogrn on an ITO-coated glass slide (ITO
thickness 15-30 nm, nominal), by applying a volta§e0.75 V for 5 minutes. A thin (2-3 nm)
layer of Au was preliminarily sputtered onto theOl'Burface to improve its conductivity, by
cycling the sample for 35s at 10mA in a sputtenmgchine. We then deposited 90 nm of
commercial PMMA resist (AR-P 671.02) onto the scefdy spin coating (4000 rpm, 60 s) and
soft-baking at 180° for 10 minutes.

Electron Beam Lithography was then performed onstiraple, using a dose of 54@/cn?
which was optimized via a dose metrics. The pattemsisted in two lines of PVLs; in each
line the period was varied around the central védmeseen by simulations, and the two lines

had opposite chirality. All the other parametersenget according to the simulations.

Figure 5.90ptical microscope image of a part of the pattesedufor the “holey spiral” experiment. The picture
refers to m=2 spirals. The two lines have oppaodiieality (right- and left- handed) and the periedraried around
the optimal value.
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The PVLs also contained a hole in the middle. Thisot the final hole (it will not be a
“real” hole since it will “end” on the underlying tAfilm) but it was used as a marker for
subsequent FIB milling. The same layout was usedlfoand 2-PVLs. The PVLs had 50
grooves since this is approximately the value dtlwthe PVL enhancement reaches saturation,
according to the plot in Figure 5.4; we also falgd 1-PVLs with increasing number of
grooves to verify the enhancement trend.

The exposed sample was developed in a 3:7 deiorzedPA solution for 20 s and rinsed
in deionized HO for 30 s. After that, electrolytic growth was feemed to obtain the final PVL
structure. We used the same growth parametersfaepbut we used a growth time of 20 s to
obtain a final thickness of 35 nm. Unexposed reg#s then removed by dipping the sample in
hot acetone for 3 minutes and then rinsing it withd acetone and isopropanol. Some examples

of the structures obtained after this step are shiawrigure 5.10.

Figure 5.10SEM pictures of some fabricated chips after EBL axpe and development. (a) Right handed 1-
PVL; (b) Tilted image showing a completePVL with 20 grooves; (c) detail of the central éhoshowing a thickness
of 35 nm.

The fabricated sample was then put in our FIB sydte milling of the central hole and we

thus obtained the final structures, which are shimw¥igure 5.11.

Figure 5.11 SEM pictures of some fabricated chi@sLeft- and (b) Right-handedPVL. (c) RH 2-PVL.
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5.6 Characterization

To characterize the sample we used a Witec insmuneguipped with a confocal
microscope, in which we had the possibility of atijug the optical path and illumination
conditions according to our needs. We illuminated sample from the spiral side with
collimated laser light at 633 nm. The beam passexigh a linear polarizer first, then through a
quarter wave plate, thus impinging on the samplth wircular polarization which can be
changed from right- to left-handesk¢1) by rotating the plate. Light emerging from thee on
the other side was then collected using the miomscobjective and recorded by a CCD

camera.

Left-handed circularly  Collimatedlaser
pol-light impinging beam illumination

_ PVL

Glass substrate

/ "\ Far field optics
Q detection

Figure 5.12 Scheme of the experimental setup. phialsepresented here is a 2-PVL.

Figure 5.13%hows the results fd-PVLs. In Figure 5.13a) the measured intensity is plotted
versus the spiral period; the measurement was npeefb for each of the two chirality lines,
without changing the optical path or the wave plasition. For left-handédspirals having
m=-1, thus providingj=0 with s=+1, the trend follows that predicted by simulatiofég(re
5.13(d)), and a maximum is observed with a period df 6. For right-handed spiralgs+1,
thus j=2 with s=+1), the signal is substantially constant and segged with respect to the
former case. In particular, it is comparable to ¢ine due to light directly passing through the

hole. Forj=2, in fact, a minimum is present at the PVL cenfdre maximum lies on a ring

3 Here we define “right” and “left” handedness asefsefrom the incident light.
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which radius is larger than the hole, and it is tn@bhsmitted.

is a factor 4.
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Figure 5.13 (a) Transmitted intensity through tbéehas a function of period. The trend follows thegdicted by

simulations (d) and the ratio between this sigmal the intensity directly transmitted through thaleh(optical
images shown for (b) left-handed spiral, (c) riphtided spiral) is a factor 4. (e) Transmitted isityras a function

of number of grooves. SEM pictures are shown in (f)

Figure 5.13 (b) and (c) show microscope imagehefsamean=-1 spiral, for two opposite
positions of the wave plate; here the PVL propsréee kept fixed while the illumination
conditions are changed, since polarization is $witicfroms=+1 tos=-1. A bright spot can be
seen folj=0 (b) while the center is dark fpr2, as expected. Figure 5.13 (e) reports the iittens
trend measured on spirals of increasing numberrobvgs; some SEM pictures of these
grooves are reported in (f). The trend reprodubesone predicted by theory and simulations,
reported in Figure 5.4. The smaller overall enhareag factor is probably due to surface
inhomogeneities and roughness. However, the afadtearly proved.

We repeated the experiment #PVLs. In this case, we expect a bigger differelnesveen
the two possible cases pfl andj=3, as can be easily seen by looking at Figure(&.&and
considering the best hole radius fel. Figure 5.14 summarizes the expected response.
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Figure 5.14 Expected response of 2-PVLs illumindigctircularly polarized light. Left: Scheme of tbetical
setup and effect occurring on the structures, feHaspiral. Upper line: For LH circular polarizatidrower line: for
RH circular polarization. Center: Electric field noerpected in the two cases, calculated by FEM sitinris. For
j=1 light is transmitted through the hole, while f83 the maximum lies outside the hole diametet e center is

dark. Right: Transverse component of the electeid fin the near field of the PVL.

Figure 5.15 reports the experimental results. Eigud5 (a) shows two frames of a video
recorded by a CCD coupled to the Witec microscogele the quarter wave plate (QWP) was
rotated. The two frames correspond to “oppositesitpans of the QWP, resulting in LH or RH
circularly polarized light, respectively. The twpisls shown in the frames have opposite
chirality and thus one is “on” for LH polarized lig the other is on for RH polarized light.
Figure 5.15 (b) reports the intensity measured bl &nd RH-polarized spirals of different
periods. A maximum is observed for a period of B&% (expected: 571 nm) in the cgsd,
corresponding to LH spirals in the illumination ddions considered. For j=3, the signal is
much lower at this value of the period (a facto®)1@vhile the two signals are comparable for
periods out of the resonance, reported in the mé&jgure 5.15 (c).

This result confirms the effectiveness of our dessmmd demonstrates the possibility of
controlling the OAM properties of light at the nacale. Therefore, OAM appears to be a
powerful tool to control both static and dynamiomerties of light in the sub-wavelength
regime.

Further near-field characterization is reporte@iapter 6.
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Figure 5.15 (a) CCD-recorded optical images of twe\2- of opposite chirality, upon rotation of the qiga
wave plate. In each case, only one of the two kpéaters is illuminated (white arrows), while thimer one is dark.
The situation for which the center is bright copmsds to j=1, while for j=3 the intensity maximuadl§ on a ring
lying out of the central hole and is not transndittéh) Measured intensity as a function of the qub(expected best:
570 nm). The ratio betwegrlandj=3 is a factor 100 at the period providing the maxin enhancement fgr1
(565 nm), while for periods far from the resonance tive signals are comparable. (c) Map showing the eege

reflectivity as a function of period and thickness.

5.7 Integration of a nanoantenna inside a holey PVL

After having thoroughly studied and experimentailyaracterized the behavior of holey
PVLs, we wondered what happened if we placed astargiure inside the hole. In the hole, in
fact, there is basically an in-plane electric fialdd thus we expect that planar nanostructures
which can be excited by such a field can be seffbere are two interesting aspect about this
planar field: it is greatly enhanced, and it car@AM. We therefore decided to study the
coupling between a holey PVL and a nanoantennaruatsre we know very well from our

SERS/SECARS studies. In fact, nanoantennae areéedxby the in-plane field component
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along their major axis; moreover, they are smatugh to be comfortably placed inside the
hole of a PVL.

To study the coupling between a holey PVL and aterara, numerical analysis was
performed, using the Finite Element Method. Thengetoical parameters of the PVL were
optimized for efficient plasmon coupling &780 nm; we chose this wavelength since it is the
common working wavelength of our nanorod antenridee geometric parameters of the
nanorods were already known but were checked, shcdlumination conditions are different
from the standard plane wave. We limited our stiedihe casé¢=1; the simplest way to obtain
that is to use a bull's eye structudes hinted in Section 5.4, in this case a rotatiigple is
induced at the hole edge, as shown in Figure &l6It is intuitive to understand that, for
optimal coupling, the antennae should be arrangside the hole following the field lines; the
antennae must thus be arranged in radial fashignrd-5.16(b) shows the electric field norm
on a single nanorod placed inside the hole; theisadearly excited and a field concentration
can be seen at its ends. The field enhancemenheofPVL-antenna integrated system is
quantified in Figure 5.1€c). It is well-described by the product of the stamt enhancement of
the rod and that provided by the PVL, which depesrdthe number of grooves.

