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Gizonak ba du inguru latz bat menperatzeko premia,
burruka hortan bizi da eta hori du bere egia.

Ekin ta ekin bilatzen ditu, saiatze hortan ezin gelditu,
jakintza eta argia; bide ilunak nekez aurkitu

lege berriak noizpait erditu, hortan jokatuz bizia.

Gizonen lana jakintza dugu: ezagutuz aldatzea,
naturarekin bat izan eta harremanentan sartzea.

Eta indarrak ongi errotuz, gqure sustraiak lurrari lotuz,
bertatikan irautea: ezaren gudaz baietza sortuz,

ukazioa legetzat hartuz beti aurrera joatea.

”

“Izarren Hautsa” - Xabier Lete (Basque Poem)
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CHAPTER 1

INTRODUCTION

Electromagnetic antennas, defined by Constantine A. Balanis as ”system components
that are designed to radiate or receive electromagnetic waves [1]” have played a key
enabling role in the development of a variety of revolutionary applications like cellular
phones, radar systems, etc. State of the art antenna based commercial communication
systems make use of electromagnetic waves that range from ultra-low frequencies to the
terahertz region of the spectrum. Electromagnetic fields at optical frequencies, have
been traditionally controlled by means of geometrical optical components such as lenses,
mirrors, fiber optics, etc. These system components base their working principles on
the wave nature of light and hence they cannot manipulate electromagnetic fields at

sub-wavelength scale.

Recent research advances at the field of nanophotonics have generated an impor-
tant interest in optical antennas. These structures, recently defined by L. Novotny
as "devices designed to efficiently convert free-propagating optical radiation to local-
ized energy, and vice versa” [2], take advantage of their characteristic sizes and the

nature of their associated electromagnetic excitations (surface plasmons), and offer
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the possibility of overcoming the diffraction limit and thus controlling the light at the
nanoscale.

This sub-wavelength, nanoscale, control of optical fields, is leading to new techno-
logical applications such as field enhanced spectroscopies [3,4] sub-wavelength near-field
optical microscopy [5-8], boosting the efficiency of photovoltaic devices [9], plasmonic
circuitry [10] and new medical diagnosis and therapy tools [11], among others. Because
of the working principle similarities between optical antennas and radio frequency an-
tennas, several outgoing studies attempt to extend and adapt the established radio
wave antenna and micro wave antenna theories to the optical frequency regime [12-15].
Within this spirit of connecting both frequency ranges, a brief historical overview of
antennas and radiation based systems is introduced before exploring the working prin-

ciples of optical antennas

1.1 Antennas: a historical overview

The history of antennas can be traced back to the unification of electricity and mag-
netism by James Clerk Maxwell in 1873, but this unification would had not been pos-
sible without the previous independent discoveries of the laws governing the electricity
and magnetism and their relationships.

In 1750, Benjamin Franklin proposed his famous kite experiment to prove that
lightning is electricity. This experiment was lately conducted on 1752 first by Thomas-
Franois Dalibard and later by Benjamin Franklin himself. With this experiment they
determined the existence of positive and negative electric charges and stablished the
principle of conservation of charge. 30 years later, in 1780, Charles Agustin de Coulomb
invented the torsion balance and measured electric charges for the first time.

In 1800 Alessandro Volta invented the battery. This instrument permitted Hans

6
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Christian Oersted in 1819 to establish a current on a wire and discover that a magnetic
needle is deflected when an electric current varies in a nearby wire. With this experi-
ment he demonstrated the first connection between electricity and magnetism. Before
this discovery electricity and magnetism were considered two independent phenomena.
In 1820, André Marie Ampere inspired by Oersted’s observation, designed a set of ex-
periments with which he extended these observations and established the theoretical
relationship between electric current-flow and magnetism (Ampere’s law). Some years
later in 1831 Michael Faraday found that a time varying magnetic field could also in-
duce an electric current, establishing then the inverse relationship between magnetism
and electricity (Faraday’s law).

All these discoveries permitted James Clerk Maxwell to establish the interdepen-
dence of the electricity and the magnetism that he published in his book ”A Treatise
on Electricity and Magnetism” (1873) [16] .

Maxwell’s equations in a differential form (SI units) are expressed like this:

V-D=p (1.1)
V-H=0 (1.2)
V xE=—uoH/ot (1.3)
VxH=J+0D/ot (1.4)

being E the electric field, B the magnetic field, D = ¢E the displacement vector,
H = B/pu, € the permittivity of the medium and p the magnetic susceptibility of the
medium. p is the free charge, and J the free current.

Applying vector identities to maxwell equations, it is possible to reach the following

relationship for the electric and magnetic fields in vacuum:

7
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O0*E

VQE = ,uoé:‘ow (15)
0’B

VQB = ,uoé:‘ow (16)

being 1y and ey the susceptibility and permittivity of vacuum respectively.
These two equations are equivalent to the differential equation that describes the

propagation of a wave:

2, 10Pf
V= (1.7)

being v the propagation velocity of the wave.

By comparison,

1
v Ho€o

where we can define ¢ as the speed of light.

=c (1.8)

v =

On the one hand, Maxwell’s equations completed the connection between electricity
and magnetism. On the other hand, they showed that electric and magnetic fields can
adopt the form of propagating waves. Furthermore, as the propagation speed of these
waves resulted to be the speed of light, the equations showed for the first time the
electromagnetic wave nature of light.

In spite of the tremendous importance of these equations and their consequences,
there was a great skepticism to accept them until professor Heinrich Rudolph Hertz
demonstrated the first wireless electromagnetic system in 1886. His experiment con-
sisted in a very primitive RLC circuit that, when discharged, produced an oscillatory

current that circulated along a wire of a length comparable to the wavelength of the
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current. The main challenge of the system was to discharge the RLC circuit in order
to launch the oscillating current. Hertz solved this problem by feeding the circuit with
a high voltage generator, and connecting its output to a set of two spheres placed
very close to each other. When the voltage difference on the spheres reached a critical
value, a spark was created between them, discharging the circuit and producing the
oscillatory current. That current, when circulating along the wire, radiated an elec-
tromagnetic wave. In order to detect this radiation, Hertz employed a loop antenna
as the receiving system. He set another couple of closely spaced spheres in this loop.
When an incoming electromagnetic wave induced a current on the antenna, the spheres
got charged and an observable spark was generated on the gap. Thanks to all this ad-
vancements, Guglielmo Marconi, in 1901, was able to perform the first transatlantic
wireless transmission from England to Canada.

Since that moment on, wireless communications evolved rapidly, developing similar
approaches and ideas for higher frequencies and adapting their capabilities to the spe-
cific necessities of different applications. During the last century, specific design rules
have been adopted for antenna design. Nowadays, antenna design constitutes an entire
area of study within electrical engineering. In order to introduce some basic concepts
in the field, the next section will be dedicated to the study of the most simple radiator

element, the elementary electric dipole.

1.2 The most elementary antenna: the electric dipole

An elementary oscillating electric dipole is a set of two closely spaced positive and
negative electric charges that oscillate in time at a certain frequency w. We assume a
harmonic dependence of the oscillation of the potentials and fields ~ e~**, therefore,

the vector potential associated to such a system, in vacuum, for a concrete frequency
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w in the frequency domain can be expressed as [17]:

; ikr
A(r) = ifow e

CAr o (1.9)

being k the magnitude of the wavevector in vacuum, r the distance between the position

of the dipole and the evaluation point and p the dipole moment of the dipole.
From now on all the expressions are refereed to a particular frequency w.

The magnetic fields induced by a vector potential A(r) can be calculated through,

H(r) = iv < A(r) (1.10)

Complementarily, the electric fields associated to the vector potential A(r) and the
magnetic fields H(r) can be calculated as:
A

E(r) = <V x H(r) (1.11)

where Zy = \/110/€¢ is the impedance of free space.

From these expressions we can obtain the values of the electric and magnetic fields
induced by a point dipole of dipolar moment p at any position of the space, excluding

the position of the dipole itself.

The electric fields induced by the dipole read as:

1 ) eikr
E(T)ZFEO k*(n x p) xn .

+ (3n(n-p) —p) (i — @) e’“] (1.12)

r3 r2

where n is the unit vector in the direction of the position vector r (see Fig. 1.1).

10
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Far-field

Figure 1.1: Framework adopted in this section. The green arrow indicates the z oriented
point electric dipole. The gray sphere symbolizes the radian sphere (kr = 1), separating
the far-field and the near-field regions. 7 = r is the position vector. The spherical
coordinate system is also shown.

And the magnetic fields:

ck,? eikr 1
H(r)=— 1—— 1.1
0= (1- ) (1.13)

To simplify the problem, we consider the particular case of a dipole located at the
origin and oriented on the z direction (p = p,u,) as sketched in Fig. 1.1 and express

n and p in spherical coordinates. We obtain for the fields in spherical coordinates F,.,

FEg and E,:

2icos() e* [ 1 1
E.(r)=np, k - — 1.14
(1) =p deg 1 1k2r?  kr ( )

sin(f) e*r [ 1 1

Es(r) = p, B l——  — 1 1.15
o(r) =p drteg T k27’2+ikr ( )
E,(r)=0 (1.16)

11
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and similarly for the spherical coordinates of the magnetic field H,, Hy and H.:

H,.(r)=Hy(r)=0 (1.17)

sin(0) e

H,(r) = Zop —k? {_i 1} (1.18)

0247#0 r kr

1.2.1 Radiation regions

The electric and magnetic fields for the infinitesimal dipole described by equations
1.14-1.16 and 1.17-1.18 | are valid for any point of the space except at the position
of the dipole itself, where they diverge. A closer look at these equations reveals the
interesting properties of the radiation of such a source.

At a first glance it can be easily observed that the expressions present two asymp-

totical trends with very different behavior:

e Far-field (kr >> 1):

When taking the kr >> 1 limit, the expressions for the fields can be reduced to:

—K? (1.19)

—k? 1.20
L (1.20)

B (r) = B, = H,(r) = Hy(r) = 0 (1.21)

This region of space is usually know as the far-field region. For this region, the E,

term vanishes and the Fj is the only component that survives for the electric field.

12
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Figure 1.2: Radiation pattern of an electric point dipole located at the origin of coor-
dinates and oriented on the z axis. 7" = r is the position vector. The absolute value of
the total electric field is plotted.

This means that the radiated electric field is transversal and linearly polarized
in this region of the space. The magnetic field, on the other hand is polarized on

the ¢ direction, being perpendicular to the electric field.

If we now observe the angular dependence of the electromagnetic fields of 1.19
and 1.20, we can see how the radiation is symmetric with respect to ¢ while it
presents a sin(f) dependence for 6. Fig. 1.2 shows a 3 dimensional representation

of the total electric field for this region of the space.

e Near-field (kr << 1):

If we now consider the kr << 1 limit, the expressions of the fields can be reduced

to:

13



1.2. THE MOST ELEMENTARY ANTENNA: THE ELECTRIC DIPOLE

Near-field

N5

NM10

-AM10

-N/5

1 1 1 []
-5 -M10 0 NM10 A5 -2\
X

Far-field

2\

Figure 1.3: Cross section on the XZ plane of the total electric fields induced by a point
dipole located at the origin and oriented along the z direction (see Fig. 1.1) for a) The
near-field region (kr << 1) and b) the far-field region (kr >> 1)

2cos(0) e*r
drteq 13

E.(r)~p,

sin(0) et*r

“ dmey 13

Ey(r) ~

(1.22)

(1.23)

(1.24)

(1.25)

This region is referred to as the near-field region. In this volume of the space

the magnetic fields are much weaker than the electric fields, since they follow

an 1/r? dependence while the electric fields increase as 1/r®. Furthermore, on

equations 1.22 and 1.23 we can observe how the electric field has two different

components, one transversal (Ey) and the other longitudinal (E,) to the orien-
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tation of the dipole. The transverse component of the electric field has a sin(f)
dependence on 6 while the longitudinal one varies with cos(f). The presence of
both contributions and their different spatial behavior indicates that the distri-
bution of the electric fields in this region is way different to the one present in
the far-field region of the space. Fig. 1.3 shows the electric field distributions for
both regions of the space on a XZ cross section across the position of the dipole.
We can easily observe how the field distribution differs in both cases. Close to
the position of the dipole, in its near-field region (Fig. 1.3a), the electric field is
strongly localized on the extremities of the dipole while at larger distances, in
the far-field region (Fig. 1.3b), the field spreads transverse to the dipole axis (as

shown in the radiation pattern in Fig. 1.2).

Fig. 1.4 shows the dependence of the transverse field with respect to kr. It can be
observed how the transition from the near-field to the far-field occurs for kr = 1. For
that value, as it can be deduced from equation 1.15 the contributions of the far-field
and near-field compensate and only the 1/(¢kr) term inside the brackets survives. This

space between the near-field and far-field receives the name of radian sphere [1].

In classical antenna theory, there is an interest in the transmission and reception of
EM waves, thus, the far-field properties of the radiating systems are essential aspects of
study. The working principles of many antenna based emerging applications at infrared
(IR) and visible frequencies instead are strongly based on the near-field properties
of antennas. As a consequence, the study of the nanoscale near-field properties of

nanoantennas has become of crucial importance in the field of nanophotonics.

15
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1,000

100¢

0.1

Figure 1.4: In blue: radial decay of the transversal fields of the dipole (Ey). The line
represents the absolute value of the transversal fields calculated as the magnitude of
the sum of terms inside the brackets in equation 1.15 (in arbitrary units). Red line:
asymptotical trends of equation 1.15. The far-field (kr >> 1) decays as 1/r while the
near-field (kr << 1) follows a 1/r3 trend.

16



CHAPTER 1. INTRODUCTION

1.2.2 Dipolar emitters

The infinitesimal dipole is a good approximation of the electromagnetic response of
very small dielectric objects (~ A/100) and it can also simulate well the emission
and absorption properties of certain molecules, atoms and quantum dots. In order to
describe the electromagnetic response of such systems employing a dipolar approxima-
tion, a quantity connecting the applied electric field E to the resulting dipolar moment
p is needed. That quantity receives the name of electric polarizability «(w) and it is

defined as the ratio of the induced dipole moment p to the applied electric field E.

p(w) = a(w)E(w) (1.26)

The value of the polarizability a(w) is a measure of the potential of an object to
separate its charges. For instance, for the concrete case of a dielectric sphere in vacuum,

a(w) can be expressed as
e—1
+2

ao(w) = 4mega® (1.27)

where a is the radius of the sphere, and ¢ is its permittivity. If the sphere is non
absorbing (Im(e) = 0), the expression of the polarizability diverges for a value of
the dielectric function ¢ = —2. In order to avoid this singularity, Draine’s radiative
correction must be taken into account [18,19]. With this correction the polarizability

reads as follows,

alw) = an(w) (1 z-g—‘”’w)“ (1.28)

L

Nevertheless, the exact response of bigger objects can not be approximated by these
formalism. In order to analyze these systems, other methods need to be employed.

For certain geometries, especially the ones where the perfect metal approximation is

17
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still valid and only one of the sizes is much larger than the rest, analytical integral
approaches can be adopted, employing infinitesimal dipoles as differential radiating el-
ements. If the permittivity of the material can not be considered to be infinite or/and
the relative sizes of the structure are comparable, Maxwell’s equations need to be
numerically solved. There exist several numerical methods to calculate the electro-
magnetic response of any structure. All the numerical calculations presented in this
thesis had been calculated through the Boundary Element Method (BEM). The details

of this numerical method will be further introduced in appendix A.

