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To my grandfather,
who would have enjoyed listening to this story
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Padova, 1610

Sagredo: So wäre kein Unterschied zwischen Mond und Erde?
Galilei: Offenbar nein.
Sagredo: Vor noch nicht zehn Jahren ist ein Mensch in Rom
verbrannt worden. Er hieß Giordano Bruno und hatte eben das
behauptet.
Galilei: Gewiß. Und wir sehen es. Laß dein Auge am Rohr,
Sagredo. Was du siehst, ist, daß es keinen Unterschied zwischen
Himmel und Erde gibt. Heute ist der 10 Januar 1610. Die
Menschheit trägt in ihr Journal ein: Himmel abgeschafft.
Sagredo: Das ist furchtbar.

Bertold Brecht,
Das Leben des Galilei
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Abstract

Efficient light harvesting and confinement in deeply sub-wavelength dimen-
sions is very challenging but offers simultaneously exciting possibilities which
can impact a variety of important applications from biological sample analy-
sis to electronic circuits and to solar energy harvesting technologies. Indeed,
light interaction with ultra-thin or nano-sized objects is inherently poor and it
constitutes the bottleneck for the miniaturization of many devices. In recent
years metallic nano-structures supporting surface plasmons have been pro-
posed as a viable solution to this problem. In fact, they have been shown to
enable effective coupling, focusing and manipulation of light at the nanoscale,
finally overcoming the diffraction limit.

Light-conversion technologies, such as photovoltaic, solar-thermoelectric
and photocatalytic cells, would highly benefit from a nearly ideal light har-
vesting in ultra-thin structures due to the associated decrease in material
costs and increase in efficiencies. Nevertheless, sunlight harvesting poses
several challenges to the design of plasmonics-based structures due to its
broad-spectrum and variable angle of incidence. In the first part of this the-
sis (Chapter 3) we addressed these aspects by investigating, designing and
fabricating a facile, ultra-thin (260 nm) plasmonic sunlight absorber which
is capable of harvesting on average 88 % of the Sun energy in the spectral
range 380− 980 nm. Our approach is inherently polarization insensitive and
preserves its performances for incident angles up to 48◦. In addition, the fab-
rication of our structure is compatible with large-scale, roll-to-roll processes
and the used multilayer design could be easily implemented in a real devices
where additional functionalities (e.g. electrical access) are required.

Light collection is only the first step toward light-energy exploitation and
in the second part of the thesis (Chapters 4− 5) we thus focused on extreme
confinement of the collected light. We performed a general study on a class
of plasmonic multilayer (metal-insulator-metal) structures, with a dielectric
spacer of only few nanometers (7− 13 nm). As front pattern we used facile
hexagonal arrays of tapered gold triangles which eventually connect forming
an electrically communicating network. We show that, in the disconnected
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0. Abstract

condition, every single element of the array is almost completely isolated
from the neighboring ones, light being tightly confined in the dielectric layer
underneath each tapered triangle. In the connected configuration, an even
more extreme confinement can be achieved locally. Indeed, exploiting the
non-uniform lateral width of the considered front metal layer and the sym-
metric arrangement, we prove that light can be guided and confined in a
nanocavity whose physical area is almost 20 times smaller than its optical
area.

Following the above, in the last two Chapters, we investigate two impor-
tant light-energy conversion processes: light-to-heat and light-to-hot elec-
tron conversion, to be exploited in thermoelectric (e.g. radiation sensors)
and photocatalytic applications respectively. In Chapter 6, after fabricating
a broadband absorber as a 10 mm free standing membrane, we performed
infrared thermography measurements and determined its thermal response.
We showed that, due to the ultra-low thickness, the plasmonic absorber has
a characteristic time of less than 13 ms, more than one of magnitude faster
than a comparable system based on an absorbing black spray. Finally, in
Chapter 7, we used x-ray spectroscopy to measure in-situ the change in the
density of states of gold nanoparticles during the excitation of a plasmonic
resonance and showed that a significant 1 eV shift in the Fermi level occurs.
This result confirms the great potential of plasmonic nanostructures to act
as sensitizers, not only improving light collection, but actively contributing
to the increased performance of a catalyst.
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Sommario

Assorbire e focalizzare la luce in modo efficiente in volumi di dimensioni molto
piu’ piccole della lunghezza d’onda una grande sfida che al tempo stesso offre
allettanti prospettive per la variet di importanti applicazioni che potrebbero
beneficiarne, dall’analisi di campioni biologici ai circuiti elettronici alle tec-
nologie solari per la produzione di energia. Tuttavia, l’interazione della luce
con oggetti ultra-sottili o nanoscopici molto limitata e costituisce il fat-
tore limitante verso la miniaturizzazione di molti dispositivi. Recentemente
l’uso di nano-strutture metalliche capaci di sostenere risonanze plasmoniche
stato proposto come una soluzione percorribile per questo problema. Infatti
stato dimostrato che queste strutture sono in grado di oltrepassare il limite
di diffrazione, permettendo un’efficace interazione, focalizzazione e manipo-
lazione della luce alla nano-scala.