Although this approach is not suitable for standseshsing experiments where a large
number of resonators are preferable, it might ber@sting for more challenging issues such as

single molecule detection.
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Figure 5.16 (a-d) Different possible antenna canfigions for 0-PVLs, together with the x-componehthe
electric field. (e) Field enhancement factor (EFp®-PVL coupled to a nanorod. It is given by greduct of the
EFs of the two structures.
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The structures were then fabricated by EBL wittwa-step overlay exposure. In the first
step we exposed pillars in a 400-nm thick negatives resist (AR-N 7520.073). The exposed
structures were developed in a mixture of the stethdegative resist developer AR 300-47 and
DI H,0 in a ratio of 4:1 for 150 s. Gold was electralgitly grown for 2 min and residual resist
was removed by dipping the substrate in the comialenemover AR 300-70, thus obtain holes
in a gold slab. Together with the pillars, we exgabglobal and local marks, which shall be used
for alignment in the ¥ step. We then re-aligned the system and we expteedull's eye
around the hole and nanoantennae inside the ety standard positive resist (PMMA, 90 nm
thick). Both steps were performed in high-resolutinode. The metallic structures were then
obtained by a second electrolytic growth step agit-0.75 V, growth time 20 s). Some of the

fabricated structures are shown in Figure 5.17.

Figure 5.17 Integration of a nanoantenna insidelayhPVL. (a, b) FEM simulations showing the eliecfreld
norm (color scale) and in-plane field (white arrpivsside the hole (slice at half nanorod thicknefs) an antenna
dimer or tetramer, respectively. (c, d) Fabricatbighs corresponding to (a) and (b). The chips wétained by EBL

overlay exposure in high resolution.

In principle, these structures could also be fabeid with a single-step EBL exposure
followed by FIB milling of the hole and the anterniogether, or by Au deposition in the SEM

(allowed by our FEI system) inside the hole, updB milling. However, this process cannot
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ensure the geometry and positioning control pravio EBL, and this is even more true with
such tiny structures. As an example, we reporigurie 5.18 the best structures we could obtain
with FIB milling of the antenna/hole, compared wilte typical ones obtainable with the EBL
overlay process: the quality of the latter struesufshape, dimensions) is much higher.

Figure 5.18 Comparison between a nanorod antetmicdted by (a) single EBL exposure + FIB millingthé
hole + antenna pattern and (b) EBL overlay expoébxeThe quality of the latter structure is cleamtyich higher,
the antennae having a well-defined and reprodusitége and dimensions.

These results will be presented in an oral tath@tMNE (Micro- and Nano-Engineering2013
conference held in London, UK from %6to 19" September 2013. In the meantime,
fluorescence and Raman experiments will be perfdrimesollaboration with the Politecnico di

Milano.

5.8 Conclusions

We studied a class of nanostructured plasmoniasesfable to efficiently couple impinging
circularly polarized light to Plasmonic Vorticese.i SPPs carrying orbital angular momentum
(OAM). Such structures are multiple turns spirakocular grooves milled in a thick Au slab,
and are termed Plasmonic Vortex Lenses (PVLSs).

We described the mechanism by which these stricttae couple an incident wave to PVs
and the characteristics of the field focused at tenter. The effect depends on the geometrical
and structural characteristics of the nanostrudtateface (plasmon decay length, type of metal,
geometry of the groove, chirality), as well as ttlearacteristics of the impinging light
(wavelength, polarization). We also consideredciaiguration in which a hole is milled at the
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center of the PVL. A huge EOT effect can be obthingth an experimental setup which is
much easier than the standard ones proposedritlite.

We then fabricated different PVLs by means of ERillowed by electrolytic growth and
FIB milling. This simple yet precise process allowes to obtain structures with the desired
characteristics, with a very good control on adl garameters, which could thus be tuned.

We optically characterized the PVL, illuminatingeth with circularly-polarized laser light
and measuring the intensity transmitted throughhthles.We retrieved the results predicted by
our simulations, thus obtaining an “EOT switch”signply rotating a quarter wave plate.

Finally, we studied the integration of one or moesmorods inside a holey PVL; in the hole,
in fact, the electric field is mainly in-plane andn excite such nanostructures. We studied the
simple configuration of a nanorod inside a bulf® estructure, illuminated in such a way that
we have an electric dipole at the hole edge. Dfieantenna configurations were considered
and fabricated. This device is a non-trivial ins@n of different optical phenomena, namely

SPP traveling on a grating, nanofocusing of li@AM properties of light, EOT and LSPR.
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Chapter 6

EllipsSNOM: an innovative instrument for combined near- and

far-field characterization

6.1 Introduction

The detection of SPPs can be performed by eithidla or near-field techniques. While
the former allow to reveal macroscopic effects,hsas a dip in a reflectivity spectrum, the
latter - among which SNOM is the most famous -valto directly image an SPP propagating at
the surface.

Despite its age, optical microscopy is probablly gte most popular microscopy technique.
It is fast, cheap, provides a wealth of informaténd allows to investigate samples at ambient
conditions. Since the half of the t'1£¢entury, however, scientists have been aware thtimat
diffraction of light in small apertures (holes alges of particles) limited resolution to the
wavelength of lightThis fundamental limit, derived by Abbe and als@kn as the Rayleigh
criterion, states that [136]

R=0.612 (6.1)
NA

whereR is the smallest resolvable distance between tjectdl is the wavelength of light,
NA is the numerical aperture of the objective. THé&atition limit can be slightly pushed by
techniques such as the scanning confocal opticalosiope [137], where a sharply focused
spot of light replaces the wide-field illuminatidot it cannot be said that it was really broken
by this or similar techniques.

It was 1928 when Synge discussed a scheme to owertize diffraction limit. In a famous
work [138] he proposed the key features of whaiaw called a Scanning Near-field Optical
Microscope (SNOM) [47, 139]. SNOM gets around thigacttion limit by borrowing some
concepts from electron physics; in fact, its pgpheiis similar to the Scanning Tunneling
Microscope (STM) [140]. A feedback-looped tip [14ddans the proximity of a sample; the

“field” (electrons in STM, photons in SNOM) tunndtem the substrate, across the narrow gap
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between tip and sample; the detected intensityoisitored during the scan and maps an image
of the surface. In SNOM, the near-field tip (alsgled the probe) is usually fabricated by
pulling [142, 143] or etching [144, 145] an optififer taper, and is often metallized at the end
in order to suppress the coupling of diffractedhtifjelds. The resolution of this technique is
limited by the size of the tip aperture, which ac&ach dimensions of only 50 nm. This
resolution is of course poorer than the STM atomigolution, where no finite-size hole is
needed and the tip has true atomic resolutionistfar below the diffraction limit.

The very first studies of the physical propertie$SBPs using SNOM investigated the mode
confinement at the interface of a thin silver filmith air [50]. These studies allowed, for
instance, the determination of the penetratiorhef$PP fields into the air above the surface.
Then, the combination of near-field collection withster scanning techniques enabled the
direct visualization of propagating SPPs [49]. Nigeld probing has also proved very useful
for the assessment of scattering losses on stadttmetal surfaces [146] as well as for the
determination of the dispersion properties of SBPsurved surfaces [147]. More recently,
"apertureless” SNOM techniques have proved to bagining and promising strategies [148,
149, 150].

In this Chapter, we describe a fulfilled projeat fiee development of a custom SNOM head,
which was integrated on a pre-existing ellipsonoegyistem, in use at the LaNN laboratory. The
above-mentioned ellipsometer was essential inrdiffiepapers by our group, where it allowed
far-field investigation of the properties of plagmstructures such as digital gratings [151] or
plasmonic crystals for SPR-based experiments [153]. The aim of this project was to
combine ellipsometry and SNOM to get simultaneonsstrol of both far-field and near-field
characterization. Such an instrument, which hagmnbeen described in literature or industry,
is very promising since it allows a full opticalsgeiption of plasmonic surfaces and devices.

The combined system was called EllipsSNOM. Theqmtoyvas carried out together with
SNOM producers (A.P.E. Research, Trieste) in thenéwork of the PLATFORMS project,
and it allows performing coupled near- and fardfieieasurements, as well as particular and
easy-to-setup SNOM characterization. We described#ésign, implementation and testing of

the instrument, together with the first scientifigaelevant experiments.