1.3 The electromagnetic spectrum

Electromagnetic radiation is classified by its characteristic frequency or wavelength.
The set of all possible frequencies of radiation receives the name of electromagnetic
spectrum. Fig. 1.5 shows a typical representation of this concept.

The utilization of radiation-based systems started in the beginning of 20" century
with the discovery of the radio. These first attempts to exploit the electromagnetic
radiation made use of low frequency electromagnetic waves. From that moment, radi-
ation based technologies evolved to higher frequencies covering a progressively larger
part of the electromagnetic spectrum.

Every frequency range has its own characteristic properties and results more appro-
priate for certain applications. For example, earth’s atmosphere presents a transmission
window on the frequency range of the GHz-s. Thus, this regime results to be ideal for
satellite earth communications and this frequencies are nowadays employed for appli-
cations such as the GPS, TV satellite broadcasting, etc. Other frequency ranges result
to be more suitable for other applications. In order to avoid overlapping between the

use of ranges of the spectrum and to establish some guidelines on the appropriateness

18
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Figure 1.5: Band division of the electromagnetic spectrum (from: Creative Commons)
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of certain wavelengths for concrete uses, the International Telecommunication Union
(ITU) tabulates the electromagnetic spectrum dividing it into frequency sets which are
known as frequency bands (see table on appendix B).

Up to date, antenna based commercial technologies exploit the electromagnetic
spectrum up to the THz regime. Recent technological advances are permitting to go
one step further in this race towards the controlled radiation and reception of waves of
progressively higher frequencies, and nowadays it is experimentally possible to exploit

the IR and visible part of the spectrum.

1.4 Optical antennas: factors influencing the re-
sponse

Optical antennas are strongly analogous to their radio-frequency and microwave counter
paths. Nevertheless, there are crucial differences in their physical properties and scal-
ing behavior. Most of these differences arise from the fact that the permittivity of
metals is not infinite at optical frequencies. This makes the metals not to behave as
perfect conductors but rather as strongly correlated plasmas. This fact affects the

electromagnetic response of metallic objects in two different but related ways:

e The first consequence of the finite permittivity is that the skin depth of metallic
objects near a surface does not tend to zero. This alters the canonical response
of nanoscale metallic objects because the penetration of the electric fields can
be comparable to the characteristic sizes of the objects in many cases. The

consequences of this effect will be further studied in Section 1.4.2.

e On the other hand, as we will study in the next section, the plasma response

of the electronic cloud resonates at specific wavelengths. Besides their intrinsic
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Figure 1.6: Schematics of the bulk plasmon oscillation in a metal

interest as physical phenomena, these resonances, known as plasmons, present
characteristic properties that modify and boost the response of metallic objects

at the optical wavelength range.

1.4.1 Plasmons

The collective motion of the electron gas in metals can be described by a classical
equation of dynamics where the electron cloud follows an harmonic oscillatory behavior.
If we consider the metal as a three-dimensional crystal of positive ions and a free
electron gas moving on the periodic potential created by the ions, when an electric or
electromagnetic excitation is applied to the metal, the electron cloud will react to the
corresponding electric field displacing from its equilibrium position. On the other hand,
the positive ionic background induces a restoring force attracting the electron cloud
back to its original position. The action of those two forces will cause an oscillation of

the electron gas around the equilibrium position (see schematics on Fig. 1.6).

The mechanical equation of the displacement of the electron gas, following this
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harmonic oscillation, can be expressed as:

T 5t) = —enB(t) = ~ % 5(1) (1.29)

nme—-;-
c dt? €0

where §(t) is the displacement of the electron gas, n is the conduction electron density,
e is the elementary charge and m, is the electron mass.

We can deduce from the previous equation that there is a natural oscillation fre-

quency for the electron cloud, that we will refer to as the bulk plasma frequency w,:

Nee?

(1.30)

W, =
P €oMe

which basically depends on the electronic density of the metal.

Coupling light to plasmon excitations in matter is only possible for special ge-
ometries of the material. For instance, when a metal-dielectric surface is introduced,
solutions to Maxwell’s Equations can be obtained when applying the proper boundary
conditions. Since the permittivity of the metal and the dielectric medium are of op-
posite signs, there exist solutions supporting collective excitations of the free electron
plasma propagating along the surface. These excitations, known as surface plasmon
polaritons (SPP-s) are evanescent in the direction normal to the surface. Fig. 1.7a
shows an schematic sketch of such solutions.

The dispersion relation of SPP-s can be expressed as:

g9+ €1
E2€1

wWspp = C k (131)

where €; and g5 are the permittivity of the dielectric and the metal respectively. The
dispersion curve of SPP-s is shown in Fig. 1.7b.

The energy of such excitations lays on the visible part of the electromagnetic spec-
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Figure 1.7: a) Schematics of SPP at an interface separating two semi infinite regions
with two dielectric functions of different sign, propagating along x direction and con-
fined in z direction. b) Energy (w) versus momentum (k) dispersion line of the prop-
agating surface plasmon polariton (blue-dashed line). The bulk plasma frequency w,
and the surface plasmon energy ws = w,/ V2 are marked as dotted horizontal lines.
Closing the boundaries of the surface provides momentum (shown through red-dashed
lines) allowing the localized surface plasmons (LSP) to couple to the light line (w = ck).

trum for the case of metal-dielectric interfaces. However, the excitation of surface plas-
mons on a flat semi-infinite metal surface with light is not possible because energy and
momentum cannot be conserved simultaneously. This is shown schematically by the
solid and blue-dashed dispersion lines for light and the surface plasmon respectively
in Fig. 1.7b. However, there are several ways to provide the additional momentum
needed for momentum conservation so that the surface plasmon can couple to the in-
cident light. One way is to modify the planar metal surface by means of indentations

or gratings that can provide ”lattice” momentum to ensure momentum conservation.

Momentum conservation is also possible when light is coupled to the plasmon excita-
tions of small metal particles. Here, the finite geometry provides the extra momentum
needed for momentum conservation. Discrete excitations, known as metal nanoparti-
cle plasmons, that can couple effectively to light are possible, as schematically shown
by the red-dashed lines in Fig. 1.7. Therefore, together with propagating solutions of

SPP-s, we can find localized modes at closed boundaries such as in nanoparticles, often
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Bulk Surface Slab Sphere

Figure 1.8: Plasmon energies for different metallic systems. Schematics and energy of
(a) the bulk plasmon. (b) the surface plasmon on the electrostatic approximation. (c)
the plasmonic modes for a metallic slab on vacuum on the electrostatic approximation,
k is the wave vector and d the slab thickness. (d) the sphere plasmon on the electrostatic
approximation.

addressed as localized surface plasmons (LSP). Their characteristic energies depend
strongly on the geometry of the particle, the size, the environment and the coupling to
other structures. These localized resonances at optical frequencies are what is known
as optical antenna resonances. Therefore, the plasmonic resonances of nanoparticles

and the concept of antenna modes merge together at optical frequencies.

The dielectric formalism provides an adequate framework to describe the optical
response of metallic systems. The dielectric response of metals can be obtained clas-
sically by describing the polarization of an homogeneous medium composed of atoms
with free electrons. In this case the typical Lorentz oscillator response becomes what

is known as Drude-like response:

w2

e=1- W(T’iw) (1.32)

with the response depending on the plasma frequency w, and the damping I' of the

metal given mainly by the relaxation of the electron gas motion into lattice vibrations
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Figure 1.9: Schematics of the localized surface plasmon (LSP) excitation in a metallic sphere.
The metallic sphere is painted in yellow, the electron cloud is ploted in green and the oscil-
lating incoming electric field is represented by blue arrows.

or phonons.

In general, one can find surface mode solutions for any system, by applying proper
boundary conditions to the potentials and the fields at the interfaces. In small struc-
tures, where the dimensions of the object are smaller that the wavelength of light, the
energies of the plasmonic resonances can be obtained by solving Laplace’s equation
within the electrostatic approximation. Fig. 1.8 summarizes the plasmonic resonant
energies of three different systems with use of this approximation.

For example, the energy of the localized surface plasmon resonance (sketched in
Fig. 1.9) of a small metallic sphere can be easily deduced through the expression of its
polarizability. As it was already shown in Section 1.2.2, since the polarizability of a

small, absorbing sphere is

(1.33)
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it presents a resonance when ¢ = —2. From Drude’s expression for the dielectric

function of a metal (equation 1.32), if I' = 0:

where wg,, is the energy of the dipolar surface plasmon excitation of the sphere. Then,

Wp

= % (1.35)

as it is summarized in Fig. 1.8d.

Special properties of surface plasmons

LSP-s exhibit some distinct and special properties which have generated promising
prospects in a variety of fields of science and technology. We summarize some of these

properties:

e Localization of the electromagnetic fields: The fields induced by surface plas-
mons decay exponentially in the direction perpendicular to the interface where
they are excited. Thus, all the electromagnetic effects induced by those fields
are reduced to a small region close to the surface (typically a few nanometers).
Complementarily, plasmons present a shorter wavelength compared to the one of
the incoming source that excites them. As a consequence of these two effects, it

is possible to concentrate light on regions smaller than the diffraction limit.

o [eld enhancement: The plasmonic resonances induce charge pile up at the sur-
face of the metals and those charges induce electromagnetic fields on the sur-
roundings of the surface. Therefore, the fields are enhanced compared to electro-

magnetic fields in free space. This field enhancement is a key enabling property

26



CHAPTER 1. INTRODUCTION

for many photonic applications, such as field enhanced spectroscopy and sensing

techniques.

o Tunability: Plasmons have also the capability of tuning the energy of their res-
onances through the modification of both the geometry and/or the coupling be-
tween different systems [20-22]. This opens up the door to engineer the optical

spectral response in optically active systems on demand.

In addition, plasmons are extremely sensitive to the environment that surrounds
them. Thus, a small change on the dielectric function of the surrounding medium

can produce large spectral shifts on the far-field radiation of the system.

1.4.2 The role of the skin depth

Inside any perfect metallic structure, being the permittivity infinite, the electric fields
tend to zero, and consequently the current density flows only at the boundaries of the
structure. The finite permittivity of metals at visible and IR frequencies allows the
electric fields, and thus the current density, to penetrate some tens of nanometers inside
the metals. This fact, in addition to the effects induced by the excitation of surface
plasmons that where discussed on the previous section, modifies the optical response
of metallic structures at this frequency range.

In a general case, the current density J inside a semi-infinitely thick plane conductor

decreases exponentially from the surface following the next expression:

J=Je "’ (1.36)

being J; the value of the current density at the surface of the conductor, r the pene-

tration distance and ¢ the skin depth of the metal.
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The skin depth of a metal is defined as the depth inside the material at which the
current density decays to a value of 1/e (~ 0.37) of the value of the current density at

the interface (J;). This skin depth can be calculated as:

5(w) = QJiMO (1.37)

where, §(w) is the skin depth, ug is the magnetic susceptibility in vacuum, and o
is the conductivity of the material. This conductivity o can be calculated from an
experimental dielectric function € following Drude’s formalism as follows. Since the

permittivity e(w) can be expressed as:

.o(w)
=1 1.38
o) = 14122 (1.39)
The expression for the conductivity within this model is:
o(w) = —icqw(e(w) — 1) (1.39)

In Fig. 1.10 the spectral dependence of the skin depth for the case of gold, calcu-
lated through Eq. 1.37 is shown. For very long wavelengths the dielectric function of
the metal follows an £(w) oc 1/w? tendency (see equation 1.32). Hence, the conduc-
tivity results to be proportional to w and the skin depth increases linearly with the
wavelength. In the visible range of the spectrum, the finite value of the permittivity
does not permit any approximation and the spectral details of the dielectric function

determine the value of the skin depth.

The dimensions of optical antennas are typically in the nanoscale and comparable
to the values of the skin depth shown in Fig. 1.10. As a consequence, the optical

response of these structures will differ from the standard one. We will address this
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Figure 1.10: Spectral dependence of the absolute value of the skin depth for gold,
calculated through equation 1.37. Inset: Zoom over the visible and near-IR part of the
spectrum.

issue by comparing the behavior of almost perfect metallic rod like antennas of 400
nm length and variable width with realistic gold antennas of the same dimensions
where experimental dielectric function taken from Palik [23] will be employed. For the
calculations of the almost perfect metallic case, a dielectric function of ¢ = —2842 +
1339i will be considered (which is the value of the experimental dielectric function of
gold for A=20um).

In Fig. 1.11 we show a comparison of the extinction cross section spectrum of a
relatively thick gold nanoantenna of width w = 200 nm and the response of an almost
perfect metallic antenna of the same dimensions. Being the radius of the rod (100 nm)
significantly larger than the skin depth for the resonant wavelength (6 ~ 18nm), no
skin depth effects are expected. The resonance of the realistic gold antenna is red-
shifted with respect to the resonance of the almost perfect metallic one due to the

excitation of surface plasmons at the nanostructure.
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Figure 1.11: Comparison of the optical response of an almost perfect metallic antenna
(e = —2842 + 1339¢, L = 400 nm, w = 200 nm) with respect to the response of a
realistic antenna (¢ = Auy) of the same dimensions. The red dashed line indicates
the position of the A\/2 resonance for an antenna of L = 400 nm. The resonance shift
between the resonance predicted by antenna theory (A = 2L) and the almost perfect
metallic antenna resonance is due to the comparable dimensions of the length and the
width of the considered antenna. The shift between the resonances of the realistic gold
antenna and the almost perfect metallic antenna is due to the excitation of surface
plasmons in the nanostructure.
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Figure 1.12: Optical response of a set of almost perfect metallic antennas with
L = 400 nm for several widths. As the ratio w/L decreases, the dipolar resonance
of the antenna approaches the /2 resonance predicted by antenna theory.

If w/L<<1, antenna theory predicts a first order resonance for perfect metallic
antennas for a wavelength of A = 2L (dashed red line in Fig. 1.11). The discrepancy
between the resonant frequency of the almost perfect metallic antenna and the reso-
nance predicted by antenna theory (Fig. 1.11) is due to the non negligible width of
the antenna w with respect to its length L. The results presented in Fig. 1.12 verify
this hypothesis. In this case we study the response of a set of almost perfect metallic
antennas with length L = 400 nm for a number of widths w. As the ratio between w
and L decreases, the resonance of the antenna approaches the A/2 resonance predicted

by antenna theory.

In order to study the effect of the skin depth in realistic nanoantennas, we show
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Figure 1.13: Optical response of a set of realistic gold antennas with L. = 400 nm for a
variety of widths w. As the ratio w/L decreases, the dipolar resonance of the antenna
is strongly red shifted due to the non negligible penetration of the electric field inside
the antenna.

the far-field extinction spectra of a set of gold antennas of . = 400 nm for a set of
decreasing widths. The results are summarized in Fig. 1.13. The skindepth for the
IR part of the spectrum is about 18 nm (Fig. 1.10). Significant effects due to the
non-negligible penetration of the electric fields are expected to arise only for antennas
with widths smaller than 36 nm. Fig. 1.13 shows how antennas with widths w > 50
nm present a slight red shift for decreasing widths. For thinner antennas indeed, the

shift is dramatically enhanced.