Tecnologie come le celle fotovoltaiche, il solare termoelettrico e le celle
fotocataliche trarrebbero grande beneficio dalla possibilit di un assobimento
quasi perfetto della luce solare tramite strutture ultra-sottili, grazie alle con-
seguenti riduzioni dei costi dei materiali e all’aumento delle prestazioni. Tut-
tavia, l’assorbimento della luce solare tramite strutture plasmoniche prob-
lematico a causa dell’ampio contenuto in lunghezze d’onda e della variabilit
dell’angolo di incidenza. Nella prima parte di questa tesi (Capitolo 3) abbi-
amo affrontato questi aspetti, studiando, progettando e realizzando un assor-
bitore solare plasmonico semplice e ultra-sottile, capace di assorbire in media
l’88% dell’energia solare nell’intervallo di lunghezze d’onda 380−980 nm. In-
oltre, la nostra struttura insensibile allo stato di polarizzazione della luce
e mantiene pressoch inalterate le proprie prestazioni per angoli di incidenza
fino a 48◦. Per di piu’, il processo di fabricazione compatibile con procedure
di larga scala come quelle roll-to-roll e l’utilizzo di una struttura multistrato
rende il design compatibile con un vero dispositivo dove altre funzionalit (ad
esempio l’accesso elettrico) sono richieste.

L’assobimento della luce solo il primo passo verso l’utilizzo effettivo della
sua energia e nella seconda parte della tesi (Capitoli 4− 5) ci siamo focaliz-
zati sulla concentrazione della luce assorbita. Abbiamo infatti effettuato uno
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0. Sommario

studio piu’ generale su di una classe di strutture plasmoniche multistrato
(metallo-isolante-metallo) caratterizzate da un dielettrico spesso solo pochi
nanometri (7 − 13 nm). Come struttura frontale, abbiamo utilizzato un ar-
rangiamento periodico esagonale di triangoli d’oro curvi le cui dimensioni
venivano variate fino ad ottenere un contatto, formando cosi’ una rete elet-
tricamente conduttiva. Abbiamo cosi’ mostrato come, nel caso di strutture
separate, la luce venga fortemente confinata nel materiale dielettrico al di
sotto di ogni single triangolo. Nella configurazione connessa, stato possibile
ottenere un effetto di concentrazione anche maggiore. Infatti, sfruttando la
non-uniformit della sezione laterale dello strato frontale, possibile guidare la
luce e confinarla in una nano-cavita’ le cui dimensioni fisiche sono 20 volte
inferiori a quelle ottiche.

Come continuazione del lavoro precedente, negli ultimi due capitoli, abbi-
amos studiato due importanti processi di conversione dell’energia della luce:
da un lato la conversione in calore a dall’altro la conversione in elettroni
energetici, processi che potrebbero essere sfruttati in elementi termoelettrici
(ad esempio sensori di radiazione) o applicazioni fotocatalitiche, rispettiva-
mente. Nel Capitolo 6, abbiamo eseguito delle misure di temperatura con
una telecamera ad infrarossi determinando la risposta termica di un assor-
bitore plasmonico che avevamo precedentemente fabbricato come membrana.
Abbiamo mostrato come, grazie al ridottissimo spessore, questo assorbitore
abbia un tempo caratteristico di risposta di soli 13 ms, inferiore di piu’ di un
ordine di grandezza rispetto a un sistema equivalente basato su di uno spray
nero. Infine, nel Capitolo 7, abbiamo utilizzato la spettroscopia a raggi x per
determinare il cambiamento della densit degli stati in nano-particelle d’oro
soggette all’eccitazione di una risonanza plasmonica e abbiamo mostrato che
il livello di energia di Fermi viene innalzato di circa 1 eV. Questo risultato
conferma il grande potenziale delle strutture plasmoniche di agire da sen-
sitizer, non solo migliorando l’assobimento della luce, ma partecipando in
modo attivo al miglioramento delle prestazioni del catalizzatore.
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Chapter 1

Introduction

When, at the beginning of the 17th century, for the first time Galileo looked
into the universe with his own eyes through a telescope, the progress of sci-
ence and humanity started to change drastically. Indeed, direct observation
of natural phenomena had been the basis of any scientific investigation for
centuries but only the inventions of the telescope and the microscope could
give access to two fields of research which completely changed our way of
thinking about the world: astronomy and microscale-sciences.