6.2  Design and implementation

In order to design our custom SNOM head, we hadotwsider two sets of requirements:
those imposed by the coupling with our ellipsomeded those defined by the type of

characterization we want to perform on our samples.
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Let us first discuss the latter. In principle, wanted the SNOM head to work both in
collectionand inillumination mode, and in both cases it should be possibleoi wither in
reflectionor in transmissionIn collection mode the SNOM probe is used to meaghe near-
field optical signal, created by an external souncthe far-field. In illumination mode, on the
contrary, the sample is illuminated from the tipldahe signal is collected externally in the far-
field. A sketch of the possible working modes ipaed in Figure 6.1; of course, we wanted
the topographic signal as well.

To work as required, the instrument empl@ygerture SNOM probes. In particular, the
probe is a hollow tapered optical fiber, with amdéier d<100nm (d <%) at the end of the tip,
mounted on a tuning fork for feedback and conneted PMT detector. The fiber is metal-

coated to avoid undesired reflections.

a b. c.
Reflection Laser Input
SNOM
probe SNOM
Laser probe

Input

Reflection

Tip Aperture
d<=<}h

Near Field Near Field
ncar ield —car et

Laser Input

Collection mode: Collection mode: Hlumination mode:
SNOM Reflection SNOM Trasmission SNOM Reflection and
signal acquisition signal acquisition SNOM Transmission

signal acquisition

Figure 6.1 Sketch of the possible SNOM working nsdeollection mode (external illumination and cadlien
from the tip) in (a) reflection or (b) transmissjqo) lllumination mode (illumination from the tiand collection in

the far-field) with external signal acquisition,than reflection and in transmission.

The laser source for the EllipsSNOM was designeteanterfaced with the pre-existing
input unit of the ellipsometer. This, besides baiegessary to perform combined ellipsometric-
SNOM measurement, allows a large degree of contrdhe illumination conditions. Since the
laser passes through the illumination optics of ¢hgpsometer, in fact, it is possible to set
important parameters such as the polarization hadahgle of incidence; moreover, we can
decide whether to illuminate the sample with eittoeused or collimated light, by inserting or
removing the focusing probes of the ellipsometemdéarning the illumination wavelengths, the

SNOM system was equipped with three laser lingglile and interchangeable, at 532 nm, 658
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nm and 780 nm, respectively. These wavelengthsrcineregion of the spectrum which is
mostly used for plasmonic substrates in our laguifé 6.2shows some pictures of the tip in

collection mode

Figure 6.2 Pictures of the tip working in collectimode. (a, bA=658 nm, (ch=780 nm.

We now consider the constraints due to the fact th SNOM is not a stand-alone
machine, but it is mounted on a pre-existing imagnt; this of course limits the possible
designs to due hindrance or operation issues aghtmieate stability problems.

The ellipsometer is a J.A. Woollam Co., Verticak.InVariable Angle Spectroscopic
Ellipsometer (VASE), equipped with an arc lamp andhonochromator, ensuring a spectral
range 250 nm-2500 nm. The polarization of the ifpam is defined by an input unit which
can be controlled via software, while a detectoit gollects the signal and measures the
polarization state of light after it is reflectetf or transmitted through the sample. The beam
diameter is 2 mm, but can be reduced to 2@0by using the focusing probes.. A schematic
view of the instrument is reported in Figure 6.3.

The SNOM head was initially designed to be intexthto the original sample holder of the
ellipsometer (3 in the figure), resting directly tre goniometer base (4) in order to minimize

modifications on the system itself and maintainlibince, positions and alignments.
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Figure 6.3 Layout of the ellipsometer: 1. Inputtan®. Detection unit; 3. Sample holder; 4. Gonitenbase and

central stage; 5. Fiber optic cable.

The first issues we had to deal with concerned raimces in different measurement
configurations. As a first solution, a "bridge",-$baped” structure was chosen (see Figure 6.4).
The support frame was mounted on the central stégé¢he ellipsometer, between the
goniometer and the sample holder. The SNOM heaalj lgn the upper side of the frame and
thus reaching the sample holder from above, coelddi in different positions, thus fulfilling
the working requirements discussed above (illunn#tollection, reflection/transmission). It
was designed iwvertical configuration i.e. maintaining the vertical plane of the sampite
reflection mode, a working range [25°-80°] for #wegle of incidenc® was ensured, while in
transmission mode, the angular range of the intitigit was not limited below the range [0-
40°].

Figure 6.4 SNOM frame in the “C-shaped” structaiesign and implementation.

Another critical factor was optimizing the optigath of the SNOM system, in particular the
alignment of the SNOM probe with the laser spot position of which is fixed by the
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ellipsometer. The structure and components of plaig are shown in Figure 6.5. The-xy
movimentation of the tip along the scan axes cancéreied out by a translation system
equipped with manual micrometers (range 13 mm)|eathe movement along the z-axis for tip
approach (a horizontal movement in this setup) usrgnteed by a motorized translator,

controlled via software.

Tip Holder

Z
Scanning stage

XY
Scanning stage

Z
Positioning stage

Scanner

Cables

Figure 6.5 Picture and composition of the SNOM hédidhlighted are the probe holder, the scannirgesy
with xy- and z- separated scanning stages, thenapual translator system for the tip and the mfatiotip approach.

The SNOM system is equipped with a piezoelectrameer of the “flexure” type, ensuring
high resolution and accuracy, even on large scHms.xy-scanner is equipped with capacitive
sensors, which enable working in closed loop, aiogtige a positioning accuracy of 0.02% and
a repeatability of + 2 nm. This kind of scanner miains its performance even with heavy loads,
regardless of the orientation (vertical or horizathtThe z-scanner is separated from the xy-
scanner, thus their scan range can be set indepgndee maximum scanning range is 250 pm
x 250 pm x 15 pm. The technical details are ligteBable 6.1.

X-Y scan range

250 x 250 pm (in high voltage modg)

25 x 25 pum (in low voltage mode)

Closed loop linearity: 0.02%

Resolution Closed loop: 0,7 nm
Resolution (high voltage):

Resolution Open loop: 0,04 nm
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Z scan range

15 um (high voltage mode, closed

Scan Range loop)
2 um (low voltage mode)
0.2 nm (in high voltage mode)
Resolution:

0.03 nm (in low voltage mode

Table 6.1 Scanning stage technical data.

For scanning system control, special electronic utexd and specific software were
developed by A.P.E. Research. Finally, the SNOMgsipped with a vision optical system to

ensure probe positioning control.

6.3  Testing

After having designed and implemented the systbenmain challenge was its stability. The
SNOM in fact, like all SPM microscopes, is partanly sensitive to mechanical and acoustic
vibrations, since the measurement probe must befuilyr and continuously maintained at a
critical distance of a few nanometers from the aefduring scanning. The first step was to
add an anti-vibration box equipped with a set dfpsmsion springs. Then, we performed a
series of stability tests.

Unfortunately, the first results of the tests waot good. Mechanical noise problems were
found, which seriously affected the topographic saeements. These problems were not due to
the SNOM head itself; tests on the head aloneadt, showed that it was inherently stable.
Different modifications and adjustments were pregbsnd tested, such as reinforcing the
frame, modifying the tip holder, adding passivenadl as active dampers. Although some of
these changes showed improved results, they weveuss, on the whole, not sufficient. After
all the tests, we identified the original samplédio of the ellipsometer as the main source of
vibrations and we decided to re-design the SNOMh vat different set-up, in particular

removing the original sample holder.

In the new configuration, the SNOM head was turnpside down and positioned directly
on the goniometer of the ellipsometer. Despitertbed of designing a new sample holder, the
new system was fully compatible with all the reguients; moreover, it is possible to move the

whole SNOM head below the working plane of thepsiimeter when performing far-field
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measurements, with no need of unmounting the SN@&tl lwhen simple far-field experiments
are carried out. The new implemented setup is tedan Figure 6.6.

- © T :
Figure 6.6 Final EllipsSNOM setup. (a) Overall piet; (b) SNOM head and sample holder; (c) The whole

system during a routine calibration scan of thipstimeter, with the focusing probes mounted.

The new system proved to be much more stable tteafirst version. The noise awas 3-4
nm, and the topography image was clear and rejiablean be seen in Figure 6.7 (left).

We then tested the optical signal. As hinted abdive,illumination is achieved by three
interchangeable laser lines and the detection rfnmeed by a PMT (Photo Multiplier Tube)
with high sensitivity spectrum. First of all, we aseired the intensity of the three lasers after
the input unit of the ellipsometer, to ensure dicieht intensity of the signal on the sample, as
required from SNOM experiments. We found that thignanent detector of the ellipsometer
(containing a photodiode used for the alignmerthefinstrument) caused a strong suppression
of the signal and we thus decided to remove itrdu8NOM scans. Moreover, the use of the
focusing probes to increase the signal was recomeatkrespecially for the 780 nm laser which
is the weakest one. After having defined the bshination conditions, we had to optimize
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the collected signal; to this end, it was necesgagfiminate the optical background by entirely
obscuring the system with thick black curtains.