To conclude, we calculate the current density distribution inside the antennas by
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applying Ohm’s law:
J=0E (1.40)

being E the electric field induced inside the structure.

In the antennas presented here, since w<< A we can consider that only m = 0 (ax-
ially symmetric) modes are effectively excited, therefore E = E,, being E, the electric
field oriented in the direction of the antenna axis. In that case J = oF,. Fig. 1.14
presents a set of calculations of the current densities excited inside the antennas stud-
ied in Fig. 1.13 at their dipolar resonance. Cross sections of the current density across
the center of the antennas are plotted. In this set of calculations we can observe how
the current density flows mainly at the boundaries of the structure for widths w > 50
nm. For thinner antennas, the current density penetrates the rods and thus the modal
distribution of the associated electric field changes dramatically. As a consequence,
the energies of these new modes are strongly modified inducing the intense red-shifts
shown in Fig. 1.13.

This set of calculations demonstrates that the effect of plasmons and the penetration
of the fields modifies the optical response of nanoantennas and therefore an accurate
and exact modeling of the response is needed when exact spectral features are needed.

This is one of the reasons of the need of this work.

1.5 Applications of optical antennas

The properties of surface plasmons that we introduced in Section 1.4.1 can serve as
the basis for many novel technological applications and to boost the efficiency of well
established spectroscopic techniques.

A considerable amount of research has been devoted to the propagation of optical

signals by means of plasmon guides and interconnectors aiming for fully integrated
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Figure 1.14: Maps of the current density (in arbitrary units) induced inside the set of
antennas studied in Fig. 1.13 for the dipolar resonance. Cross sections at the center of
the antennas are presented. For w < 50 nm the current density is no longer confined at
the boundaries of the structure. Therefore the energies of the resonances are strongly
modified (see corresponding spectra in Fig. 1.13).
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optical circuits [10]. In this thesis we will focus our attention on the applications
derived from the excitation of localized surface nanoparticle plasmons (LSP-s), also
called antenna resonances. These LSP-s serve as basis for a wide set of applications
such as field enhanced Raman and infrared absorption spectroscopies [3,4,24], near-field
sub-wavelength optical microscopy [5-8] or revolutionary medical diagnosis and therapy
tools [11], among others. These applications rely mainly on four beneficial aspects
of LSP: (i) the confinement of the electromagnetic fields, (ii) the field enhancement
associated to the localization, (iii) the sensitivity of the response to environmental
changes, and (iv) the tunability of the spectral response.

In this thesis we will mainly focus our attention on two applications derived from
the excitation of localized surface nanoparticle plasmons (LSP-s): Surface enhanced

spectroscopy and near-field optical microscopy.

e Surface-enhanced spectroscopy: The confinement and enhancement of the electro-
magnetic fields associated to plasmons, can be extremely beneficial for different
spectroscopic techniques such as Raman and infrared spectroscopy because their
signals rely on the intensity of the electromagnetic fields involved. When nanopar-
ticles are used for these enhancing purposes, these techniques are described as
field enhanced spectroscopy. Surface-Enhanced Raman Scattering (SERS) [3, 4]
and Surface Enhanced infrared (IR) Absorption (SEIRA) [24] are among the most

commonly used nowadays.

In the case of Raman spectroscopy, the sensitivity of the technique increases
approximately with the fourth power of the field since both the incoming and
the outgoing fields are enhanced at the position where the molecules are located,
therefore the enhanced field coming from plasmonic nanoparticles (nanoantennas)

can enhance dramatically the sensitivity of the spectroscopy. On the other hand,

35



1.5. APPLICATIONS OF OPTICAL ANTENNAS

as the fields are strongly localized, this effect permits to detect fewer molecules.

Under certain circumstances it has been possible to detect even single molecules.

[3,4,25]

In direct infrared absorption spectroscopy, the sensitivity depends directly on
the intensity of the field, i.e. on the second power of the amplitude instead of
the fourth power, but even if the sensitivity increases less than for SERS, the
benefits of the field enhancement have permitted to detect very small quantities
of molecules, giving complementary information to the SERS signal. In one
of the studies summarized in this thesis (Chapter 2) we demonstrate that an
enhancement of five orders of magnitude on the sensitivity of SEIRA techniques
can be achieved with the use of a single plasmonic nanoantenna as an active

element. [24]

Additionally, this thesis presents a study on two aspects of critical importance
in field enhanced spectroscopy. At the one hand, in Chapter 3 we introduce an
strategy to optimize the field enhancement in single, continuous metallic nanoan-
tennas. On the other hand, Chapter 5 will analyze the possibility to control the

optical near-field and far-field response in gap antennas.

Near-field optical microscopy: In order to develop and optimize the applications
mentioned here, it is essential to know not only the properties of the far-field
radiation of the structures involved but also the near-field response (both in
amplitude and phase). Scattering-type Scanning Near-field Optical Microscopy
(s-SNOM) [5] is one of the most appropriate techniques to obtain experimental in-
formation about the near-field response of metallic nanoparticles. This technique
is a versatile optical imaging tool which overcomes the diffraction limit thanks to

the confining capabilities of surface plasmons. Maps of the near-field distribution
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of nanoscale structures can be obtained by detecting the light scattered from a
sharp probing tip oscillating above the surface of a sample. The details of the
technique and an analysis of the tip-sample interaction in this configuration will

be further developed in Chapter 4.
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CHAPTER 2

RESONANT PLASMONIC AND VIBRATIONAL

COUPLING IN A TAILORED NANOANTENNA FOR

INFRARED DETECTION

Vibrational spectroscopy of molecules is of general importance in natural sciences,
medicine and technology. Direct infrared observation of molecular vibrations from a
reduced number of molecules is a current challenge in all these fields. The respective
sensitivity can be increased several orders of magnitude with use of surface-enhanced
scattering techniques such as surface enhanced Raman scattering (SERS) [3,25-27] and
surface enhanced infrared (IR) absorption (SEIRA). [28-35] The enhancement factor
in these techniques essentially depends on the capacity of the environment to enhance
the local electromagnetic fields. In SERS, the electromagnetic field enhancement is
effective for both the incoming and the scattered radiation, and usually the local field
enhancement profits from plasmon cavity modes with resonant wavelengths in the vis-
ible. [4] For direct excitation of vibrational modes, as it is the case in SEIRA, the

electromagnetic field enhancement requires resonant excitation in the IR, because the
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absorption scales with the intensity of the local field created at the position of the
molecules. Until now, not more than three orders of magnitude of direct vibration
signal enhancement have been achieved in typical SEIRA experiments [28-35] where a
metal-particle ensemble is used as substrate. Its spectral response is strongly broad-
ened by the mutual particle interaction and, additionally, by inhomogeneous particle
geometries. The measured SEIRA signal is collected from a macroscopic area (typ-
ically mm?) and represents an average over a variety of different sites with different
near-field enhancement factors at spectral positions far away from the frequencies of

the molecular vibrations.

IR and visible antennas lead to strong field enhancement of the near-field and their
resonance frequencies can be easily engineered through the modification of their lengths
and widths. Thus, they are much better candidates than regular grained surfaces to
boost the sensitivity of SEIRA and SERS experiments. Fig. 2.1 illustrates the principle
of an antenna boosting the capabilities of the SERS and SEIRA techniques. The
nanoantenna is first tailored to hold a plasmonic resonance at the required wavelengths
(visible for SERS and IR for SEIRA). Then, the molecules under study are placed on the
vicinity of the resonant system. Since the Raman and vibrational absorption processes
are proportional to the excitation field, the signal of the vibrations will be increased in

certain areas close to the nanoantenna (hot-spots) where the near-field is maximum.

For Raman spectroscopies, this enhancing process will be beneficial not only for
the excitation of the molecule but also for the radiation of the reemitted photons of
lower energy, since the antenna will also serve as an enhancer of the scattering of the

outgoing photon. The enhancing factor of the process M., can be then written as,

Elocal (wvis> 2

EO (wm’s)

2 ‘ Elocal (wR)
Eo(wr)

Mgsgrs = ‘ (2.1)
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E e (@)

Les(@) < NEy(@,,)

SERS

molecules

Substrate

2
Lo (@) o N|E i (@)

Figure 2.1: Schematics of antenna enhanced SERS and SEIRA spectroscopy. One
monolayer of molecules is deposited on top of a resonant structure laying on a trans-
parent substrate. The antenna and the molecules are then excited with light of energy
wyis (visible) for the case of SERS and w;g (infrared) for the case of SEIRA. For SERS,
WR = Wyis — Weip 18 the frequency of the Raman signal, being w,,;, the vibrational energy
of the molecules. Enp is the enhanced near-field at the extremities of the antenna.
Enr can be about two orders of magnitude greater that Fjy in a standard situation. N
is the number of efficiently excited molecules.
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being Ej,.q the near-field generated by the antenna, Fy the incoming field, w,;s the
frequency of the incoming field (visible) and wr = wyis — Wy the frequency of the

Raman signal, being w,;, the vibrational energy of the molecules.

As an approximation, it can be considered that wyp << wyis. Then Ejeq(wg) ~
Eiocai(wyis) and the enhancing factor for SERS can be approximated as the fourth power

of the local field enhancement around the particles.

(2.2)

The field enhancement is a local magnitude that depends on the particular point of
evaluation. The calculation of the Raman enhancement by an ensemble of molecules
distributed over an extended area of a nanostructure would require an integration over

all positions to obtain the average enhancement.

In the case of SEIRA the nanoantenna effect will act once. Being this spectroscopy
based on an absorption process there is no re-radiation of any photons. Therefore, the

enhancing factor in SEIRA configurations can be expressed as,

Elocal (wIR) ?

o) (2.3)

Msprra = ‘

being wyr the infrared frequency of the incoming light.

Even if the enhancement factors for SEIRA are less spectacular than the ones that
can be achieved for SERS, in this chapter we will show that the effect of the reso-
nant coupling of an individual plasmonic infrared nanoantenna with the vibrational
excitation of the molecules gives rise to a different type of resonant SEIRA with un-
precedented signal enhancement of five orders of magnitude, which means attomolar

sensitivity.
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Figure 2.2: Chart showing the dependence of the dipolar resonance wavelength on
L, for different R. Resonance wavelengths were extracted from far-field scattering
calculations. Adapted from [22]

2.1 Antenna design

We first focus on the design of the antenna configuration that will produce antenna
resonances at the spectral position of the vibrational fingerprints. We focus on metallic
rods made of gold that hold modified \/2 dipolar resonances. To achieve a completely
resonant situation, the length and width of the nanoantenna have to be tailored to hold
a plasmonic resonance exactly matching the spectral position of the vibrational finger-
prints. As it was already explained on Section 1.4, due to the finite negative dielectric
value of the dielectric response of gold in the IR, antenna resonant wavelengths A, re-
sult to be shifted compared to the ideal case, i.e. antenna resonances in the ym range
of the spectrum, appear at slightly shorter lengths L than the ideal half-wave dipole
antenna length: L < \,./2. [22,36-38] Fig. 2.2 shows a chart with the different dipolar
resonances of gold nanoantennas for different lengths (L) and widths (w) embedded in

vacuum. The presence of a substrate also modifies the position of the resonances.

In our case, an antenna of about 1.5 yum length and 100 nm width, embedded on an
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Figure 2.3: Calculation of the near-field intensity 1 nm above the surface of a gold
nanowire (in vacuum, length L = 1.31pm, diameter D = 100 nm) at the fundamental
antenna resonance (A, = 3.41um). The color scale indicates the magnitude of the
enhancement from bright at the wire ends (maximum enhancement) to dark in the
middle of the wire (lower enhancement).

effective medium that accounts for the substrate polarizabilty (n.rs= 1.22) resonates
at the frequency of the vibrational lines of the molecules that we will want to study.
Fig. 2.3 depicts the calculated enhancement of the near-field electromagnetic intensity
around such a nanoantenna (length L = 1.31 pm) at its fundamental dipole-like res-
onance wavelength (A, ~ 2.6L). The infrared plasmon field of the antenna resonance
produces an exceptionally large intensity enhancement at the antenna ends. [39] In
our case, this intensity is mainly localized at nanometer distance from the antenna
ends and can reach up to four orders of magnitude, as theoretically determined and

indicated in Fig. 2.3. This enhancement is quite general in this type of configurations.

It is possible to use this localized IR field to enhance the spectral signature of molec-
ular vibrations. Experimentally one layer of octadecanthiol (ODT, CH3(CH;),4CH2SH)
was used as model adsorbate. ODT molecules can be adsorbed on individual gold NWs
(see Fig 2.4) and the IR transmittance can be measured with an IR-micro spectroscopy
set-up [36]. The long-chained ODT molecules form a self-assembled monolayer (SAM)
with the molecular axis slightly inclined with respect to the surface normal [40] (see
Fig 2.4). The layer has a homogeneous thickness of 2.4 nm. [41] ODT exhibits sev-

eral IR active vibration modes in the 3 pym wavelength range. For our investigation,
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Figure 2.4: Sketch of the concept. A monolayer of ODT is adsorbed on top of an
individual gold nanoantenna. The IR transmittance is measured with an IR-micro
spectroscopy set-up.

the strongest absorption modes of the CHy group antisymmetric (2916-2936 cm™!) and
symmetric (2850-2863 cm ') stretching vibrations [42] are considered, as obtained from
infrared reflection absorption spectroscopy (IRRAS) of bulk ODT, with the identifica-

tion of the corresponding modes as shown in Fig. 2.5 .

2.2 Plasmonic-vibrational coupling

In order to study the antenna-molecule configuration, we perform a set of simulations
of the system where the full electromagnetic interaction of the antenna and the ODT
layer is considered. The calculations were performed by means of the boundary element
method (BEM) [43,44] to solve Maxwell’s equations exactly for the scattering of a gold

nanoantenna covered with a molecular layer. We use IR bulk dielectric functions to
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Figure 2.5: Infrared reflection spectroscopy (R/R,) of bulk octadecanthiol, showing the
main absorption peaks. The main vibrational modes are identified in the schematics
to the right (blue: symmetric mode, yellow: antisymmetric mode)

characterize the response of gold, [23] and a Lorentz oscillator model with a dielectric

background to characterize the vibrational response of the ODT layer:

2

strength,j
2.4
— w? —wy; (24)

4

w
e(w) =ée0 + Z 2
j=1

res,j

where we assume 4 modes (j =1, ...,4), e = 1 is the dielectric background, wstrengen
is the oscillator strength, 7; is the damping of the j mode and w,., is the resonance
frequency. In this case the oscillator parameters were obtained from a fit to the exper-
imental IRRAS [45] presented in Fig. 2.5, and the parameters with the corresponding

dielectric function for ODT assumed in our calculations are shown in Fig. 2.6.

The results for the extinction cross section of an ODT-covered nanoantenna using
oscillator strength parameters from an IRRAS fit with the background value ¢, = 1
are shown in Fig. 2.7. A significant vibrational contrast is reached only for a relative
thick ODT layer. A similar contrast in theory and experiment would be obtained for
a single monolayer with ODT oscillator parameters that were calculated from IRRAS

assuming a higher ¢,. This points to an interesting physical phenomenon at metal
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Figure 2.6: (Left) Set of parameters (resonance frequency, damping and oscillator
strength) obtained to fit the IRRAS spectra of Fig. 2.5. (Right) Model dielectric
function characterizing the ODT used in the model calculations.

interfaces. The anisotropy of the molecular monolayer does not significantly modify
the contrast obtained with the use of an isotropic dielectric function. Also the detailed
antenna end shape (semi-spherical or more flat) does not give significant effect on the
IR resonance. Chemical effects as dynamic charge transfer [46,47] can be excluded to
have any relevance for the measured response, because the CH, groups producing the

signal are not directly bound to the gold.