Since Galileo’s telescope [1] and Hooke’s microscope [2], these optical
instruments have been used and improved throughout the centuries, supply-
ing experimental evidence for a countless number of scientific discoveries [3].
However, though more powerful than our eyes, light-based optical devices are
limited in resolution due to the wave nature of light. As discussed by Abbe
already in 1873, the diffraction limit fixes the maximum achievable resolu-
tion to a value close to half the wavelength of the used light. For this reason,
in the last half a century, parallel to the progressive miniaturization of the
specimens, new instruments such as the scanning electron miscoscope (SEM)
or the scanning tunneling microscope (STM) were invented, extending our
imaging capabilities down to the atomic scale.

If on the one hand diffraction restricts the size of the smallest resolv-
able object, on the other hand it constraints the possibility to focus light
to an arbitrarily small spot. This fact has direct consequences on the pos-
sibility of efficiently coupling light with nanoscale objects, e.g. molecules
or nano-particles, which then remain almost invisible to a light wave. With
the development of nanotechnology, this aspect has become especially crucial
as many important applications, from electronics to energy conversion and
storage, would highly benefit from the possibility of capturing, focusing and
concentrating light at the nanoscale. For example, electronic circuits could
be operated at much higher frequencies with a significant increase in the sup-
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1. Introduction

ported bandwidth or solar-cells could be made much thinner with beneficial
effects both on their price and efficiency. However, contrary to the case of
microscopy, very few solutions have been proposed to achieve efficient light
manipulation at the nanoscale.

Metallic nanostructures supporting surface plasmon resonances (resonant
oscillations of their electron cloud) are, to date, the most promising solu-
tion to this problem. Surface plasmons, in fact, are electromagnetic waves
supported at a metal-dielectric interface which are strongly bound to that
interface. An important consequence of plasmon excitation is the large en-
hancement of the apparent size of the involved metallic nanostructure which
can thus efficiently couple with the incoming light-wave despite its deeply
subwavelength dimensions. Moreover, depending on the materials and the
geometry of the system, the excited wave will have different characteristics in
terms of spectral position, field profile and degree of confinement as well as
propagation distance. Engineered plasmonic structures can then be designed
to achieve the desired combination of these parameters depending on the
application. For example, surface plasmons with long propagation distances
are necessary to transport the signal in electronic circuits while configura-
tions with strong field enhancements are required for Raman spectroscopy
substrates or ultra-sensitive sensors.

Efficient light capture and tunable working wavelength are interesting
properties to be exploited in sunlight (or more generally white light) har-
vesting applications where the light characteristics and the optical properties
of the active components (e.g. semiconductor band-gap in solar cells) can-
not be manipulated at will and where a significant reduction in the system
thickness would reduce costs and increase performances. Nevertheless, the
broadband spectrum of sunlight as well as its unpolarized nature and the
variable incident direction pose serious challenges to the design of optimal
plasmonic structures.

Furthermore, for most applications, e.g. photovoltaic cells, thermoelec-
tric radiation sensors or photocatalytic fuel generation, light capture is only
the first step in the conversion process. In fact, the absorbed light has to
be further converted into electricity, heat or chemical products respectively.
Therefore, the chosen plasmonic design should not only absorb but also con-
fine light in the required volumes (i.e. in the active material) or directly
contribute to the final conversion process.

Lastly, realistic proposals for several applications, above all sunlight en-
ergy conversion, require the possibility of significantly up-scaling of the sys-
tem, a challenging step for many designed nano-structures.

The ultimate scope of this thesis is to investigate the potential of plas-
monic structures in light conversion technologies with a preferential attention

2



1.1. Thesis Outline

to sunlight related applications such as solar thermoelectric and photocatal-
ysis. For this reason we mainly focused on a facile plasmonic design which
can potentially be up-scaled. Performing a combination of optical, thermal
and eventually x-ray studies we elucidate the properties and potentialities
of the considered plasmonic design in terms of light absorption, confinement
and finally conversion.

1.1 Thesis Outline

This thesis is organized in eight chapters including this introductory part.
The core chapters (from 3 to 7) are conceptually divided into three parts
concerning the absorption of light (Chapter 3), its confinement in nanoscale
volumes (Chapters 4 − 5) and finally the use of the concentrated light for
energy applications (Chapter 6− 7).

Chapter 2 introduces the fundamental concepts of plasmonics and the
most important formulations used in the rest of the thesis. In particular,
we present the full mathematical derivation of the equations describing the
surface plasmon waves from which all their essential features can be derived.
Moreover, we introduce the notation and the sign convention of the most
important physical quantities related to surface plasmons.