Figure 6.7 shows one of the first complete topolgyaNOM images collected. The optical
signal corresponding to the topography in (a) swshin (b). A good contrast is achieved and
the signal can be easily related to the topograptgn if, of course, a proper interpretation of
the signal is not straightforward and must be peréa for each measurement. This issue will
be addressed when discussing the “truly scientéigieriments in the next Section.

77,6 nm —4.2mV
60,0
: -5,0
50,0
40,0 e
30,0 -6,0
20,0 65
. > W 00 _
N e - 74
(a) 1 ; - - N ' (b)

Figure 6.7 Topography (left) and SNOM (right) scabtined with the new setup. The sample was a/tnl#'s
eye structure illuminated in the plane of incider{berizontal polarization in the figure). As can been, the
topography is stable and reliable, and the optighal is well-defined. In this picture, the diasretlong the

polarization direction shows an enhanced signa,tdithe geometry of the structure.

Finally, we tested thellipsometricoperation with the EllipsSNOM system, concerning i
particular the alignment of the system, which isc@l in far-field experiments. Specifically, we
wanted to check:

1) The alignment capabilities of the new sample holder

2) The stability of the alignment upon suspensiorheféntire system;

3) The stability of the alignment upon removal of #iignment detector. This is not trivial;

in fact, to remove the alignment detector it isessary to unmount the focusing probes

after their alignment and then remount them.

Figure 6.8 shows our test, performed on a goldssiial grating having pitch 520 nm
and amplitude 40 nm, commonly used for SPR expertsndf this grating is azimuthally
rotated by a certain amount, which resulted tolmt50° from simulations, the “classical”
plasmonic crystal dip is “split” into two broadepd, which appear in the reflectivity scan at
two separate angles of incidence. Since the (ahmfutangular range in which this

phenomenon occurs is very narrow, this setup i sensitive to misalignments.
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The three curves plotted in Figure 6.8 correspamdhtee situations of increasing
complexity: (a) system aligned, with the SNOM systeesting on the box; (b) system
suspended with springs; (c) system suspended, refteoval of the alignment detector. As
we can see, no significant downgrade of the sighabserved, even in the most critical

condition.

0.80

0.70L

0.601

0.501

Refleclion

0.401

0.30L normal, with fp
----- suspended
I — —-suspended, no alignment detector

[}2[:} 1 | 1 I 1 | 1
a 20 40 60 80

Angle of Incidence (%)

Figure 6.8 Reflectivity scan showing the two plasiodips expected for azimuthally-rotated experiment

(¢=50°), performed in three different conditions afri@asing complexity.

6.4  Experiments

In the following, we show the first scientificaltglevant experiments we performed with the
EllipsSNOM. In the first one we were able to obsean SPP propagating toward the center of
an Archimedean spiral illuminated along a diameterthe second one we observed the
plasmon on a waveguide, coupled by a digital ggatintransmission. In the third experiment,

we present the first combined far- and near-fielhsurements.

6.4.1 SPPs on an Archimedean spiral

We fabricated m=1 Archimedean spirals similar te @mes described in Chapter 5, using
EBL followed by electrolytic growth of gold. In thicase, the spirals were made of slits
completely milled in the Au slab, rather than gresy since we wanted to perform the

experiment in transmission; in this configuratiore vactually expect a smaller coupling
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efficiency of the SPP, but on the other hand weshthe possibility to obtain a “clean” signal,
free of backgrounds due to reflections. Moreoves, gain the possibility of both illuminating
and collecting light at 0°, as required by the gesiAnother difference is that in these samples a
large (diameter: 10m) flat area is present at the center, to avoieatitransmission of light and
thus enabling an easy-to-interpret signal. Thehpiticthe spiral was 778 nm, the duty cycle was
50% and the thickness of the spiral and the flateszewas 150 nm. A SEM picture of the

sample is shown in Figure 6.9.

1/9/2013 \ curr \/mag B| WD HFW
4:53:53 PM | 5.00 kV 198 pA| 7500 x | 5.4 mm |17.1 ym LaNN

Figure 6.9 SEM picture of the Archimedean spiralcure use in this experiment.

The sample was illuminated from the backside (gtds) and the near-field was collected
by the SNOM tip scanning the spiral. As a first sw@ament, we set a linear polarization of 45°
using the input unit of the ellipsometer; with thetup, we expect two plasmons to be excited at
opposite points of the spiral, where the elecietdfis locally TM-polarized with respect to the
slits, and focus towards the center. Since theecastflat and opaque, no contribution other
than the propagating plasmons is expected there.

Figure 6.10shows SNOM scans of the spiral, at two differentelengths (658 nm and 780
nm). Since the PVL is optimized for 780 nm, we etp® SPP to be coupled at 658 nm, while
at 780 nm the above discussion applies. This i4 wkaactually observed: the center is dark at
658 nm, while for 780 nm the SNOM signal actualypws a plasmonic excitation propagating
to the center along the polarization directidhe typical “standing-wave” pattern due to the
interference between the plasmon traveling onwaddthe one traveling backward can be seen,

with intensity maxima occurring atrd2. At the center, an intensity maximum is observed
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Figure 6.10 SNOM scan of a 1-PVL with a flat cehtegjion, in transmission, at (a¥658 nm and (b)=780
nm, respectively. The polarization was set at 4%&f the PVL was optimized fo=780 nm. The center is dark in the
first case, where PVL is not coupled to the wavglenwhile in the second case a plasmon is exatedg the
polarization direction. In the 3d scans of the eenthe typical interference pattern between thwawd- and
backward-traveling plasmons is clearly seen in tkatral region forA=780 nm. (c) Profile taken along the
illuminated diameter in (b). In the plot a more atge signal corresponds to an higher intensitghinleft part of the
plot the period of the signal is that of the grgtiwhile in the central part on the flat region tha&velength iS.spd2,
due to interference.
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As the second step, a quarter wave plate for 78@Wamconveniently inserted in the optical
path of the illumination laser, after the firstdar polarization performed by the ellipsometer, in
order to illuminate the spiral with circularly-polzed light. Now, the PVL is expected to
behave as described in Chapter 5: depending ohelaty of the incident beam (s=%1), a PV
with j=2 or j=0 should appear, resulting in a diffiet near-field pattern. For j=0, a bright spot is
expected at the center, while for j=2 the lightddoconcentrate on a ring, which, for this
geometry, should have a diameter of 730 nm.

Figure 6.11 shows the results for the two valuesthef helicity of the incident light,
corresponding PVs carrying j=0 and j=2, respecjiv€he variation in helicity was obtained by
changing the linear polarization condition whileeg@ng the position of the quarter wave plate
fixed: this strategy was chosen since the waveegktpositioned by hand and is thus easily

subject to errors, while the linear polarizatioatss is precisely controlled via software.

@ Y = e > : = e ‘ - - )
Figure 6.11 SNOM scan at780 nm, with the addition of a quarter wave platethe first case (a) the resulting
PV has j=0, in the second case it has j=2. Althaihghpattern in the center is not perfectly cleadjfference can be
seen in the two situations. For j=0, light is sqeskin a tiny spot at the very center, while fa2 jight seems to be
concentrated on a larger and irregular spot ard@denter, which will probably turn out to be tiveg with higher

resolution measurements and a better control ofvthes plate positioning.

The results are not easy to interpret and these thesefore be considered preliminary
results. Anyway, a difference for the two situatiois observed. For j=0, light is actually
concentrated in a small spot at the center of thuetsire, while for j=2 the maximum seems to
fall in a broader region around the center, evea miinimum at the center is not clearly seen.
This discrepancy is probably due to errors in thigal positioning of the wave plate, which is
probably also the cause of the “tails” seen in hothges. Nevertheless, the diameter of the
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bright spot in the second case is actually of tlieioof the one theoretically predicted for the
ring.

We can therefore conclude that the EllipsSNOM alldwis to perform a complex and
scientifically significant experiment, allowing timg of the illumination/collection conditions

and yielding promising and relevant results.

6.4.3 SPPs on a waveguide

This experiment is conceptually similar to the alescribed above, and somehow easier to
interpret and setup; however, it allows us to hgittlanother capability of the instrument, i.e.
its quantitative sensitivity to the intensity oktplasmonic signal.

The sample used in this experiment is shown inreigul2. A flat, 6Qum-long waveguide
(width: 10 um) is coupled to a digital grating, having a pitwh770 nm, duty cycle 10% and
thickness 60 nm. Once again, this configuratiodeisigned for illumination from the backside,
to allow performing the experiment in transmissiom,order to clearly distinguish the SPP
signal from any stray light component. The sampées abricated by EBL followed by Au
electrolytic growth on a transparent (ITO/glasshgk. The working wavelength was 780 nm
and the grating was illuminated at 0° angle ofdecice with TM-polarized light.

Figure 6.12 SEM pictures of the grating-coupled egaide used in this experiment.