Fig. 2.7 shows relative extinction cross sections for individual gold NWs of different
lengths covered with a layer of ODT. As observed in the spectra, the good match of the
antenna resonance to the C-H stretching vibration lines is crucial for the appearance
of the vibrational signal. The vibrational signal slightly decays as the resonance is
slowly detuned (for L = 1.38 pum, and L = 1.22 um), and cannot be detected for the
strongly detuned case (Fig. 2.7, curve for an antenna with L. = 1.7 ym ). For electric

field perpendicular to the wire no vibrational lines could be observed.

Interestingly, the lineshape of the vibrational signal clearly differs from a typical

Lorentzian absorption band. Lineshape changes are known, e.g. from SEIRA on metal-
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Figure 2.7: Calculated optical extinction o.,; normalized to the geometrical cross sec-
tion Ogeom for gold wires with D = 100 nm, covered with 100 nm ODT layer, for the
antenna lengths L indicated in the insets, and surrounded by vacuum. The BEM cal-
culations are performed for polarization along the long wire axis. To the right, zoom
into the vibrational bands. ODT vibrational frequencies on smooth gold surface are

marked with dotted lines. Lineshape modification is observed as the plasmonic antenna
is detuned.
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island films where the asymmetry of the vibration signal is related to the spectral shape
of the plasmon response of the metal-particle ensemble. [48,49] In this study, the line-
shape of the adsorbate signal results from an interaction between the electromagnetic
field from the antenna resonance and the spectrally much narrower field associated with
the vibrational dipoles of the molecules. The spectral shift for different nanoantennae
produces differences in the coupling that transform the spectral lineshape accordingly.
This situation is a clear analogy to the quantum mechanical interaction between a dis-
crete state and a continuum of states producing Fano profiles. [50] Depending whether
the antenna resonance and the vibrations are exactly matching or not, the Fano-type
profile goes from a dip to an asymmetric lineshape, respectively.

As shown in Fig. 2.7, the overall extinction cross section produced by the antenna
for an exactly resonant situation (L = 1.317um) shows several dips, i.e. zones of smaller
extinction at the vibration frequencies, which can be interpreted as a result of an anti-
phase interaction of both kinds of excitation (vibrational and plasmonic). The dips in
the spectrum corresponds to a resonant situation where the interaction between the
broadband and narrowband resonances is maximum, therefore producing a Fano-like
antiresonance (dip), whereas a more asymmetric Fano-like profile is obtained as we
depart from resonance (weaker interaction). [50,51] Note that the sign of the derivative
of the asymmetric lineshape profiles depend on the energy location of the antenna

resonance to with respect to the vibrational energies of the molecules.

2.3 Experimental evidence

IR micro-spectroscopy of individual gold nanowires has been experimentally performed
by Annamarie Pucci’s group in Heidelberg University performed at the IR beamline of

the synchrotron light source ANKA (Angstromsource Karlsruhe) at the Forschungszen-
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Figure 2.8: (a) Scanning electron micrograph of a gold wire with similar dimensions
as used in this study. (b) Relative IR transmittance in the spectral region of the
fundamental resonance of a gold wire with one ODT monolayer for parallel (||) and
perpendicular polarization (L). A CaFy substrate is used. The broadband plasmonic
resonance is observed around A, ~ 3.6um(]|). Data obtained by Prof. Pucci’s group at
the University of Heidelberg.

trum Karlsruhe. [36] The probe-area diameter of the spectroscopy experiment was of
8 um. The wires (diameter D = 100 nm, prepared by electrochemical deposition in
etched ion-track membranes, supported by a transparent substrate) consist of only a
few crystalline grains and their tip shape results from a relative smooth grain bound-
ary. [52] The IR transmittance spectrum (at normal incidence, divided by the spectrum
of the bare substrate) of an individual metal NW prepared with a length of a few mi-
crons (see Fig. 2.8a) shows a broad plasmonic feature for parallel (||) polarization of
the IR radiation, associated with the fundamental half-wave dipole-like antenna mode
(see Fig. 2.8b). This resonance, also known as the longitudinal fundamental plasmonic
mode, is suppressed for perpendicular polarization (L) of the incoming IR radiation
(red line in Fig. 2.8b) and the respective transmittance change to the bare substrate is

not detected.
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For ideal antennas on a substrate, the wavelength A, of the fundamental antenna
resonance of a wire with length L and diameter D << L can be roughly approximated
with the relation A, /n.sr = 2L using an effective refractive index n.s; that accounts
for the substrate polarizability. [36] As pointed out in the introduction, the exact
wavelength of the plasmon resonance in vacuum is furthermore shifted due to the non-
perfect perfect conductive nature of gold at IR frequencies, the actual aspect ratio and
the non-negligible skin depth compared to the diameter of the NW, thus, in our case,
an about 1.5 ym long nanoantenna on CaFy ( n.pr= 1.22 ) shows the resonant peak at

» &~ 3590 nm (2800 cm™!), in agreement with full electromagnetic calculations [22,36].

The extinction cross section of the individual wire obtained from the broad feature
of reduced intensity in the transmittance curve in Fig. 2.8b turned out to be enhanced
with respect to the geometrical cross section, which clearly indicates the activation
of an intense near-field in the vicinity of the wire (simple shadowing does not give
a measurable transmittance change). The experimental cross section ratio calculated
here is a far-field result and represents an average value over a large interval of distances

from the wire surface.

The resonant coupling between the fundamental NW resonance and the ODT bands
was studied for NWs with different lengths, i.e. resonance frequencies showing different
spectral shifts with respect to the CHy frequencies from the ODT. The experimental
results are shown on Fig. 2.9: For an antenna resonantly matching its plasmonic broad-
band resonance with vibrational narrow bands of molecules (L = 4 pm in Fig. 2.9),
maximum contrast is obtained with strong dips in the spectrum. These antiresonance
features appear exactly at the vibration frequencies. As mentioned above, as the length
of the antennae is increased or reduced, the broadband plasmonic resonance is spec-
trally shifted to the red or to the blue with respect to the vibrations, producing a

change in the phase interaction (modification of the coupling strength in terms of Fano
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interaction) and progressively decreasing vibrational signals with clearly asymmetric
profiles. These experimental lineshapes correspond to Fano-like profiles of intermedi-
ate interaction described in the previous section. The asymmetry of the lineshapes is
reversed when the broadband plasmonic resonance is located to the right or to the left
of the vibrations. For a completely detuned antenna (L = 1.7 pum), the asymmetric
vibrational contrast is almost vanished, in agreement with the theoretical calculations.

The vibration signal is increased up to 1%, as derived from the difference between
maximum and minimum transmittance of the vibration feature. By comparison to
IR reflection absorption spectra (IRRAS) from a SAM of ODT on a smooth gold
surface [29] the vibration signal size for the best match turns out to be about 330.000
times bigger than it would be for the same amount of molecules directly on the substrate
(without antenna). It is important to note that the signal comes mainly from the area
of the tip-ends of the NW, where the strongest field enhancement is produced (see
Fig. 2.3), corresponding to about 150.000 molecules (less than one attomol). This
enhancement results in an increment of 5 orders of magnitude in sensitivity compared
to previous state of the art sensitivity within SEIRA configurations setting up a new

approach in the field of molecular sensing.
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Figure 2.9: Experimental extinction-cross sections e, (normalized to the geometrical
cross section o) for four ODT-coated wires with different lengths L (as indicated in
the insets, D = 100 nm) on a CaF, substrate. The spectra are obtained from IR [36]
with a noise level that slightly varied depending on the incoming IR intensity. To
the right, the zoom to the vibrational signals. The ODT vibration frequencies on a
smooth gold surface [29] are marked with dotted lines. Maximum contrast is obtained

for resonant coupling. Curves obtained by Prof. Pucci’s group at the University of
Heidelberg
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CHAPTER 3

PLASMONIC CONCAVE/CONVEX SURFACES FOR
FIELD-ENHANCEMENT: THE PLASMONIC INDENTED

NANOCONE

Designing and engineering effective near-field scanning plasmonic nanostructures is a
challenging topic of research to improve field-enhanced microscopy and spectroscopy.
Different structures, mainly based on the coupling between metallic nanoparticles (in-
terparticle coupling) creating electromagnetic hot spots, such as dimers [53] or plas-
monic lenses [54], have been proposed and adopted to obtain very large field enhance-
ments of up to 1000 times the incident electromagnetic field amplitude. These huge
enhancements are required to push the limits of detection and specificity in molecu-
lar spectroscopies [4] [24] and biosensing [55,56]. With regard to field-enhancements
produced by isolated nanostructures, the results are less spectacular. Usually, field-

enhancements of 10 times in amplitude are obtained in these cases.

Electromagnetic field enhancement in the proximity of metallic surfaces is an intrin-

sic property of surface plasmons excited at the surfaces at certain resonant frequencies.

25



3.1. INGREDIENTS OF THE FIELD ENHANCEMENT

This enhancement is a consequence of the localization of the fields in the transversal
direction at the perpendicular metal-dielectric interface. Further field localization of
the fields in the parallel direction of the interface can be typically achieved by means
of modifications of the geometry of the surfaces or by coupling with other structures.
Actually, the strong dependence of the optical response on the characteristics of the
particular geometry and the coupling make the optimization of the field enhancement
a challenging task in nanooptics. We summarize in the next section the most relevant
effects that lead to an increase of the field-enhancement. Some of the effects cannot
be isolated, and very often different effects are expressed jointly, however, it is useful
to identify them here separately for conceptual clarity. We will apply and explain
later how these effects merge and assist to obtain field enhancements of 3 orders of
magnitude. The results of the optical response of the different nanostructures, both
in the far-field and in the near-field are obtained with use of the Boundary Element
Method (BEM) to solve Maxwell’s equations. The details of this calculation method

are summarized in Appendix A.

3.1 Ingredients of the field enhancement

To gain insights about the nature of each effect we will support our numerical calcu-
lations with results from a simpler non-retarded analytical model. Let us assume the
generic polarizability tensor «;; of an ellipsoidal particle (P) of volume V in a medium

(M) [57]:

aplu) = TS o)
P L gp(w) —em(w) + en(w) /Ly

= apf(w) (3.1)

where €,/ep/¢¢ are the dielectric functions of the particle/medium/vacuum respec-

tively, and L; is the so called depolarization factor, corresponding to the direction of
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Figure 3.1: Evolution of the near-field amplitude spectra 1 nm above the surface of one
of the extremities of a silver nanorod (in vacuum), when changing different parameters
of the system. a) Volume: Modification of the length and volume of the system. b)
Sharpness: Modification of the length keeping the volume of the system constant. c)
Coupling: System composed of a rod and a sphere, modifying the separation distance
between the rod and the sphere.

the component j of the applied field that only depends on the shape of the particle.

For illustration purposes we will use a Drude dielectric function for the metal par-

ticle within the non-retarded analytical model.

w2

Ep = 1-— Wi’ir) (3'2)

being w, the bulk plasma frequency of the metal and I' the Drude damping. For the
surrounding medium ¢y = 1 will be considered. The field enhancement (when large)
is proportional to the absolute value of «. Linearizing around the peak value Eq. 3.1,

the field enhancement can be expressed as:

47T80V \/E/Z
LTI o+ (R &3

where 0 = w/w, and I" = I'/w,. Separating the static polarizability prefactor and the
resonant part with resonance frequency w,/L;, notice that the enhancement depends

on both the shape of the object through L; as well as the characteristic length scale of
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3.1. INGREDIENTS OF THE FIELD ENHANCEMENT

the object related to V', as we will now describe in more detail.

Size effects: The field enhancement achieved through the excitation of surface plas-
mons is a direct consequence of the induced surface charge density spread over the
supporting surface geometry. Enlarging the volume of a nanostructure produces an
increment on the induced charge density on the system, thus increasing the oscillator
strength of the induced dipoles and therefore the local field enhancement associated
with the larger accumulation of surface charge. This effect enters naturally through the
presence of the volume V of the particle in Eq. 3.1. We show this effect in Fig. 3.1a,
where we calculate the near-field spectra in the proximity of silver nanorods of differ-
ent size 1 nm away from the edge of the nanorods. It is clear how the maximum field

enhancement is increased as the length of the nanorod is increased.

Lightning rod effect: The field enhancement obtained by enhancing the volume
of the structure can still be increased through further localization of the near-field
response with the use of sharper geometry ends that produce even larger localized
near-field responses. The reason behind this effect relies on the lightning rod effect.
Large variations of the surface curvature produce a large potential gradient in a very
reduced area, therefore large field values, very concentrated at the sharp area, are

produced.

The static polarizability ay = contains the lightning rod effect in terms of

%
the depolarization factor L, in the denominator. That is, as the shape of the object
gets sharper, which for the prolate spheroid happens when the major axis a is much
larger than the minor axis b = ¢, the static polarizability increases accordingly. As
the spheroid becomes more elongated along the j direction, as shown in Fig. 3.1b, L;

approaches zero. For a prolate ellipsoid the depolarization factor for the major axis L,

can be approximately expressed as: [58]
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b2c?
Lo a?b? + a?c? + b2 c? (34)

When written in this form, it is helpful to connect the depolarization factor with a
well-defined measure of the sharpness of a surface, i.e. its curvature. For a surface with
principal radii of curvature, p; and po, at a regular point of a surface we can define the

1

mean curvature H = %(— + L) and the Gaussian, or total, curvature K = —1— at that
p1 P2 p1p2

point.

We can now express the depolarization L, of equation 3.4 in terms of the Gaussian

curvature K, ;. at the endpoints of the ellipsoid in the direction of the coordinate axes.

2
K,
Ly ~ @/ (3.5)
a?/ K, + /Ky + 2K,
For a very elongated ellipsoid K, = (£)* > K., and we can write:
1
L, ~ —— .
2K, (3.6)

Hence we can express the enhancement from the lightning rod effect as being directly

proportional to the Gaussian curvature.

We show now this effect in Fig. 3.1b, by modifying the thickness of one rod, making
it sharper. To avoid a reduction of the global induced charge density on the structure,
we elongate the rod and transform it into a thinner or longer rod while maintaining the
total volume of the structure constant. In this way, we avoid the interplay of volume
effects in this description of the lightning rod effect. We can observe in the near-field
spectra of Fig. 3.1b how the enhancement increases as the radius of one of the coupled

rods decreases and thus the Gaussian curvature increases.

Coupling: Coupling of the electromagnetic response of a nanostructure to adjacent
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metallic systems is known to produce field localization and correspondingly enhance-
ment of the near-field at the region in-between the structures [4,21,53,59]. We show
in Fig. 3.1c this effect by coupling a 523 nm long silver rod with 30 nm radius and a
30 nm radius silver sphere. We calculate the near-field Inm below the rod’s lower apex
for different separation distances d (d=10 nm, 5 nm and 2 nm). An increase of the
near-field maximum can be observed as the separation distance becomes smaller. This
effect is connected with the appearance of a coupled bonding plasmon that belongs
to the whole system arising from the symmetric coupling of the dipolar plasmons of
each nanostructure. [60] Typically, by means of this effect, the amplitude of the field
enhancement can be increased about an order of magnitude with respect to that of the
isolated systems [59]. It is interesting to note how in this case, the spectral response is
not red shifted when the particles are approached as it could be expected. Being the
sphere much smaller than the rod, even if the local near-field response is coupled, the
rod dominates the spectral response of the system for the separation distances consid-
ered, thus making the expected red shift due to the coupling between the structures

negligible.