Figure 6.13 shows the SNOM scans performed, supesed to the different regions on the
waveguide where they were collected (the correspgrtdpography scans are flat). A periodic
signal is observed, having a wavelength of 780 asnreported in Figure 6.14. This result is
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retrieved in similar works in literature [154] aitds interpreted to be an SPP coupled by the

grating and propagating along the waveguide.

Figure 6.13 SNOM scans taken along the waveguiggeranposed to a SEM picture of the structures sngpw
the regions where the signal was collected. A piégisignal is shown, which can attributed to an $RFpagating
along the waveguide. The intensity of the signalréases as we get farther from the grating coupler,as it
propagates along the waveguide, due to Ohmic losdes metal.
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Figure 6.14 Measured profile along the first of theee scans shown in Figure 6.13. The period efstgnal is
780 nm, as expected.

As can be seen in Figure 6.13, the intensity ofsigaal decreases along the waveguide, as

we get farther from the SPP source (the gratingjs 1 obviously due to Ohmic losses in the
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metal, which cause the SPP to have a finite (sans tf microns) propagation length. This
highlights the difference between such a simpléesysand the central region of the PVL, where

Ohmic losses in the metal are overcome by the fogueffect.

6.4.3 Combined far- and near-field experiment

We finally show a combined far- and near-field expent. The sample was a sinusoidal
grating (period 500 nm, amplitude 40 nm), fabridaby interferential lithography on a silicon
substrate, followed by evaporation of gold. Suchm@as are normally used for SPR
experiments in our lab [152, 153]. Differently fraime two experiments described above, this
experiment was performed in reflection, illuminatithe surface of the sample with the input
unit of the ellipsometer and collecting the neafefiwith the tip.

We started from the far-field analysis, performangeflectivity scan in angle interrogation,
i.e. working at a fixed wavelength780 nm) while changing the angle of incidence. The
excitation of SPPs occurs for a specific angle @Ml polarization. The result is shown in
Figure 6.15 (a), where we can appreciate the typleamonic crystal dip at~ 38°.

We thus fixedd and performed SNOM measurements in TM and TE jzalkon: we expect
a different behavior for the two conditions, in g@rlar no SPP should be excited for TE-
polarized light. The results are shown in FiguEs@b). While for TM polarization the lines are
“on”, the signal is almost zero for TE-polarizedht. The dependence of the optical signal on
polarization is a fingerprint of the plasmonic matwf the observed excitation, which is

therefore likely to be an SPP traveling on theiggat
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Figure 6.15 Combined far- and near-field experinparformed by EllipsSNOM. (a) Far-field charactatian:
SPR measurement (reflectivity scan) performed omassidal grating ak=780 nm, in angle interrogation. The
typical SPR dip appears at an angle of 38°. (b) Mehlt characterization: topography and (c, d) SNOM
measurements for (c) TM- and (d) TE-polarized lighhon-zero signal is observed for TM polarizataniy.
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6.5 Conclusions

In this Chapter, we described the design and im@fgation of a combined SNOM-
ellipsometer system, called EllipsSNOM. This newstiament allows performing coupled far-
and near-field characterization of the structureden study. Such a possibility is extremely
useful for plasmonic experiments, where the twoattarization types give complementary and
equally important information about the system.

To this aim, we collaborated with SNOM producer®EAResearch from Trieste, chosen by
means of a tender called by the Department of Bhyahd Astronomy. We studied and
designed together a SNOM head to be interfaced thighellipsometer already in use at the
LaNN laboratory. Different requirements and corietsahad to be taken into account.

A main problem was the stability of the systemfdect, the first layout we proposed suffered
mechanical noise and we had to change the dedign,having performed a large number of
tests to identify the source of the noise. The sgstem, however, was very stable and ensured
good-quality measurements, both in topography aN®M. Moreover, it did not affect the
operation (alignment, parameter range) of the slipeter.

We also presented the first scientifically relevaegults obtained with the EllipsSNOM.
First of all, it allowed us characterizing Archineash spiral structures like the ones described in
Chapter 5. Taking advantage of the many degreé®efiom and high control provided by the
system, were able to set the proper illuminatiod anllection path and we observed the
expected plasmonic interference pattern at theeceot the structure, with high optical
resolution. We were able to measure the waveleoftthe propagating plasmon and we
compared the results for different wavelengthsa Isimilar experiment, we also observed an
SPP traveling on a waveguide, appreciating theedser in intensity as we moved away from
the SPP source.

Finally, we showed a combined far- and near-fiel{degiment. An SPR measurement was
performed on a sinusoidal plasmonic crystal, obsgrthe typical SPR dip at a certain angle of
incidence and thus identifying the conditions unddiich an SPP was set-up; after that, we
measured the near-field of the SPP, thus imagidigdttly.

The EllipsSNOM system thus proved to be a valuabid versatile instrument for full

characterization (topography, far field, near fjafiplasmonic structures.
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Final conclusions

In this thesis work we addressed the problem otentrating light in sub-wavelength hot-
spots by exploring the optical behavior of diffar@lasmonic nanostructures. After a careful
design of the structures, we employed state-ofatharanofabrication techniques to fabricate
them with great precision. We started from reldyiigasic structures such as digital gratings
and nanoantennae, to evolve them subsequentlysingster and more efficient structures. By
these structures we were able not only to condentad deliver light at the nanoscale —
addressing what is called nanofocusing — but aldmely control the properties of the focused
light.

A fundamental task was also the characterizatiosuoch structures, which should include
both far-field and near-field properties. To thimlewe developed of an innovative instrument,
called EllipsSNOM, which allows to performed comdxinnear-and far-field measurements.
This part of the work was carried out in tight eblbration with the company A.P.E. Research
from Trieste.

We started by describing two different yet complatagy plasmonic substrates, namely
digital gratings and arrays of nanorods, studyimgirtresonances thoroughly and discussing
their use as SERS substrates. In particular, wgmniss and fabricated a 1d digital gold grating
supporting a plasmonic resonance with hot-spotsdenghe slit, called a Cavity Mode
resonance. The plasmonic properties of the streictre retrieved in its SERS response. This
result was a good starting point for tailoring thperties (like field distribution) of more
complex nanostructures that can be optimized aptbiéed for different applications.

Besides grating resonances, localized resonancessitelied. We investigated in particular
an array of coupled gold nanorods which was ther iis a SERS experiment; it provided an
experimental enhancement factor in good agreemetit the calculated one. The deep
understanding we gained thanks to this accuratty sifi LSPR-supporting nanostructures has
opened up the way to the design and fabricatiosnadirter devices (e.g. multiple-resonance
antennas) which have been optimized and shall kd @& the development of innovative
techniques, such as Surface Enhanced Coherenstdkts Raman Scattering (SECARS), in
collaboration with Politecnico di Milano.

We then moved to more complex nanostructures, adihg what can be effectively called
nanofocusing of light, that is, is tlielivery andconcentrationof light at a scale smaller than
the limit imposed by diffraction. We found out tleavaluable nanofocusing effect takes place in

a metal coated wedge configuration, provided tlnat torrect, phase-shifted illumination
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conditions are set and the geometrical parametersgimized. The structure is able at a time
to efficiently couple impinging light to SurfaceaBmon Polaritons and to guide them to the
wedge ridge. The structure is characterized byxéremely simple and up-scalable fabrication
process based on FIB milling anisotropic silicont veéching and replica molding. This
nanofocusing configuration was never investigated detail before and was never
experimentally studied. Although for technical @aswe were not able to fabricate the optimal
structure, we could nevertheless demonstrate ewpatally the nanofocusing effect, by means
of both near field scanning optical microscopy &ainan measurements.

We then studied a class of nanostructured plasmsunifaces able to efficiently couple
impinging circularly polarized light to PlasmonicoKtices, i.e. SPPs carrying angular
momentum (OAM). Such structures consist in multiplens spiral or circular grooves milled in
a thick Au slab, and are termed Plasmonic Vortemskes (PVLs). After having discussed the
mechanism by which PVLs can couple an incident wawva PV and the properties of the
focused “twisted” light, we investigated them expamntally. We showed that these structures
are able not only to couple SPPs and focusing tteem sub-wavelength volume, but also to
“shape” them into light with well-defined and figatontrollable angular momentum properties.
We also discussed a possible evolution of the dewonsisting in an integrated PVL-antenna
system. This device is a non-trivial integration different optical phenomena, namely SPP
traveling on a grating, nanofocusing of light, OAivbperties of light, EOT and LSPR.

Finally, we described the design and implementatbra combined SNOM/ellipsometer
system, called EllipsSNOM. This new instrumentwalqgerforming coupled far- and near-field
characterization of the structures under study.hSacpossibility is extremely useful for
experiments on plasmonic substrates, where thechaoacterization types give complementary
and equally important information about the systemder study.