Some optimization strategies based on a combination of some or all of these effects
have been applied recently to obtain large field enhancements. We can cite among
others the case of bowtie antennas [61], where a combination of interparticle coupling
and sharp ends produce large enhancements in the plasmonic antenna gap, or the case
of the plasmonic lens [54] where three particles of different size are brought together
combining effects of size, coupling and sharpness of the structures to produce huge field
enhancements. All these studies suggest the use of discrete structures to obtain the
enhancing effect. In this chapter we propose the use of a continuous structure based
on a metallic cone where we will induce size effects, coupling effects, and lightning rod

effects by means of the presence of concave and covex deformations of the surfaces at
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the metallic apex of the cone. We call this structure a plasmonic indented nanocone.
The alternation of concave and convex surface deformations force alternating changes
in the sign of the surface charge density that are the equivalent to those produced
in the coupling of discrete nanostructures, leading to an increase of the electric field,

providing similar enhancing power.

3.2 Plasmonic indented nanocone

We introduce in this section a novel nanostructure that merges simultaneously all the
concepts mentioned above in a single continuous nanostructure: an indented nanocon-
ical tip. We will consider that the structure is made of silver. We will assume dielectric
data from the literature to characterize the optical response. [23]

In this situation, a big metallic cone acts as a surface charge density reservoir that
can localize very efficiently part of that surface charge at the cone apex [62]. Fig. 3.2a
shows the optical extinction cross section of a single cone of aperture angle of 30°
and radius of curvature of 10 nm. Fig. 3.2b shows the NF spectra of the structure
Inm below the cone apex. We observe that the highest NF enhancement for such
a structure occurs at A = 379 nm. The surface charge density associated with this
localized plasmon mode and the near-field produced at the cone apex are shown in
Fig.3.2c and Fig. 3.2d respectively. Field enhancements of around 60 times the field
amplitude can be obtained in the proximity of this conical structure with use of a
realistic radius of curvature for the cone apex of the order of 10 nm.

The typical enhancement produced at a standard metallic cone apex can be further
optimized by engineering the induced charge density profile on the structure. Optical
properties in metallic edged (concave) and wedged (convex) geometries offer the pos-

sibility to modify the symmetry of the surface charge density of the lowest plasmonic

61



3.2. PLASMONIC INDENTED NANOCONE

4 40
x
a
: e,
@ 3f < 30
3
3 :
E) el
52 € 20 \/\/\
g %
5 =
1 Z 10|
e}
) \J
0 0
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400
a) wavelength (nm) b) wavelenath (nm)

N

o - N W

surface charge density (a.u.)

(; 100 50
C) z (nm)

50

40

30

20

10
"0 200 15 5
Figure 3.2: a) Extinction cross section of a silver cone with incident light as displayed
in the inset. b) Near-field spectra of a silver cone calculated 1 nm bellow the cone
apex. c¢) Surface charge density profile of the cone for A = 379 nm in arbitrary units

d) Near-field distribution of the cone for normal incident light of A = 379 nm polarized
along the cone axis.
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Charge
reservoir

Localization

Figure 3.3: Cross section of the geometry of the plasmonic indented nanocone. The
combination of the three field enhancement ingredients (a big surface charge reservoir,
the localization of the charge density at the edges and the coupling of plasmons),
permits the creation of a field enhancement of == 800 at the tip apex (see Fig. 3.4)

modes [63]. A concave surface presents a symmetric profile for the surface charge den-
sity piling up charge at the edge whereas a wedge structure (complementary geometry)
produces an antisymmetric profile of the surface charge density producing a node of

the charge at the wedge.

The combination of a concave and convex surface inevitably produces a change of
the sign of the surface charge density at one type of surface with respect to the other
for the lowest energy mode. This produces a dipolar coupled mode where the node of

the dipole is located at the wedge.

It is possible to create in this way areas where the surface charge density is forced
to change sign and oscillate in antiphase within the same continuous structure. A
structure of concave and convex surfaces would permit to exploit both the aspect
of localization due to the presence of the edges and wedges, as well as the aspect
of coupling in the same closed geometry. Furthermore, the symmetry of the convex

surface, forcing a change of sing of the surface charge density is a key element for the
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Figure 3.4: a) Extinction cross section of a silver indented nanocone. b) Near-field
spectra of a silver indented nanocone calculated 1 nm bellow the cone apex. ¢) Surface
charge density profile of the indented nanocone for A = 1040 nm in arbitrary units d)
Near-field distribution of the cone for normal incident light of A = 1040 nm polarized
along the cone axis.

enhancement, as we will show below.

A situation of coupling of concave and convex surfaces in the same continuous
structure can be realized in an indented nanocone structure as the one presented in
Fig. 3.3 and the insets of Fig. 3.4a,b. This structure presents a geometry that combines
the three necessary ingredients to maximize the field enhancement: (i) a big surface
charge reservoir, (ii) localization of the charge density at the edges and (iii) coupling
of plasmons in close proximity.

We show in Fig. 3.4a the optical extinction cross section of a silver indented
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nanocone. The far-field spectrum of the indented nanocone cone shows similarities
in the low range of wavelengths (between 500 nm and 1000 nm) with that correspond-
ing to the smooth cone presented on the inset of Fig. 3.4a. However, a new mode
emerging at the near infrared (IR) range of the spectrum appears a predominant fea-
ture. This new mode is very intense and narrow and it seems natural to assign its
emergence to the presence of the geometrical features of the indented nanocone. To
confirm the nature of this new intense peak, we calculate the surface charge density at
the peak position (A = 1040 nm) and show it in Fig. 3.4c. As expected, the surface
charge density is piled up on the concave zone of the geometry (indented nanocone
arm) therefore the local fields show maximum value and localization in this area. At
the convex area, at the indented nanocone wedges, a zero in the surface charge density
is induced, as explained above, forcing the charge density to change sign and effectively
acting as a source of polarization of the system. The role of the convex part of the
indented nanocone is thus crucial to change sign with respect to the surface charge
density at the indented nanocone arms, and therefore allows for a larger oscillation of
the surface charge density to occur. The resulting near-field map corresponding to this
mode is shown in fig. 3.4d for the resonant wavelength. A field-enhancement at the
amplitude maximum of 800 is achieved for reasonable parameters of the arm length

and their curvatures.

The reason for this huge enhancement does not rely on the sharp curvature of the
sub-tip of the indented nanocone, as one intuitively could think in a first approach.
Interestingly, calculations of the field enhancement for the small sub-tip of the indented
nanocone (same curvature) only reach enhancements of the order of one order of mag-
nitude in amplitude. It is the combination of all the ingredients mentioned in this work
what makes this structure a unique continuous structure providing such enhancement.

To some extent, this structure is the continuous analogous to a discrete plasmonic

65



3.2. PLASMONIC INDENTED NANOCONE

3500
3000
2500
2000
1500
1000

500

Figure 3.5: Near-field distribution of a system composed of an indented nanocones
coupled to a perfect metallic surface. The separation distance is of 1 nm.

lens [54]. In a discrete case, we can find the presence of a relatively big particle (reser-
voir of surface charge density) together with the presence of a smaller particle (lighting
rod effect) and finally the coupling of a third particle, providing a structure for the sur-
face charge density to change sign, increasing the polarization and the surface charge
density oscillation, thus the near-field associated. In the plasmonic lens, the presence of
the third particle is key to provide the change of sign of the charge density. In our case,
we unite the same ingredients in one single continuous structure where the reservoir
of charge is provided by the cone, the concentration of charge is provided by the cone
apex, and the polarization enhancement due to large oscillations and change of sing of
the surface charge is due to the presence of concave/convex surfaces, the continuous
analogous to the third particle in a plasmonic lens.

It is possible to go further in the enhancing strategy by providing an additional
external coupling to this structure. To this end, we now face a plasmonic indented
nanocone to a perfect metallic surface with a small separation distance of 1 nm (Fig. 3.5).

The extra coupling results in a final field enhancement of 3500.
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In summary, we have reported key electromagnetic effects which can be used to
optimize the near-field enhancement of a metallic nanostructure and applied these ef-
fects to design a single geometry where the field enhancement reaches easily the largest
values reported in the literature, with field enhancement of 3 orders of magnitude in
amplitude. Further modifications of this concept may lead to even larger factors. To
obtain these enhancing factors appropriate values for the dielectric response and damp-
ing of the metals have been used as well as realistic parameters for the cone lengths,
curvatures and indentations. Therefore this type of structures could be experimentally

realized in principle.
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CHAPTER 4

NEAR-FIELD IMAGING OF PLASMONIC ANTENNAS

As it has been shown along this thesis, visible and IR resonant nanoantennas are able
to engineer the optical fields at the nanoscale and offer a basis for the development of
a wide variety of new applications such as ultrasensitive molecular spectroscopy, high
resolution microscopy or nanoscale optical circuitry. For the correct understanding and
development of such technologies, it is crucial to achieve an adequate theoretical and
experimental knowledge of the optical far-field and near-field response of the supporting
devices. Experimentally, in spite of the general and straightforward techniques available
to obtain information on the far-field radiation of nanoscale systems such as dark-field
optical spectroscopy [64], the amplitude and phase of the near-field is still more than

a challenge to access.

There exist several experimental methods such as two-photon induced luminescence
(TPL) microscopy [37,65,66], electron energy loss spectroscopy (EELS) [67] and pho-
toemission electron microscopy (PEEM) [68] that enable the mapping of near-fields
with nanoscale resolution, but they provide only information about the amplitude

of the local fields. However, in nanophotonics it is often the local near-field phase
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that is of extreme importance, as for example in coherent control applications [69], in
nanoantenna-assisted molecular emission [70] and spectroscopy [51], and in plasmon
dynamics of complex metallic systems [71]. Scattering-type scanning near-field optical
microscopy (s-SNOM) [5] has managed to map both the local amplitude and phase with
wavelength-independent spatial resolution by interferometric detection of the antenna
fields scattered by a scanning atomic force microscope tip [6,72,73].

This section aims to introduce a basic modeling for the scattering-type near-field
microscopy technique. First, a simple and approximated theoretical model for the
scanning process will be assumed to introduce the basic working principles. The limi-
tations of the model will be discussed, and some of the details will be sophisticated as
required by the complexity of the experimental configuration (background subtraction,
tip geometry, tip-sample interaction, etc.).

The objective is to deduce the electric near-fields produced by an arbitrary object
from the information extracted from the far-field. Experimentally, an Atomic Force
Microscope (AFM) tip is employed as probe. Theoretically, we will describe the tip as
a point electric dipole p. As a first approach, we will assume that the probing dipole
P acts as a passive scatterer and does not modify the optical response of the sample
under study. The effects of the probe-sample interaction will be further studied in
Section 4.2. On the other hand, in this first approximation, we will assume that it is
possible to measure the far-field scattered exclusively by the dipole p. Fig. 4.1 shows

the main aspects of this framework.

In such an scenario, we can express this dipolar moment p as:

a, 0 07 TE,
P= pxl[x + pyuAy + pzdz = [Q]E =10 Oy 0 Ey = o By, + ayEylZy + o B,
0 0 . LE,

(4.1)
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polarizer

Figure 4.1: A weak electric point dipole of dipolar moment p' = p scans the local electric
fields E (x,y,z) = E(x,y, 2) induced by an arbitrary sample. The dipole follows the
topography of the system at a certain height. The far-field radiation of this dipole
ff is collected in a certain direction after passing through a linear polarizer. Each
polarization of f}f =ff (ffy and ff,) contain the necessary information to reconstruct
the near-field components of E(z, y, z) at the plane scanned by p, under the assumption
of weak interaction between the probing tip and sample.
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where E is the vectorial local electric field induced by the sample at a certain position,
E,, E, and E, are the cartesian components of this field and «,, o, and o, are the
components of the tip polarizability along the corresponding directions. p,, p, and p,

are the cartesian components of p. 4, 4, and @, are the unitary cartesian vectors.

The far-field amplitude ff of such a dipolar emitter can be expressed as [17]:

ff « k xpxk (4.2)

where k is the wavevector of the far-field radiation. If we express this far-field amplitude

in spherical coordinates (7,0, ¢) we obtain:

ffr=0 (4.3)
[ fo o< pycos(0)cos(p) + pycos(0)sin(p) + p.sin(f) (4.4)
[ fo o< —pusin(p) + pycos(y) (4.5)

Fig 4.2 presents a three-dimensional graphical representation of these equations in
spherical coordinates for p = p,t,, p = pyu, and p = p.u,. From this radiation
patterns, it is possible to deduce how it would be possible to visualize the vectorial
components of near-field from the far-field radiation of the probing dipole at certain
directions.

For example, analyzing the far-field radiation of the dipoles for the 8 = 90°, ¢ = 0°
direction (in the direction of the x unitary cartesian vector), we can deduce how the f fp
polarization is only produced by the p, component of the dipole induced at the probe.
Being p, = o, F, and a, a constant for the measuring process, the far-field radiation of
the probe in this direction will be proportional to the E, component of the near-field.

Thus, it would be possible to visualize the near-field pattern of this component by
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Figure 4.2: a) Scheme of the cartesian and spherical coordinates system employed for
the plotting of Fig.4.2. A dipole p is located at the center of coordinates and the field
components ffy and ff, of ff are plotted for 0 < § < m and 0 < ¢ < 27 b) Radiation
produced by a point dipole oriented in the direction of the three cartesian components
(one per each horizontal line). The red arrow represents the dipole. The first column
is the projection of the ff amplitude on the uy spherical unit vector, second column
is the projection on the @, spherical unit vector and the third column is the total
ff amplitude, showing the classical donut like pattern around the direction of the
radiating dipole.
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scanning the probing dipole over the sample and collecting the f f, polarization of its
far-field amplitude in this direction of the space. The same analysis could be applied
to the ff, polarization of the far-field at this same direction. In this case, ff, o p,
and thus this polarization will serve to map the F, component of the near-field.

We can reach the same conclusions by particularizing equations 4.4 and 4.5. For

this direction (6 = 90°, ¢ = 0°), they read:

ff9 X P, = E.a, (46)
fftp X Py = Eyay (4.7)

We will now analyze what happens for a different radiation direction. Writing
equations 4.4 and 4.5 for # = 90° and ¢ = 90° (in the direction of the y unitary

cartesian vector):

ff9 X P, = E.a, (48)

Thus, the E, component of the near-field can also be measured on the orthogonal
¢ angle detecting the f f, polarization of the light. It is also possible to reach the same
conclusion by analyzing Fig. 4.2.

For any angle 6 # 90°, ffs will inevitably contain information involving both FE,
and/or £, and E,. Nevertheless, as E, and E, can be unequivocally determined in
f f, polarization, it would still be possible to recover £, through an adequate post-
processing of the collected signals.

Nevertheless, this theoretical framework is not experimentally sustainable because

of two main reasons: It is not possible to discern the scattering produced by the
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tip from the one coming from the sample, and on the other hand, being the tip a
large object itself, scatters a substantial amount of light. Summarizing, there is a lot
of background signal coming from the tip and the sample that masks the near-field

information contained in the ff radiation that would be desirable to measure.

The experimental solution to this problem was proposed by R. hillenbrand et.at in
2000 [74]. In order to get rid of the background signal, they processed interferometri-
cally the far-field signal scattered by an oscillating AFM tip. We will assume that the
sample lays on the (z,y) plane and that the oscillation of the tip is in the z direction.
Being the background signal coming from the tip and the sample constant respect
to the z position of the tip, on a Fourier analysis of the detected signal, its 0" har-
monic would collect all the background signal, and the z-dependent scattering would
be distributed over the n > 0 harmonics. The only signal that produces a z-dependent
scattering is the radiation of the tip induced by the near-fields of the sample. The
interferometrically processed n'” harmonic of the scattering of the system will contain
the information about the components of the near-field. This experimental setup has
extensively proved its capabilities to measure the vectorial near-fields of different types

of samples [6,8, 15, 75-78].

4.1 Vectorial mapping of the plasmonic near-field

produced by nanoantennas

In order to clarify the concepts introduced above, we present an example of mapping of
the near-fields induced in a plasmonic particle acting as an antenna: a gold nanodisk .
We will reproduce theoretically the experimental SNOM technique. The disk (90 nm

diameter and 20 nm height) is laying on a SiO; substrate. We will excite the system
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Figure 4.3: A gold disk of 90 nm diameter and 20 nm height on a SiOy substrate is
illuminated with a 633 nm wavelength plane wave under normal incidence (from below)

at its dipolar resonance with a plane wave of 633 nm wavelength. The incidence is
normal to the disk coming from below. Fig. 4.3 shows a scheme of the system under

study.

Fig. 4.4, shows the vectorial components of the near-field induced at the nanoan-
tenna over the (x,y) plane at a height of z=15 nm above the surface of the disk.
The dipolar nature of the electromagnetic response of the system is evident on the E,

component of the near-field (right-hand side).

In order to simplify the problem, as introduced above, we will describe the probing
tip as a point electric dipole with a polarizability associated to the optical response of a
virtual sphere of radius R = 32 nm and dielectric constant ,,.p.. The polarizability of

such a dipole can be expressed as a diagonal 3x3 matrix [aepe] With diagonal elements

defined as:

Eprobe — 1

S— (4.10)
probe

_ 3
Qprobe = 47T80R

We will use a low dielectric value for the probe of €, = 1.5 in order to avoid
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x(hm) x(nm)

Figure 4.4: Amplitude and phase of the vectorial (x,y,z) components of the near-field
induced over the disk sketched on Fig.4.3. The near-fields are calculated on the (z,y)
plane over a distance of 15 nm above the surface of the disk.

strong interaction effects between the probe and the sample. This interaction effects
will be further studied in Section. 4.2.

Far-field detection will be performed at angles § = 135° and ¢ = 180°. This
incidence and detection polarization scheme receives the name of transmission mode
SNOM [7]. In order to calculate the far-field scattering of the system, it will be nec-
essary to calculate the self-consistent scattering produced by both the disk and the
probe. We will employ the BEM to calculate both contributions. The radiation of the
disk can be calculated on a straight-forward way. In order to calculate the scattering
of the probe, it is first necessary to calculate the position dependent self-consistent
dipolar moment of the probing dipole py.... We calculate it with use of the following

expression:

- [aprobe]
pprobe - 1— [Oéprobe] [A]

E.ot (4.11)
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=R
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Figure 4.5: Sketch summarizing the theoretical framework that will be employed to
calculate the self-consistent response of the system. The probing tip is modeled by a
point dipole of dipolar moment pyrope = Ectrope-

where [A] is a 3x3 near-field self interaction matrix containing the vectorial near-field
components induced at the position of the dipole by an unitary electric point dipole
oriented on the 3 cartesian directions. E.,; is the total (incident+induced) near-field
induced by the disk at the position of the dipole under the plane wave illumination.

Fig. 4.5 presents an schematic sketch of the employed theoretical framework.

First we calculate the near-fields induced at the disk while scanning the point elec-
tric dipole at a certain distance over the surface of the disk and analyzing the total
far-field signal scattered by the system (disc + dipole) in the direction given by the
angles 6 = 45° ¢ = 180°. For simplicity, in this case, only the ffy component of
the far-field will be analyzed. Fig. 4.6a shows the direct result of this calculation. As
observed, the constant background signal is too large to obtain information about any
near-field pattern of the disk. Nevertheless, if we modify the color scheme to focus the

attention on the slight variations of the detected signal (Fig. 4.6b), surprisingly, no
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Figure 4.6: a) Map of the f f, radiation of the gold nanodisk as a function of the (x,y)
position of the probing dipole ppyope With color scheme going from 0 to maximum value
of the radiation. b) Same figure with color scheme raging from the minimum value of
radiation to its maximum value.

direct correspondence can be established between this result and any of the near-field
patterns obtained in Fig. 4.4. Being the scattering of the sample constant and the
scattering of the tip proportional to the near-field, some correlation could be expected.
This lack of correlation can be attributed to the phase interaction between the back-
ground far-field and the far-field scattered by the probing dipole. As a conclusion, total
background suppression is necessary in order to distinguish any near-field signal from

the far-field radiation of the whole system (tip + disk).

In order to overcome this problem, we will follow the procedure explained at the end
of the previous section: For each (z,y) scanning position of p,ebe, we will modulate the
z position of the dipole with a tapping amplitude of 20 nm and tapping frequency of
Q) ~ 300 kHz, corresponding to the experimental values of the mechanical oscillation of
a model AFM tip. We then apply a Fourier-transform to the time dependent periodic
far-field complex signal and then select a higher n! harmonic of this demodulated

signal.
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Figure 4.7: Magnitude of the demodulated maps of the modulus of the f f; component
of the radiation for the same system (tip+disk) as in Fig. 4.6. n indicates the demod-
ulation order of each of the maps. 0™ order collects all the background signal since the
it is constant with respect to the modulation variable z. Higher demodulation orders
show a clear correlation with the characteristics of the E, component of the induced
near-field (see right hand side of Fig. 4.4).

Fig. 4.7 presents the result of such a procedure for the magnitude of the ffy com-
ponent of the far-field radiation of the disk+tip system. As it can be observed, the
background signal is clearly obtained at the 0" harmonic of the demodulated signal
and higher harmonics present a pattern that clearly corresponds with the characteris-

tics of the £, component of the near-field (see right hand side of Fig. 4.4), as expected.

Finally, Fig. 4.8 presents the demodulated maps in magnitude and phase of both f fy

and ff, components of the far-field for n = 3, which is a typical demodulation order
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Figure 4.8: Magnitude and phase of the n=3 demodulation order of the far-field for the
ffo (left) and ff, (right) components. ffy presents a clear correspondence to the E,
component of the near-field while ff, corresponds to the £, component (see Fig. 4.4)

chosen experimentally. As already mentioned, the demodulated f f, presents a strong
correlation with the E, component on the near-field (see Fig. 4.4). There is a slight
asymmetry in the magnitude map and the phase difference is not 180°. This effect can
be attributed to the fact that the detection is not performed at angle # = 90°. As it is
shown in Eq. 4.4, for such an angle of detection, the ff, component of the radiation
of the probing dipole is not directly proportional to E,. It also contains information
from the local field E,. Being E, not negligible, this distorts the measurement. On
the other hand, the n = 3 demodulated amplitude and phase of the component ff,
are clearly equivalent to the ones of the F, component of the near-field. This was also

already predicted by Eq. 4.5 for such a detection angle (¢ = 90°).
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4.2 ”Probe-sample” interaction in scattering-type

near-field optical microscopy

Scattering-type scanning near-field optical microscopy (s-SNOM) [5] has managed ex-
perimentally to map both the local amplitude and phase of the near-field by interfero-
metric detection of the antenna fields scattered by a scanning atomic force microscope
tip [6,8,15,75-78] (see Fig. 4.9a). However, the antenna optical response is extremely
sensitive to environmental changes, [11,78,79] thus the process of measurement of its
near-field may result in the modification of the antenna modes, similar to probe-induced
modifications in other nanophotonic systems [80-83]. In this section we address this
issue, presenting a basic understanding of the near-field coupling between s-SNOM
probes and plasmonic nanoantennas (here gold nanodisks). We find that weak di-
electric probes allow for plasmon mode mapping, whereas metallic probes introduce

substantial modification of the antenna modes due to strong probe-antenna coupling.

4.2.1 Experimental evidence of interacting regimes

First, we provide experimental evidence of weak and strong coupling regimes in near-
field probing of plasmonic nanoantennas by s-SNOM mapping of gold nanodisks at their
resonance wavelength A =633 nm [6]. The s-SNOM used in the experiment [Fig. 4.9a]
is based on an atomic force microscope (AFM) with both disk and tip being illuminated
from the side with P-polarized He-Ne laser light [74]. The measurement consists in the
detection of light scattered from the tip that scans the nanodisk antennas. The AFM
is operated in tapping mode where the tip is vibrating mechanically in the z-direction
with frequency €2 ~ 300 kHz and an amplitude of ~ 20 nm, thus demodulation of the

scattered far-field allows for suppression of background scattering and for recovering
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the near-field signal, as detailed in the previous section. Heterodyne interferometric
detection yields amplitude s, and phase ¢, signals with n being the n'* harmonic of
the tapping frequency (2.

In Fig. 4.9¢-f we show topography and background-free near-field amplitude images
s3 obtained with two different AFM tips: a carbon nanotube (CNT) Fig. 4.9¢,d and a
Pt-coated Si tip Fig. 4.9d.f. Using the CNT tip, the dipolar mode of the disk plasmon
is clearly revealed in Fig. 4.9d. [6] The experimental image shows good agreement with
the near-field amplitude calculated 21 nm above such a gold nanodisk in absence of
the tip (Fig. 4.9b). Note that the slight asymmetry in the field pattern is due to the
illumination geometry. In contrast, using a metallised AFM tip, the plasmon modes
of the gold nanoantennas are strongly modified (Fig. 4.9f) and a clearly asymmetric
pattern can be observed in the amplitude image: a bright spot appears in the far-edge
of the disk with respect to the direction of the incoming radiation whereas a dark
area is present in the near-edge. In light of these results, we can conclude that under
the present illumination/detection scheme, a metal tip strongly disturbs the near-field
modes of plasmonic nanoantennas, thus preventing near-field optical mode mapping.

With use of the weak tip, however, mode mapping is possible.

4.2.2 Weak and strong coupling regimes

To understand the role of a probe in near-field imaging of plasmonic nanoantennas, we
perform full electromagnetic calculations of the far-field amplitude f fy backscattered
by the probe-nanodisk system as a function of probe position with use of the boundary
element method (BEM) (See Appendix A) [43,44]. For fundamental and straight-
forward insights into the interaction, we will employ the same theoretical framework
described in the introduction of this chapter. We describe the probe as a point dipole

with polarizability ... defined by equation 4.10. In this case, we will use dielectric

83



4.2. "PROBE-SAMPLE” INTERACTION IN SCATTERING-TYPE NEAR-FIELD
OPTICAL MICROSCOPY

nanotube
E ITip '
NN O
bd a

90 nm 90 nm

100 nm

Figure 4.9: (a) Schematics of the near-field imaging process. A tip located at position
(D, Dy, D) scans the nanoantenna under study (gold nanodisk). We define D, = 0,
D, =0, D, =0 to be at the center of the disk on the top surface. Incident light £;,.
illuminates the tip-antenna system and backscattered far-field amplitude s is recorded.
(b) Calculated near-field amplitude on top of a gold nanodisk in absence of the tip.
(c,d) Topography and near-field amplitude signal s3 of a gold nanodisk obtained with
use of a CNT tip. (e,f) Topography and near-field amplitude signal s3 obtained with
use of a Pt tip. Experiments done by R. Hillenbrand.
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Figure 4.10: Calculated optical images of a 90 nm wide, 20 nm high gold nanodisk at a
wavelength of A =633 nm. (a,b) Images showing the backscattered far-field amplitude
s normalized to the incident field E;,. and the radius of the disk a, when the disk
is scanned with (a) a weak dielectric probe and (b) a metallic probe. (c,d) Images
showing the near-field signal s3 when the disk is scanned with (c) a weak dielectric
probe and (d) a metallic probe. The contour of the disks are marked by white dashed
circles.
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values for the probe of ep0he = 1.5 to resemble a weak dielectric probe (weak scatterer)
and €prohe = —10 4 19 to resemble a metallic Pt probe (strong scatterer). The calcu-
lation is performed for the resonance wavelength of the disk, A =633 nm. P-polarized
incident light and P-polarized detected light are considered under an incidence from
the left of the disk (near-edge) of 45 degrees. In Fig. 4.10a,b we show the calculated
images of f fy when scanning a probe dipole with low (Fig. 4.10a) and large (Fig. 4.10b)
polarizabilities at constant height D, = 21 nm.

The signal for a weak probing dipole (Fig. 4.10a) shows a nearly constant value

with a slight increase at the far-edge of the nanodisk (variation of 20%). In this case,
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the disk scatters a field which is much stronger than the field scattered by the probe
dipole, and therefore the total far-field amplitude ffy is almost independent of the
probe position. When scanning the probe, its weak far-field is added to the nearly
constant scattering of the disk. For a strong probe dipole (Fig. 4.10b), the strong near-
field coupling between probe and nanodisk produces a far-field scattering which is more
complex and strongly dependent on the position of the probe, yielding a significantly
different pattern and large contrast. It is interesting to note that none of the images

based on the far-field scattering (Fig. 4.10a,b) reveal the near-field modes of the disk.

As pointed out in the introduction of this chapter, to describe the experimental near-
field images in Fig. 4.9d,f we need to account in our calculations for the modulation of
the tip-sample distance. For each horizontal position of the probe on the disk (D,, D,)
we therefore calculate the backscattered far-field s as a function of the height of the
probe D,. Assuming a sinusoidal vertical motion of the tip with an amplitude equal to
the experimental tapping amplitude (20 nm), we demodulate f fp at the required order
n. In our case we choose an order n = 3 but other demodulation orders give similar
results. Interestingly, the calculated s3 images obtained for a weakly scattering probe
(Fig. 4.10c) clearly reveal the dipolar E, near-field component of the disk (Fig. 4.9b)
in a similar fashion as obtained in the right hand side of Fig. 4.4. Obviously, it is
the demodulation procedure that allows us to recover the near-field distribution of
the disk, that would be otherwise masked by the strong antenna far-field scattering
(Fig. 4.10a). Comparing now experiment and theory, we find a good agreement between
the images s3 recorded with a CNT tip (Fig. 4.9d) and the near-field signal calculated
for a weakly scattering probe Fig. 4.10c). When we adopt a strongly scattering probe in
our calculations, however, we find a much more pronounced bright spot in the far-edge
of the disk (Fig. 4.10d) indicating a distorted near-field distribution. We actually find

that the theoretical near-field images (Fig. 4.10d) exhibit a distortion resembling the
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experimental maps obtained with a Pt tip (Fig. 4.9f), which do not reveal the antenna
dipolar mode. We thus conclude the existence of both weak and strong coupling regimes

between near-field probes and plasmonic nanoantennas.