To this aim, we collaborated with SNOM producerBEAResearch from Trieste. We studied
and designed together a SNOM head to be interfaitbdhe ellipsometer already in use at the
LaNN laboratory. Different requirement and constiaihad to be taken into account, among
which the most tricky was the stability of the gyat However, we were able to solve these
problems and we can now present a stable, releddeversatile instrument able to ensure full

characterization (topography, far field, near fjafiplasmonic structures.
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Appendix 1

Materials and Methods

In this Appendix | give an overview of the diffeteinstruments and techniques that were
used throughout the thesis. Many of their chareties are also discussed in the different
chapters when their specific use is presented.

Particular attention will be devoted to ElectroraBeLithography. Not only this technique
was extensively used during the thesis, but it alss the object of study for specific fabrication
issues, such as the choice of the optimal resiginmm@os, the developer, and other process
coordinates such as the Point Spread Functionrtirity Effect Correction.

We will then discuss two different metal depositistrategies (lift-off and electrolytic
growth) which were used and/or tested during tlesif trying to elucidate the reasons behind
the choice of one or another.

Focused lon Beam lithography will also be addressedhis thesis it was often used in
combination with EBL and it was the main fabricatiol for one of the structures presented
(nanofocusing wedges).

Finally, the two main optical characterization w@tllipsometry and SNOM) will be briefly

presented.

Al.1 Electron Beam Lithography

Electron Beam Lithography (EBL) is a modern nandtation technique, allowing not only
the direct writing of structures down to 10 nm dredow, but also enabling the fabrication of
high-quality masks, masters and templates to be lng@ther lithographic techniques. In short,
it consists in exposing a charge-sensitive polyffeadled a resist) with an highly focused
electron beam. The charge per square centimet@sideg in the resist is called the dose. The
exposure modifies the solubility of the polymeritsdeveloper solution; the resist can thus be
selectively removed in a subsequent developmeptifséen appropriate dose is chosen.

EBL appeared in the early 1960s, evolving from shanning electron microscope (SEM),

when an electron-sensitive resist, poly-methyl-raetjlate (PMMA), was discovered. PMMA
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IS nowadays one of the most used positive-tonastsesven if higher-resolution resists such as
ZEP have been developed.

The main advantage of EBL is its unparalleled higgolution in resist patterning, due to the
short wavelength associated to electrons, whictsigmificantly smaller than the typical
minimum feature size. Therefore, EBL is not diffian-limited, in contrast with optical
lithography where the minimum resolution is compéeao the wavelength of light using for
exposure (typically UV or X light). Moreover, EBLUI@wvs to precisely control the geometry
and arrangement of the nanostructures, since thigrdés controlled by a CAD and by the
machine programming language. The patterned reaisbe used as a mask for the permanent
transfer of the pattern image from the resist eoghbstrate.

The most important limitation in electron beam diginaphy is its low writing speed (or
throughput). In fact, the serial scanning strate§yEBL cannot compete with the parallel

projection of photons in optical lithography.

Al.1.1 Electron-substrate interactions

The physics of the electron-beam exposure prosedistated by the nature of electron-solid
interactions, both in the resist and in the undieglysubstrate materials. The main parameters
influencing these interactions are those of tharbgaimary beam energy) and of the materials
(resist and substrate materials and resist thicnes

The electrons in the beam interact with the ressted substrate through elastic and
inelastic scattering with the resist/substrate atomherefore, energy is deposited both in the
resist and the substrate, and it is the energyilalision in the resist which determines the final
pattern. We briefly describe the main interactioereés occurring during an EBL exposure,
sketched in Figure A.1:

- Forward scattering is characterized by a smalltedag angle. The main impact of
forward scattering on the lithography process sabening of the incident beam.
The beam broadening is reduced as the resist #sskalecreases or the accelerating
voltage increases. Therefore, high-energy systémasours (100 keV) provide less
beam broadening and thus higher resolution. Monedigh-energy beams are also
effective in lowering chromatic and space chargerrabions.

- Backscattering is characterized by large-angleteséag, up to nearly 180° from the
primary beam direction. Therefore, it is possilie dlectrons reaching the substrate
to return back to the resist; backscattered elest(8SE) may also originate from

the resist layer without ever reaching the substratdirect consequence is that BE
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can deposit energy in the resist away from the gmynbeam, leading to pattern
distortions (the so-called Proximity Effect).

- Secondary electrons ejected from the substratar €hergy distribution has a peak
at a few eV; due to their low energy, they are igadbsorbed by the resist,
contributing significantly to the exposure. Forttelg, their effective range in the

resist is limited to a few nanometers for the sasason [155].

Primary Forward scattering
BSE Electron
* Frequent
~ %8 « Small angle inelastic scatt.
SEpn - « Generation of SE
iy . By SEN | “Fee = A EY
AL L Tl Backward scattering
SE, i
« Occasional
\J + Large angle elastic scatt.
+EF...~F
Substrate =

Resist exposure mostly from SE

SE = Secondary Electron = Proximity Effect

BSE = Back Scattered Electron

Figure A.1 Electron scattering events.

The electron collisions can be modeled by MonteldCsimulations [156]. Although each
individual scattering is random, the collective &gbr of a large number of scattering events
will give the correct picture of the energy depediin the substrate. An example of such a
simulation can be seen in Figure A.2. From theda, da point spread function (PSF) can be
obtained, which represents the deposited energghbdiBon in the resist from as a function of
the distance from the point of incidence. The P&ftben be implemented in the software used
for Proximity Effect Correction [157].
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Figure A.2 Monte-Carlo simulation of a hundred alecttrajectories. The energy distribution in theiseand the

substrate is well-represented.

Al.1.2 Proximity Effect Correction

We have just seen that, due to electron scattenirije substrate materials, the region of
resist interaction with electrons is in fact lardgban the spot size of the incident beam. As
hinted above, the Proximity Effect is the exposofreesist by electrons backscattered from the
substrate, constituting a background where theeats superimposed. Since this background
is not constant but rather depends on the exposednegtry, pattern distortions arise, as
sketched in Figure A.3.
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Figure A.3 The influence of the proximity effect tre exposure of (a) an isolated line, (b) equstisiced lines
and spaces, and (c) an isolated space (exposexhsegie denoted by shading). The absorbed energjtids are
shown in (d), (e), and (f). The profiles of theisepatterns are shown in (g), (h), and (i) aftevelopment time
appropriate for the isolated line. The profiles whoin (j), (k), and (I) occur after a developmeirhé that is

appropriate for the isolated space.

Basically, due to Proximity Effects, the optimalsdaodoes not depend only on the materials
and thicknesses, but also on the specific patterane exposing. If a dose of, say, 5@cnt
is determined for equally spaced lines 500 nm witdejll probably be wrong for a 100m x
100 um square pattern, as well as for a 70 nm x 30 nnonod. In general, large or “dense”
patterns receive a lot of background exposure and nheed a lower “nominal” dose with
respect to smaller and/or isolated features, whickeive no or low background charge. It is
clear that, for complex geometries, the correcemination of the dose is not trivial, and
different regions in the same pattern will requirdifferent dose.

There are commercial software which allow deterngnthe correct dose for each feature,
with respect to the so-called Base Dose, consigdhia dimensions and position of the feature
in the pattern. The Base Dose is the correct duse fstandard” pattern of equally spaced lines
at the center; it depends on the resist processyrtiierlying material stack composition and the
accelerating voltage. Once properly calibrated, @@t in conjunction with dose correction, the
Base Dose becomes independent of pattern layoutireherlying material stack. To determine
it, a preliminary “calibration” exposure must befpemed. Besides the Base Dose, the PSF for
the considered sample is needed. This can be ebtéiom Monte-Carlo simulations, but it is
often implemented experimentally using properlyigiesd patterns. These patterns allow to

experimentally determine the n andp coefficients of the PSF; these parameters aredbsi
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the width of the Gaussian distributions appearmghie PSF, which can be approximated as a
multi-gaussian function. Whiley and § are related to the “long-range” back-scattering
correction, which accounts for the different “sumdings” of different parts of the pattemis

the so-called short-range parameter and allowsr@ct the shape of tiny features.

To determine the PSF coefficients and the Base MDogbis thesis, we used the method
suggested by Unal et al. [158]. We exposed a phpmkrsigned pattern similar to the one
proposed in that work, but correcting the limitagohighlighted by the paper itself. The
suggested pattern, sketched in Figure A.4, conefsts large “square grating” field, made of
equally spaced lines (pattern density 50%), wittlecént checkerboard patterns (“sensors”)
placed in appropriately chosen points. Each ofehgattern allows to determine one of the

above-mentioned parameters.

100 12.5% Ea
Sensor
500 nmm lines
500 nm spaces
100 pm
25% B
Base Dose Sensor
Sensor

(& (b)

Figure A.4 Layout of the pattern used for the eatibn of the coefficients of the Point Spread Fiamctfor
Proximity Effect Correction (taken from [158]). (&pmplete pattern, with the position of the “sensdmigihlighted.
A matrix of such patterns with different doses waposed. (b) Dose “checkerboard” sensor. The optilose is
determined by looking at the corners of the chdubard: when they are exactly touching (no residesist and non-

merged squares), then the dose is correct.