4.2.3 Spectral analysis

To analyze the optical image contrasts in more detail, we study the spectral behavior
of the backscattered amplitude ffy (Figs. 4.11a,b) and of the near-field signals s3
(Figs. 4.11c,d) for three relevant positions of the probe on top of the disk. The far-
edge (D, = +40 nm), center (D, = 0 nm), and near-edge (D, = —40 nm) are selected

as representative probe positions.

For a weakly scattering probe (Fig. 4.11a,c)), the position of the resonances in the
backscattered amplitude ffy and the near-field signal s3 match well with the plasmon
resonance of the disk (A = 633 nm). The presence of the tip obviously does not
modify the spectral response of the nanoantenna, thus confirming weak coupling regime
between the tip and the antenna. However, the amplitude f fy is mostly independent of
the probe-position (see Fig. 4.11a), thus not revealing the dipolar near-field distribution
when mapping the disk (see Fig. 4.10a). The s3 signal, in contrast, clearly reveals the
position-dependent spectral behavior of the nanoantenna near-field and thus allowing
for plasmon mode mapping at A =633 nm (see Fig. 4.10c) . For a strongly scattering
probe (Fig. 4.11b,d) we find considerable spectral shifts both in the far-field amplitude
ffo and in the near-field signal s3, depending on the probe position. These spectral
shifts provide clear evidence of strong tip-antenna coupling modifying the plasmonic
modes. The plasmon response is red-shifted when the probe is located at the far-edge
of the disk (in red) whereas a slight blue-shift is observed at the near-edge position (in

green).
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Figure 4.11: (a,b) Spectra of the backscattered far-field amplitude s calculated for the
probe-disk system normalized to the incident field Ej,. and the radius of the disk a.
(a) Weak dielectric probe, (b) metallic probe. The vertical distance between probe
and gold nanodisk is D, = 21 nm. (c,d) Spectra of the near-field signal s3 calculated
for a weak dielectric probe (c) and for a metallic probe (d). Three different horizontal
probe positions are considered in all calculations: far-edge D, = 440 nm in red, center
D, = 0 nm in blue and near-edge D, = -40 nm in green.
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Figure 4.12: Schematics of the probe-disk coupling (a) Probe dipole located at the far-
edge of a nanodisk basically yields longitudinal probe-disk coupling. (b) Probe dipole
located at the near-edge of a nanodisk yielding transversal probe-disk coupling.

4.2.4 Simple model: dipole-dipole interaction

A simple understanding of the physics of such situations can be conceived in the
schematics of Fig. 4.12a,b. The response of the disk and the tip can be interpreted as
those corresponding to two dipoles characterized by different dipolar moments (pqisk
and Pprobe). In the case of a weakly interacting probe, the dipole ppyone hardly affects the
strong field produced by the disk dipole (pgisk) and therefore the scattering is mainly

given by the latter.

However, in the strongly-interacting regime, the polarizability of the scanning dipole
Qiprobe; and therefore its dipolar moment (pprobe) is similar in strength, or even larger,
than the dipole of the disk (pgisk), therefore both dipoles interact very effectively,
showing different spectral trends depending on their relative position. When the probe-
dipole is on the far-edge of the disk (D, = 4+40 nm in Fig. 4.12a), both dipoles are
interacting mostly longitudinally, yielding a red shift of the response similar to the
longitudinal interaction of two metallic nanoparticles [20,21,53]. When the tip is
located at the near-edge of the disk (D, = —40 nm in Fig. 4.12b), both dipoles can be
considered to be coupled mostly transversally, therefore showing a decrease of the near

field intensity with slight blue-shift (see green line in Fig. 4.11b), similar to the case
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of transverse coupling of two nanoparticles. Essentially, for a strong probe dipole, it
is this different probe-disk coupling scheme at the far-edge compared to the near-edge
which is responsible for the spectral shifts and consequently for the distorted near-field
images.

In summary, we have introduced the working principles of the scattering type Scan-
ning Near-field Optical Microscope (s-SNOM) and addressed quantitatively the influ-
ence of the tip response in near-field imaging of plasmonic structures establishing the
weak and strong near-field coupling regimes between probe and antenna. An under-
standing of both weak and strong-coupling regimes is established and the limits to

interpret near-field images are pointed out.
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CHAPTER b

CONTROL OF THE OPTICAL RESPONSE OF

NANOANTENNAS

Optical and infrared antennas based on metal nanostructures allow for efficient conver-
sion of propagating light into nanoscale confined and strongly enhanced optical fields,
and vice versa [37,70,84-87]. This special capability, enables a variety of cutting-
edge applications ranging from ultrafast photodetectors [88] to highly sensitive biosen-
sors [4]. In order to maximize the benefits of optical antennas it is necessary to tailor
them in order to satisfy the specific needs of each application. In that sense, the con-
trol over the localization of the areas where the near-field is maximum (hot-spots) and
the tuning of the resonant frequencies of the antennas are central for many applica-
tions such as molecular fluorescence near optical antennas [70] and surface-enhanced
spectroscopy [53].

In Chapter 2 we already introduced the importance of matching the resonance of
an IR antenna with the vibrational lines of the molecules in order to get enhanced
absorption signal from a small number of them. In that case, to tune the spectral re-

sponse of the system, A/2 antennas of different lengths were fabricated. Furthermore,
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being able to control the resonant position of these dipole antennas without changing
their length would be extremely beneficial, for instance, for the technological imple-
mentation of the SEIRA technique. On the other hand, the measured signal proceed
from the molecules laying on the caps of the antenna, which is the zone where the field
is significantly enhanced. Having an extra control over the spatial distribution of this
hot spots, would give extra capabilities to this technique, since it would permit the

development of spatially resolved field enhanced spectroscopy experiments.

This chapter aims to introduce some possibilities to obtain control over the near-field
spatial distribution and spectral response of nanoantennas. The first section presents
a strategy to control the spatial position of the hot spots and the spectral response of
plasmonic nanostructures by means of a probe-sample coupling mechanism. The second
section of the chapter introduces a method to tune the resonances of gap antennas and

their near-field distributions through the engineering of their load impedance.

5.1 Probe assisted opto-mechanical control of the

optical response in plasmonic nanoantennas

The strong probe-sample interaction regime presented in Chapter 4.2 can serve as a
tool to tune the optical response of plasmonic antennas, opening a new avenue for the
probe to become an active opto-mechanical element to control the field distribution and

spatially activate selected areas of the nanoantenna with sub-nanometer precision. [80]

We show in Fig. 5.1 a set of theoretical near-field maps of the gold disk studied
in Chapter 4.2 when a strongly interacting tip is located at four different positions.
The near-field is evaluated at 0.5 nm from the top surface of the nanodisk. The

self consistent response of the system is calculated employing the same theoretical
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Figure 5.1: Fourth power of the calculated local field enhancement normalized to the
incoming field on top of a gold nanodisk for four different positions of a strongly-
interacting dipolar probe: (a) far edge at 41 nm on top of the disk, (b) far edge at 21
nm on top of the disk, (c) center at 21 nm on top of the disk and (d) near-edge at 21
nm on top of the disk.

framework introduced in Chapter 4.1. The fourth power of the field enhancement E =
FEloc/ Eine is displayed to emphasize the importance of local enhancement in inelastic
molecular spectroscopy where the field intensity of both incoming and outgoing fields
is relevant for increasing the signal, as pointed out in Chapter 2. Different vertical D,
and horizontal D, probe positions generate very different near-field modes at the disk.
When the probe is located at considerable vertical distance from the disk (D, = 41
nm at the far-edge) the field pattern shows the dipolar mode of the disk (Fig. 5.1a),
similar to the near-field distribution calculated in absence of the tip (Fig. 4.9b), which
permits to conclude that only negligible probe-antenna coupling is present for such a
distant positioning of the probe. As we get vertically closer to the disk (21 nm on
top of the disk surface), moving along the horizontal from the far-edge (Fig. 5.1b),
through the center (Fig. 5.1c), to the near edge (Fig. 5.1d), the bright spot reveals the

localization of the near-field at the probe position. More interestingly, we find that
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higher order near-field modes are generated on the disk depending on the position of
the probe (D,,D,). Thus, the field-enhancement at different areas of the plasmonic
nanoantenna can be activated or deactivated by nano-mechanical control of the tip-
disk near-field interaction while the far-field response is simultaneously tuned as it was
shown in Fig. 4.11a,b. This capability opens new perspectives for example in selective

molecular light emission in the proximity of nanoantennas.

5.2 Controlling the response of plasmonic nanoan-

tennas through gap-loading

In this section, we analyze the use of gap antennas to obtain control of the near-
field distributions spatially and spectrally. Antennas consisting of adjacent metallic
segments (i.e. nanorods) separated by a nanoscopic gap (gap antennas) are particularly
efficient for different applications on the field of nanophotonics [4,37,84,86,88-90]. The
near-field coupling across the gap can generate extremely strong and localized fields
which are essential for applications such as single-molecule surface-enhanced Raman
spectroscopy (SERS) [4] or extreme-ultraviolet (EUV) generation [89]. However, the
antenna response is very sensitive to small environmental changes at the gap [21,90,91].
Thus, the presence of molecules or semiconductors in the gap (as usually is the case
in spectroscopy or detector applications) can dramatically affect the antennas far-field
optical response with the possibility of degrading the antenna performance. On the
other hand, we can take advantage of this effect for versatile tuning of the antenna
response [15,92].

Recently, Ali and Engheta [12,14] described this possibility in terms of antenna

loading, a concept adapted from radio frequency (RF) technology. Following the RF
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Figure 5.2: Sketch of the antennas that will be studied in this section. A [ = 1550
nm length and w = 230 nm width gold antenna is divided in two sections by a gap
of ¢ = 80 nm. The diameter of the gold bridge b is the main variable of the study.
The antennas are surrounded by an effective medium of dielectric constant ¢ = 6.34 in
order to consider the effect of the Si substrate that further experimental measurements
will require.

design rules, it has been theoretically demonstrated that the scattering response and
resonance frequency of optical antennas can be tuned by loading the antenna gap
with either metals or dielectrics acting as inductors or capacitors, respectively. In this
section, we present a theoretical study of how loading of antenna gaps affects the far-
field and near-field response of the system. By means of scattering type scanning near-
field optical microscopy, it is possible to corroborate that the local near-field amplitude

and phase response of gap nanoantennas can be controlled by antenna loading.

As a model system, we will study the far-field and near-field response of bridged
gap antennas like the one sketched in Fig. 5.2. A gold IR gap antenna of length
[ = 1550 nm, width w = 230 nm and gap size g = 80 nm is bridged by a gold bridge of
arbitrary diameter b. The antenna is surrounded by an effective surrounding medium
of € = 6.34 in order to consider the effect of the Si substrate that further experimental

measurements will require.
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5.2.1 Control of the far-field response through gap loading

We first present the extinction spectra of the gap antennas calculated for bridge diam-
eters between 0 nm and 100 nm which are summarized in the contour plot of Fig. 5.3.
For large bridge diameter b, we observe a first-order dipolar mode (D1) of the antenna
at around A ~10 pm and a weaker second-order dipolar mode (D2) at A ~ 3.5 um.
With decreasing bridge diameter b, we observe a slight red shift of both modes. When
the bridge reaches small diameters b < 50 nm, the behavior changes significantly. The
first-order mode (D1) experiences a divergent red-shift at b ~ 20 nm while being in-
creasingly damped. This can be explained by the restriction of the charge flow across
the gap that is necessary to build up a mode structure compatible with D1. Thus, in
the limit of very small bridge diameters, the first-order mode (D1) cannot be excited
anymore. The second-order mode (D2), in contrast, is enhanced with decreasing b and
turns into the first-order mode of the coupled nanorods (C1), owing to the compatible
structure of the dipole-dipole like mode both for the large and small bridges. If we
consider now the antenna response at a fixed wavelength of A = 9.6 ym (white dashed
line in Fig. 5.3), we clearly observe a transition from the first-order dipolar mode (D1)
of a continuous rod (large b) towards the mode of the coupled nanorods (C1) when b

is decreasing.

5.2.2 Connection with circuit theory

In the radio frequency (RF) range, circuit theory is an essential tool for the efficient
design of antenna devices. Adopting RF concepts at visible and infrared frequencies,
we now show how the behavior of the loaded infrared antennas can be explained within
the framework of optical circuit theory, which has been recently introduced by Engheta

and collaborators. [12-14] We can describe the impedance of the antenna load Zjyqq as
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Figure 5.3: Extinction cross section calculated for the antennas considered in Fig. 5.2
as a function of the bridge diameter b, normalized to the projected area of the antenna.
The dashed black lines trace the extinction resonances. The first-order and the second-
order mode of the continuous rod are marked by D1 and D2, respectively. For antennas
with b = 0 nm (capacitive gap), C1 is the first-order mode. The zero-order mode
() is unphysical because it would require finite net charge on each antenna segment
separately [38].

a parallel circuit composed of the inductive impedance of the metallic bridge Zyidge

and the capacitive impedance of the effective medium filling the rest of the gap Z,, ,

given by
ig 1
Zbrid e = T T h\oo 4 ap — (51)
T weem(5)2T weerm ((8)2 - (5)?)
and then,
1 1
Zload = + (52)

Lyridge  Lgap

Here, ¢ is the gap width (80 nm), w the frequency, €4, the dielectric value of
gold and .y the dielectric value of the effective medium filling the gap of our model
antenna considered in Fig. 5.2. In Fig. 5.4a we display a contour plot that shows
the value of the load reactance Xjpuq (given by Zjoad = Rioaa — i Xioaa) as a function
of bridge diameter b and wavelength A, highlighting regions of inductive (blue) and

capacitive (red) behavior of the load. Comparing the evolution of the antenna modes
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Figure 5.4: (a) Contour plot displaying the load reactance Xj,.4as a function of b
and wavelength A. Regions of capacitive reactance (negative X;,,4) are shown in red,
regions of inductive reactance (positive Xjo.q) in blue. The black dashed lines trace
the first-order antenna resonances calculated by means of circuit theory. (b) Load
resistance Rj,.q and load reactance X4 displayed as a function of b, calculated for
A = 9.6pum.

(Fig. 5.3) with the behavior of Xj,qq (Fig. 5.4), we find an interesting connection: The
first-order mode D1 strongly shifts to longer wavelengths when Xj,,4 increases (more
inductive, displayed in darker blue). The region of capacitive Xj,.4, however, does not
support the D1 mode. The intensity of the D2 mode in contrast strongly increases
when the load becomes mainly capacitive. Within circuit theory, we can describe the
load-induced spectral shifts of the antenna modes by modeling our infrared dipole
antennas as a series combination of the dipole intrinsic impedance Zg;), = Raip — 1 Xaip
(plotted in Fig. 5.5) and the load impedance Z;,44 [12,13]. In this equivalent circuit, the
antenna resonance occurs when the load reactance cancels the dipole intrinsic reactance,
Xioad = —Xaip- Evaluating this condition, we obtain the resonance wavelength as
function of the bridge size b. The result is shown in Fig. 5.4 by dashed lines. For large
b, the circuit resonance appears at about 9.3um wavelength, which is in good agreement
with the resonance wavelength obtained from the extinction spectrum (Fig. 5.3). With
decreasing b, still in the inductive region, we find that the circuit resonance is red-

shifted owing to an increase of the load reactance Xjoq (darker blue). Below the critical
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Figure 5.5: Intrinsic resistance Rg;, and reactance X, of a cylindrical dipole antenna

as a function of wavelength. The calculation is based on standard equations of antenna

theory [1] and assumes a 1550 nm long antenna of 230 nm diameter embedded in an
effective medium with e.sf = 6.34.

bridge size b, which can be defined as the turning point where the load changes from
inductive to capacitive nature, the circuit resonance suffers an abrupt change, shifting
to shorter wavelengths owing to the change of sign of Xj,.4, and correspondingly of
Xaip- Comparing the evolution of the circuit resonances (dashed black lines in Fig. 5.4)
with the spectral behavior of the antenna modes (dashed black lines in Fig. 5.3), we
find a remarkable agreement considering the simplicity of the model based on classical

antenna theory.