The “Base Dose Sensor” is positioned in the ceofethe large field and the Base Dose is
simply the optimal exposure dose for this sensbe @ptimal dose of course occurs when the
squares in the checkerboard are exactly touchintheatcorners, while the pattern will be
respectively under-dosed if a residual resist gaphbserved between the squares, and over-
dosed if the squares are merged together. Thersesisihe edge and/or corner of the large field
are used fon calibration. The relationship between dose anduagensity is [159].
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Where D is the best dose afids the pattern density. We notice that this equatlso
applies for the central sensor, which has a patiersity of 50% (0.5 in the formula). At the
edge (corner) of the same pattern, the effectivesitieis 25% (12.5%). By evaluating the best
dose for this sensor and inverting the formula,ocae calculate). For the determination ¢f
instead, a checkerboard pattern was placed inghieicof an array of circles with varying radii.

We therefore exposed a matrix of 36 doses of tlwwexnentioned pattern, using the same
process conditions that shall be used in the psocEmterest. Here | report an example of such
a calibration. The first line in Figure A.5 shows example of under-dosed, right-dosed and
over-dosed Base Dose sensors, respectively, wiglesécond line shows the same for the eta

Sensor.

T —
LaNN

Figure A.5 SEM pictures of the exposed checkerbpattern “sensors” for Base Dose andletermination. (a)

Underdose (b) Best dose (c) Overdose

Although Proximity Effect Correction software udyadllow to compensate well enough for
proximity effects, in some cases the correction bandone more efficiently by resizing the
pattern geometry (biasing). This is often used Vfery tiny structures (tens of nm) where
increasing the resolution of software correctiorsy ereate undesired pattern distortions.
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Al1.1.3 Electron Beam Resists

Electron-beam resists are most commonly liquidtgmig of organic polymers. The liquid is
applied to the substrate by spin coating, to forfilna of uniform thickness and is then soft-
baked to yield a durable polymer film on the sudistr The resist may also be applied to the
substrate in multiple layers, for instance in camation with other materials which are not
sensitive to EB exposure. As hinted above, theggnef charged particles deposited in an EB
resist modifies the polymer chain structure andstthe solubility of the resist in specific
developers, usually organic solvents or aqueousebdsvelopers.

There are two main EB resist types:

* For positiveresists, exposure has the effect of breaking tieneeric chains. The
exposed regions are thus made more soluble andedgetively removed by the
developer. After metal deposition has been perfdinvwee therefore obtain the
positive image of the exposed pattern.

* For negativeresists, exposure has the effect of helping tlwssslinking of the
polymeric chains. The exposed regions are thus mads soluble and the
unpatterned area is removed by the developer. Afatal deposition, we obtain the
negative image of the exposed pattern.

There two main parameters describing the performanfc a resist are sensitivity and
contrast, which are directly linked to the resanttapability of the resist.

The sensitivity is related to the dose needed toptetely clear a region of exposed resist. It
Is experimentally calculated from the contrast euo¥ a resist. A contrast curve is obtained by
exposing a series of large squares with differesged and measuring the remaining resist
thickness against the exposure dose. The dose d¢éeadear the resist is normally quoted as
the sensitivity of the resist. The smaller thie#iold dose, the higher the resist sensitivity.

The contrast is defined by the slope of a developroarve and is expressed in Figure A.6.
D, is the clearing dose defined above @gds the exposure dose at which the resist staie to
removed by the developer. The steeper the slopdjither the resist contrast. An high contrast

Is always desirable because it leads to steep psifes after development.
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Figure A.6 Clearing dose, sensitivity and contragirition.

PMMA-TYPE RESISTS

PMMA is the first and still the most common positiresist. It has extremely high resolution
(below 10 nm), excellent shelf life, and does ndfes from swelling or post-exposure latency
effects. Its biggest drawbacks are its poor seifitsitipoor dry etch resistance, and poor thermal
stability. It is available in molecular weights fno50K to 950K, with slightly decreasing
sensitivity and higher resolution capability withcieasing molecular weight. PMMA is also
sensitive to exposure by deep ultraviolet light andys, permitting hybrid exposure strategies.

In this thesis, we mostly used the All Resist ARBP1.05 and AR-P 671.02 resists,

consisting of PMMA polymer in chlorobenzene. At 4@0n they yield a resist thickness of 490
nm and 90 nm, respectively.

NEGATIVE RESISTS

We employed the negative e-beam resists of th&kédlist series AR-N 7520. They show a
good sensitivity, very high resolution (< 30 nmigthcontrast and an excellent process stability,
due to the fact that the crosslinking is not basedhe principle of chemical amplification.
These resists contain Novolak resins, naphthochkiiaaides and crosslinking compounds in the
solvent propylene glycol-methyl-ether-acetate. Témists can be developed in the AR 300-47
developer diluted with deionized water (4:1). PmAd post-baking steps at 85° are
recommended for better resist stability. Typicatkhesses we used with these resists are 100-
400 nm.
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Al.1.4 Developers

In EBL, the development of exposed resist oftemives the use of binary solvent mixtures,
which typically consist of a strong solvent and ederating non-solvent. The mixture must act
as a minimal solvent for the unexposed resistrd@ioto minimize swelling, while being a good
solvent for the exposed resist, so that the soltdgions are completely dissolved and washed
away.

A standard developer for PMMA is a mixture of Métkobutyl-Ketone (MIBK) and
isopropanol (IPA), with an optimal working tempenat of 25 °C, a MIBK:IPA ratio of 1:3 and
a development time of 30s [160]. This developer wsed in the first structures shown in this
thesis. However, in a recent work, Yasin et al.1]16und that a high improvement in
sensitivity and contrast can be achieved usingrigzgnol (IPA)/HO mixtures. Among the
different compositions, a ratio of 3:7 DLB:IPA was selected as the optimum one, due to its
combination of high sensitivity and good contrast.

This developer is more effective in removing exgbB&MMA while leaving the unexposed
regions unaffected. In particular, a drawback oBMIIPA ratio of 1:3 that we found was the
large surface roughness observed in large-aremlpadeveloped resist features. As discussed
in [162], this effect can be attributed to a twosdnsional phase separation effect, which is
characteristic of development in weak solvents lmg) development times and results in a
division of the mixture into polymer-rich and polgmpoor phases. The delay in dissolution of
the polymer-rich phase results in some regionsgokft behind during development process.
These regions are indistinguishable from the unsegaoesist and appear as roughness. In our
work [122] we found that the roughness reducesrbypraer of magnitude with the use of DI
H,O:IPA developer compared to MIBK:IPA developmentr Ehis reason, the 3:7.8/IPA

developer was used in the following of the thesis.

A1.1.5 The JEOL JBX-6300FS

The LaNN laboratory is equipped with a JEOL JBX-8B88 EBL machine, provided with a
thermal field emission filament with a ZrO/W emitt&he system is pictured in Figure A.7
together with a scheme of the optical column. Awceterating voltage up to 100 keV is
available, ensuring extremely high resolution (miam line 6 nm). There are mainly two

working modes:
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- EOS6: high resolution (beam diameter as low as 2 nm), low throughpetdfsize
62.5um, typical current: 100 pA)

- EOSS: high throughput (field size 5@@n, typical current: 2 nA), lower resolution
(beam diameter 6 nm)

The machine has a 4-stage electron beam focusstgmnsywith a 2-stage objective lens. The
scanning speed is up to 12MHz and the stage posijaesolution is\/1024, wheré\ is the

wavelength of the laser used for interferometrisifaning.

Electron Gun

Beam Blanker (L) ——— I

= 2nd Lans _ e

3rd Lans ——

3rd Aligner —_— A

Stimater — SN
Objective Aperture

Sub Deflector (Fmode) . | I

Figure A.7 Left: photo of the JEOL JBX6300-FS systenuse at LaNN, Right: scheme of the EOS (Electron
Optics System) of the machine. It is possible ticiwfrom the 4' to the ' lens sketched here to change from high-
throughput (EOS3) to high-resolution (EOS6) mode.

Al.2 Metal deposition

In all the EBL processes described in this theékis exposed substrates were all intended for
direct writing rather than for using them as masksnasters. Therefore, the deposition of the
plasmon-supporting metal layer was performed diyemh the exposed substrate. Two main
methods were used: evaporation/lift-off and eldgtio growth. The choice of the technique

4 EOS=Electron Optics System

® The resolution here is given in terms of the mimimbeam diameter, which is also the width of theimiim
lithographable line. However, it must be taken iat@ount that this minimum line value holds forismiated line in
a high-resolution positive resist such as ZEP. fRore complex patterns, Proximity Effect appearducing the
minimum achievable resolution in a pattern-depegdashion. The role of a lower-resolution resistsinalso be
considered.
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depends on different parameters and will be diszldsr each single case. Here we briefly

described the two techniques.

Al1.2.1 Lift-off

The lift-off process is shown schematically in RiguA.8. First, the desired material is
deposited on the patterned substrate, usually @agaration. After that, the resist is removed, so
that the excess metal on top of the resist is whahay, olifted-off, leaving only the deposited
material on the substrate in the patterned openiflys quality of the metal obtained with this
method is usually very good (usually better thaat tbtained with electrolytic growth) and an
excellent control on the deposited thickness iallp@achieved. However, two aspects must be
taken into account:

- An adhesion layer is often needed to improve thmsidn of the evaporated metal to the
substrate; usually Cr or Ti is used. Unfortunatégse layers are known to drastically
affect the plasmonic resonances; therefore, caret he taken when choosing this
method and the effect of the adhesion layer musbheidered.

- Due to the non-selective deposition of the metathensubstrates, lift-off often requires
an undercut resist profile to prevent depositiontloa sidewalls, which can lead to
ragged edges, tearing of material from the sulestiat total failure of lift-off due to
complete encapsulation of the resist. This candbéeged for instance by exploiting a
bilayer strategy. In this technique, a polymer wahig not soluble in the developer used
for the resist is deposited on the substrate beafweaesist itself; an example of such a
polymer is PMGI (polymethylglurarimide). PMGI is incharge-sensitive and thus is will
not be affected by exposure. After the exposure, ttho polymers are developed
separately; the PMGI is developed in order to hawdightly “reentrant” profile with
respect to the resist (“undercut”). This preverfits subsequently evaporated gold to

deposit on the sidewalls near the surface andftb# Is therefore easier.

Al.2.2 Electrolytic growth
Electrolytic growth requires a conductive substrated a resist thickness sufficient to

prevent overgrowing on top of the resist. The catiglity needed to allow a good electrolytic

growth depends on the characteristics of the @lgtic solution.
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The aqueous electrolytes used for metal coatings safutions of metal salts, which
dissociate under certain conditions to form eleatty charged anions and cations. Metal
cations, MeZ are delivered to the substrate, and are deposittalits conductive regions, i.e.
the exposed regions only (unexposed for negatisistsd. Metal deposition is brought about by
current flow from an external power source.

Different plating baths are possible, usually dfees$ in terms of their operating pH. In
addition to metal salts, electrolytic solutions aiyu contain various other species added to
increase electrolyte conductivity, inorganic andamic salts, acids, alkalis. In metal finishing,
anionic or non-ionic surfactants are often used.

Under equilibrium conditions, no net reaction takéesce and the process is governed by a
dynamic equilibrium. However, if an external biasapplied (a voltage), the equilibrium will be
broken and electrodeposition takes place.

Our set-up is very similar to the one pictured igufe A.8. Besides the two main electrodes
(anode and cathode, the latter being the sampddf)jtsinother electrode between them is
present, having an active area much larger thamahestructures; its purpose is to attract the
major part of the ions so that the growth becorn@ses and more controllable.

For the growth processes at LaNN we used a TECHBILZ 25 ES electrolytic solution. It
is a neutral non-cyanide gold plating formulatioavimg 8,2 g/l Au density. The working

temperature was 30° and the electrolytic bath wasrolled in voltage (-0.75 V).

Cathode

O Anions

Cations D

(b)

— Electrolyte

Figure A.8 Scheme of the (a,b,c) lift-off and (d¢atroplating processes. Lift-off: (a) the exposedbstrate is
developed. An “undercut profile” is desirable. f) is deposited on the surface using evaporatitwe. thickness is
finely controlled by a balance. (c) The resistamoved (acetone for PMMA, specific remover for negaresists)

and Au is left only in the exposed areas. (d) Skefthe electrolytic growth working principle asdtup.
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Al1.3 Focused lon Beam

The Focused lon Beam (FIB) is a widely used faltincatechnique for site-specific
analysis, deposition and ablation of materials.nFithe operation point of view, the FIB is
similar to a SEM. However, while the SEM uses aifmrl beam of electrons to image a sample
in the chamber, a FIB uses a focused beam of pesdns, typically G§ to mill the surface of
the sample. Gallium is chosen since realizing diGiad metal ion source (LMIS) is quite an
easy task. The gallium source is placed in contdttt a tungsten needle; the heated gallium
wets the tungsten and flows to the tip of the nee@ihe huge electric field at this small tip
(greater than 1 x £0v/cm) causes ionization and field emission of @@ ions, which are then
accelerated to an energy of 5-50 keV, and focusdti®sample by electrostatic lenses.

Unlike the electron microscope, the FIB is destuecto the sample. As the highly energetic
Ga ions hit the sample, the superficial atoms areorad and micro-machining of the sample
is therefore possible.

The FIB can also be used to deposit material bynsieha sedimentation induced by an ion
beam. The LaNN laboratory is equipped with an FEBYSdual beam Nova 600 NanoLab
instrument. It combines a Scanning Electron Micopsc (SEM) field effect at very high
resolution and a precise FIB system.

Listed below are the technical details of the iptias:

- Sidewinder ™ ionic column with Gdiquid ion source

- Resolution: 7 nm, maximum etchable linewidth: 15 nm
- Accelerating voltage: 5-30 kV

- Probe current: 1 pA - 20 nA

Al.4 Optical Characterization

Al.4.1 Ellipsometry

Ellipsometry is a versatile and powerful technigiee characterization of the optical
properties of a substrate through the reflectioa ofonochromatic light beam impinging on the
sample. By analyzing the polarization state ofrtfeected beam (specifically the ratio between
the p- and s-polarized components), informatioruatiee thickness and refractive index of each

of the layers constituting the substrate can bainbd. Moreover, SPR-like measurements can
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be done by measuring the reflectivity or transwiifi of a sample in angle of wavelength
interrogation.

The measurements presented in this thesis wererped on a J.A. Woollam Co., Vertical
Inc. Variable Angle Spectroscopic Ellipsometer (MASThe ellipsometer is equipped with an
arc lamp and a monochromator, resulting in a tetmctral range 250 nm-2500 nm. The
polarization of the input beam is defined by aruinpnit which can be controlled via software,
while a detector unit measures the polarizatioriests# light after it is reflected off or
transmitted through the sample. The beam diamgt2mhm, but can be reduced to 200 by
using focusing probes. The ellipsometer allowsaryvhe angle of incidence in the range 15°-
90° (accuracy: 0.01°) and it moves in #3180 configuration: when the angle of incidence (i.e.
the angle of rotation of the sample with respedhtwbeam) is changed, the detector arm will

rotate twice the angle of rotation of the sampégyst

Al.4.2 SNOM

An entire Chapter will be dedicated to the desigid a@evelopment of a SNOM head;
therefore, here we will not enter into details oaBning Near-field Optical Microscopy, which
consists in coupling a tapered probe with a subelength aperture to the near-field of the
sample under study, thus allowing optical imagiegdnd the diffraction limit. However, it is
worth citing this technique one more time, sinas the only present technique which allows to
directly visualize plasmons with the required resioh. This great power is accompanied by
signals of highly non-trivial interpretation, duethe complex interactions between the SNOM
tip and the sample.

According to Abbe’s theory, the resolving capapilif conventional optical microscopy is
ultimately limited by diffraction. As hinted abovENOM breaks this limit by exploiting the
properties of the non-propagating fields that egisly near the surface of the object. To this
end, the probe is placed very close to the surtgpgally a few nanometers, and is kept there
by accurate feedback techniques. With this tectmithe resolution of the image is limited by

the size of the detector aperture rather than éywdvelength of the illuminating light.
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Optical fiber
Scattered light

Photodetector

Figure A.9 Scheme of the SNOM detection principle.

Different kinds of SNOM probes were used during thiesis:

» Tapered, metal-coated optical fibers (used in thipESNOM instrument described
in Chapter 6);

« Cantilever probes, with tips having the shape dblow square pyramid (used in
the Witec instrument used for the characterizattdnmany of the described
plasmonic substrates).

The two probes also require a different feedba@tesy. For cantilever probes, the principle
is just the same used in Atomic Force MicroscopyN#, and the force acting on the cantilever
is monitored by using a beam-deflection setup afwiaquadrant photodiode. For optical fiber
probes, a tuning fork is often used to monitor ¢hear force acting on the probe. The probe is
raster-scanned across the sample and the neaofiéthl signal is collected together with the

topography. Figure A.10 shows some pictures oftldsNOM probes.

glass

100 nm

Figure A.10 Pictures of cantilever probes. Firaelitapered optical fiber probes such as the osed in the
EllipsSNOM described in Chapter 6; Second line: iardr-type probes. The tip is a hollow square pyich The
diameter of the sub-wavelength hole is typicallyuend 60 nm.
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Actuators B181, 559-566 (2013)

2. Plasmonic nanofocusing by means of metal coatedediiee nanowedges In:
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Wedge nanostructures for plasmonic nanofocysiyg. Expr.20, 16224-16233 (2012)
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