5.2.3 Controlling the near-field response of gap antennas

In order to analyze the behavior of the near-field in loaded antennas, as those described
in Fig. 5.2, we calculate the z-component of their near-field amplitude |E,| and phase
p, for a set of different bridge sizes.

Fig. 5.6a shows the near-field amplitude and phase images of a continuous (unmodi-

fied) nanorod. The images reveal strong amplitude signals at the rod extremities and a
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Figure 5.6: Theoretical near-field distribution of 1550 nm long Au antennas with
d = 230 nm diameter and an 80 nm gap in its center, embedded in an effective
medium of dielectric value .7y = 6.34. The gap is bridged by gold disks of 80 nm
length with diameter (a) b = 230 nm, (b) b = 80 nm, (c¢) b = 40 nm (amplitude
image) and b = 30 nm (phase image), (d) b = 0 nm. The near-field images show the
z-component of the electric field amplitude |E,| and phase ¢, at a height of 50 nm
above the rod surface. In all phase images, the phase is set to 0° at the left antenna
extremity:.
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phase jump of about 180 at the rod center, providing a direct evidence of an anti-phase
field oscillation as expected for the dipolar near-field mode. In Fig. 5.6d, we study a
nanorod that was fully cut in its center, representing an unloaded gap antenna. The
near-field images show that each antenna segments oscillate in a dipolar-like mode, fea-
turing high amplitude signals at the antenna extremities and near the gap, as well as a
phase jump of 180 near the center of each segment and inside the gap. The near-field
patterns of the gap antennas are completely changed when a metal bridge of diameter
of 80 nm (representing the load) connects the two antenna segments (Fig. 5.6b). Near
the gap, in contrast to the fully-cut rod (Fig. 5.6d), no significant near-fields are ob-
served. Obviously, the small metal bridge suffices to restore the fundamental dipolar
near-field mode of the continuous rod (Fig. 5.6a). This effect can be attributed to a

current flow through the bridge that prevents charge pile up at the gap.

A highly interesting near-field distribution is observed in Fig. 5.6c where a much
thinner metal bridge connects both nanorod segments. The bridge diameter is of
b = 30 nm, thus being significantly reduced compared to Fig. 5.6b. The near-field
images show striking differences to both the continuous and the fully-cut rod. We
observe a significant amplitude signal along the total length of each segment and a
considerable phase gradient of about 80°. If we go back to Fig. 5.3, we can observe
how this particular point of the chart (b = 30 nm, A = 9600 nm) lies in between
the two branches coming from D1 and D2. Thus, the near-field distribution of the
antenna comprises contributions of both branches, yielding the strong phase shift on
each antenna segment, an effect that we clearly identify in both the experimental and

calculated near-field images.

To conclude, we present an experimental study of this situation to corroborate how
the progressive loading of an antenna gap affects the near-field distribution. The ex-

periment presented in this section where performed by M. Schnell at R. Hillenbrand’s
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Figure 5.7: Top: Topography images of the antennas under study. Bottom: Exper-
imental near-field images showing the near-field amplitude s3 and phase 3 images
of progressively loaded nanoantennas. The antennas have a total length of 1550 nm
and are measured at a wavelength A = 9.6 pym. (a) Continuous rod antenna (b)
Low-impedance loaded antenna where a thick metal bridge connects the two antenna
segments. (c¢) High-impedance loaded antenna where a tiny metal bridge connects the
two antenna segments. (d) Fully-cut antenna where the two antenna segments are
completely separated. Experiments performed by M. Schnell at R. Hillenbrand’s group
at nanoGUNE, Donostia.
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group at nanoGUNE, in Donostia. In order to to map the near-field amplitude and
phase response of the rods a transmission-mode s-SNOM [5,93] operating at a wave-
length of A = 9.6 um [7] is employed. The experiments are performed over antennas
based on gold nanorods designed for fundamental dipolar resonance at mid-infrared
frequencies, similar to the ones presented theoretically. The rods (1550 nm x 230 nm
x 60 nm) were fabricated on a Si substrate by e-beam lithography and show a far-field
resonance at a wavelength of A = 9600 nm [85]. To create the loading bridges, focused
ion beam (FIB) milling was used to prepare gaps of different shapes and sizes at the

center of the rods.

Fig. 5.7 presents the topography of the fabricated antennas (top) and the measured
experimental near-field amplitude (s3) and phase (p3) maps (bottom). In Fig. 5.7a
the response of an unmodified fully resonant antenna is studied. Fig. 5.7d presents
the results for a fully-cut antenna. The antennas studied on Fig. 5.7b,c present two

intermediate cases with connecting bridges of two different sizes.

In order to correlate the fabricated samples with concrete bridge diameters, we
perform a set of NF calculations for a complete set of bridge diameters. The results
shown in Fig. 5.8 reveal that by progressive antenna loading (increasing bridge diameter
b) the near-field pattern of the fully-cut rod (b = 0) evolves towards the fundamental
dipolar mode of the continuous rod. By comparing experiment and theory, we can
assign to each s-SNOM image in Fig. 5.7 a calculated near-field pattern of those shown
in Fig. 5.8. For the antenna in Fig. 5.7b, we obtain good agreement for a bridge
diameter of b = 80 nm which corresponds to 12% of the rods cross section. This is
consistent with the bridge size estimated from the topography image. The s-SNOM
images in Fig. 5.7c match well with calculated near-field patterns for b between 30
nm to 40 nm ( 2% of the rod cross sectional area), thus confirming that indeed a tiny

metallic bridge is connecting the two segments in our experiment.
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Figure 5.8: Near-field distribution of two Au rods with 230 nm diameter separated by
an 80 nm gap. The gap is progressively loaded with 80 nm long Au disks of a diameter
b between 0 nm and 230 nm (antenna length [ = 1550 nm, diameter d = 230 nm,
effective medium e.;; = 6.34). Amplitude E, and phase ¢, of the z-component of the
electric field are shown (normalized to the incident field).
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Finally, we address how the role of the load impedance affects the near-field dis-
tribution of the antennas. At the experimental wavelength of 9.6 pum the dipole’s
intrinsic impedance amounts to Zg, = (17 + 2¢)Q2 (Fig. 5.5). For large bridge diame-
ters (b > 80 nm) we find that the load impedance 7,4 is considerably smaller than
Zgip, thus facilitating current flow through the load. Consequently, accumulation of
charges at the gap is very low, yielding negligible near-fields in its vicinity (Fig. 5.7b).
Below the critical bridge size b., the load impedance is of capacitive nature. There-
fore, charges are piled up at the gap, generating strong near-fields, as observed both in
experiment and calculations (Fig. 5.7d and Fig. 5.6d respectively). Interestingly, the
deviation of the near-field patterns from dipolar-like modes (Fig. 5.7c and Fig. 5.6¢)
occurs close to the critical bridge size (see also Fig. 5.8), thus confirming that the
change of the near-field distribution is a consequence of the transition from inductive
to capacitive load impedance.

In conclusion, the near-field images of gap antennas presented here provide an
evidence that the local near-field amplitude and phase distribution can be controlled
by antenna loading. This opens the door for designing near-field patterns without
the need to change antenna length or shape which could be highly valuable for the

development of compact and integrated nanophotonic devices.
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SUMMARY

This thesis presents a set of contributions to the field of nanophotonics which are based
on the potential of plasmonic nanoantennas to enhance and localize electromagnetic

fields for effective spectroscopy and microscopy.

The introductory chapter provides a historical overview of electromagnetic antennas
focusing on differences and new physical phenomena that arise when trying to adapt
resonant antenna structures to the visible and infrared range of the spectrum. The
potential of these structures in nanophotonics and several emerging applications are

also pointed out.

In Chapter 2 we demonstrate how infrared vibration signals of a small number of
molecules can be enormously enhanced by 5 orders of magnitude through the resonant
interaction of the vibration dipoles of the molecules with the broadband IR plasmonic
antenna resonance of a gold nanowire. This interaction can be interpreted as a classical
analog to the antiresonances produced in the Fano effect. This enhancement mecha-
nism enables a powerful technique for surface enhanced IR spectroscopy with general
importance in a variety of fields. By exploiting the resonant enhancement of the vibra-

tional spectra, as shown in this work, it has been possible to detect and study extremely
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small quantities of molecules, thus lowering the detection limit of direct IR vibration
spectroscopy considerably, establishing a new paradigm in SEIRA spectroscopy.

Chapter 3 summarizes the electromagnetic effects that can be used to optimize
the near-field enhancement in metallic nanostructures. Furthermore, we show how it is
possible to combine all these effects in a single nanostructure to design a single geometry
where the field enhancement reaches the largest values reported in the literature: the
indented plasmonic nanocone. This structure presents a field enhancement of 3 orders
of magnitude in amplitude at the near IR part of the spectrum. To obtain these
factors, realistic values for the dielectric response, the damping of the metals and the
geometrical parameters have been used, therefore this type of factors could be reached
experimentally in principle.

In Chapter 4, we introduce a theoretical approach to describe the scattering pro-
cess in apertureless scanning near field optical microscopy (s-SNOM) and we address
quantitatively the influence of the tip in the near-field imaging of plasmonic structures,
establishing weak and strong near-field coupling regimes between probe and antennas.
Based on rigorous numerical calculations and on a simple interaction scheme, we have
interpreted correctly different near-field images of plasmonic disks in both interacting
regimes.

Finally, Chapter 5 presents two methods to control the antenna response of plas-
monic nanostructures. First, we show how the strong tip-sample interaction regime
presented on the previous chapter introduces the capability for a near-field probe to
control the far field and near field response of a plasmonic antenna with a precision in
the sub-nanometer range, which is otherwise not yet accessible with current fabrica-
tion technology. Moreover, we show how modifying the gap impedance of gap antennas

allows for establishing a control over their near field and far field response.
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APPENDIX A

THE BOUNDARY ELEMENT METHOD (BEM)

Analytical exact solutions to Maxwell’s equations are only known for some simple ge-
ometries like spheres, spheroids, or infinite cylinders. This inability to derive exact
analytical solutions for the electromagnetic response of realistic systems, makes the
numerical solution of Maxwell’s equations absolutely necessary in the field of nanopho-

tonics.

There exist several techniques to afford the calculations. We can mention some
methods extensively used for this purpose such as the ”Finite Difference Time Do-
main” (FDTD) method [94], the Discrete Dipole Aproximation (DDA) [95,96] or the
Boundary Element Method (BEM).

All the theoretical simulations presented in this thesis were developed employing
the Boundary Element Method. This method expresses Maxwell’s equations in terms
of induced charges and currents at the interfaces of the objects under study. In this
way, the 3 dimensional problem of calculating the electric (E) and magnetic (H) fields
across the domain of the problem is reduced to 2 dimensions. The boundary conditions

for the electric and magnetic fields at the surfaces convert Maxwell’s equations into the
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following set of surface integral equations where the currents (h;) and the charges (o;)
at each surface point j are the unknowns. For simplicity, in this case a system with
a single boundary will be considered. Underscripts make reference to each side of the

boundary. The resulting equations (expressed in atomic units) are:

Gio1 — Goog = —<<P1 - @2) (A-l)
Gi1h; — Gohy = _(gl - gz) (A-Q)
Hyhy — Hohg + pngGhioy = —q1 + g2 — pngpy (A.3)

1
—(e1Hy01—€2Hy02) —e103G - hy+e9nGo-hy = €1 ( ng - g1 — é —&2 | N5 - 82 — é
1k 1k 1k
(A.4)

with G;(r) = exp(ik;r)/r appropiate for each separate medium, where k; = ky/¢;(w)
and the square root is chosen such that k; lies in the upper complex plane. ¢ is the
space and frequency dependent local dielectric funcion and k = w/c.

On the other hand, H;(s —s') = (ns) - V,G; (|s —r|) £ 2m6(s — s’) (the sign is +

for j =1 and — for j = 2), p = ik(ey — &1),
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where p(r) is the external charge (current) density.

Note that matrix notation has been adopted. In this way, surface coordinates s are
used as matrix and vector indices, and matrix and vector products like G;o; involve
integration over the interface. Being N the number of discretization points of the
surface of the object, the problem reduces to a set of 8N lineal equations (equations
A.1 to A.4) that can be solved through algebraic matrix inversion techniques.

Once the boundary currents (h;) and the charges (o) are calculated, the scalar and

vector potentials ¢(r) and A(r) can be calculated through the following expressions:

[ i% } - / dr/(;jqr_rq)[p@})@(ﬁw) } N /5 ds(;j“r_snlgég:” (A7)

From these potentials, the electric and magnetic fields can be calculated as:

E= %“”A ~ V¢ (A.8)

H=VxA (A.9)

The only assumption of this method is that the media defining the objects under
study has to be described by frequency dependent homogeneous local dielectric func-
tions and that the boundaries separating two media are sharp and abrupt. A more
extensive description of this method and its generalization to an arbitrary number of

different media can be found in references [43] and [44].
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APPENDIX B

FREQUENCY BAND CLASSIFICATION AND

APPLICATIONS

Band name Abbr Frequency and Applications
wavelength in air

Extremely low | ELF 3-30 Hz Deeply summerged submarine
frequency 100.000km-10.000km communication
Super low SLF 30-300 Hz Submarine communication
frequency 10.000km-1.000km
Ultra low ULF 300-3.000 Hz Earth mode communication,
frequency 1.000km-100km communication within mines
Very low VLF 3-30 kHz Near surface submarine
frequency 100km-10km communication
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1mm-100pum

Low frequency LF 30-300 kHz AM broadcasting, aircraft beacons
10km-1km
Medium MF 300-3.000 kHz AM broadcasting
frequency 1km-100m
High HF | 3-30 MHz 100m-10m Amateur radio, skywave long range
frequency radio communication, RFID
Very high VHF | 30-300 MHz 10m-1m | FM and TV broadcasting, ground to
frequency aircraft and aircraft to ground
communication
Ultra high UHF 300-3.000 MHz Microwave oven, TV broadcasts, GPS,
frequency 1m-100mm mobile phone communication, WLAN
(Wi-Fi), Bluetooth
Super high SHF 3-30 GHz Satellite TV broadcasting, radars,
frequency 100mm-10mm WLAN (Wi-Fi), WIMAX
Extremely high | EHF 30-300 GHz Radio astronomy, security screening,
frequency 10mm-1mm inter satellite links, WiMAX, high
resolution radar
Terahertz THz 300-3.000 GHz Terahertz imaging, ultrafast molecular

dynamics, terahertz time domain
spectroscopy

Table B.1: Classification of the different frequency Bands defined by the International
Telecommunication Union (ITU) radio regulations, their acronyms and particular ap-

plications
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