Chapter 3 presents the design and experimental realization of an ultra-
thin (260 nm), broadband plasmonic absorber with average absorption of
88% within the spectral range 380 − 980 nm. The novelty of our design is
based on the exploitation of four distinct plasmonic absorption phenomena
within the same structure. We show how, through the optimization of the ge-
ometrical parameters, we were able to combine the collective benefit of these
resonances and piece together a continuous absorption band. Furthermore,
the chosen fabrication process is compatible with large scale, roll-to-roll pro-
cedures, and its multilayer design could be easily adapted to include an active
(e.g. semiconductor) material. Therefore, our design is a valuable candidate
for white/sunlight light harvesting applications. Finally, during the opti-
mization process we highlight an anomalous behavior which we investigate
more deeply in the second part of this thesis.

Chapter 4 investigates the properties of arrays of proximal, ultrathin gap
plasmon nanocavities before and after the establishment of an electrical con-
tact between them. We experimentally and numerically investigate the char-
acteristics of each of the two metasurfaces (array of disconnected and con-
nected nanocavities) as well as the reasons underlying the abrupt change in
optical properties of the system between these two states.

Chapter 5 expands the study of the network of gap plasmon waveguides

3



1. Introduction

presented in Chapter 4. In particular, we consider the confinement capabil-
ities of this system. Due to the ultrathin dielectric spacer, the non-uniform
cross-section of the waveguide and the symmetry constraints, we prove that
this structure can nano-confine light in a deeply sub-wavelength nanocavity,
without requiring cumbersome fabrication procedures.

Chapter 6 illustrates the light-to-heat conversion capabilities of the struc-
ture presented in Chapter 3. After fabricating the ultra-thin absorber as a
free standing membrane, we used an infrared camera to quantify its station-
ary as well as transient thermal response upon illumination. When compared
to a commercial, flat, blackening spray, the ultrathin plasmonic absorber
shows a considerably lower response time and a comparable temperature
raising capability. In addition, its low emissivity would be advantageous for
high-temperature applications.

Chapter 7 elucidates the origin of the photocatalytic/sensitizer properties
of plasmonic structures. Using x-rays we prove that the density of states of
a gold nanoparticle changes during steady state plasmonic excitation and in
particular we show that the Fermi level shifts to higher energies. This eluci-
dates how plasmonic nanostructures can play an important role as sensitizers
in photocatalytic process, providing hot electrons to neighboring semiconduc-
tor catalysts. We used transient mid-IR spectroscopy to prove this second
statement.

Chapter 8 concludes this thesis summarizing the main achievements and
findings and proposing further direction of investigation.
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Chapter 2

Fundamentals

2.1 Plasmons

In a metal, free conduction electrons behave like a gas and are thus able to
sustain collective coherent oscillations (plasma waves). The quasi particle
associated with a quanta of these oscillations is called plasmon. Plasmons
can be differentiated into volume plasmons and surface plasmons. Volume
plasmons are coherent longitudinal oscillations of the conduction electron
against the ionic cores and cannot couple to a transverse electromagnetic
wave. On the other hand, surface plasmons can couple directly to a light
wave and this interaction confer exceptional optical properties to the excited
metal nanostructures. Surface plasmon can have two forms:

• Surface Plasmon Polaritons (SPPs). Originating by the coupling of
a plasmon with a photon (polariton), they are electromagnetic waves
propagating along the interface between a conductor and a dielectric
and strongly bound to it (exponentially decaying in both materials).

• Localized Surface Plasmons (LSPs). These are non-propagating surface
plasmons strongly bound to a finite metallic nanostructure.

- - - - - - - -

+ + + + + + + +

a) 

metal

- -+ + - -+ + - -+ +

b) 
dielectric

metal

c) 

--

++

-

+

Figure 2.1: Type of Plasmons a) Volume plasmons. b) Surface plasmon polaritons. c) Localized
surface plasmons. The green arrow represent schematically the electric field in the different situations.
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2. Fundamentals

In the following, we briefly introduce the most important concepts and
mathematical formulas which characterize these two types of surface plasmon
and are frequently used in the rest of the thesis.

2.2 Surface Plasmons Polaritons

2.2.1 Dispersion Curve for a Single Interface

For any propagating electromagnetic wave, the angular frequency, ω, and
the propagation wavevector magnitude, k, are related through a more or less
complicated function which is called dispersion relation. For example, for
planar light waves propagating in a homogeneous medium of refractive index
n such relation is k = ω n

c
. This function, in a ω versus k graph, defines a

line which is commonly called light-line.

SPPs are also characterized by a dispersion relation whose expression we
derive in the following [4].

We consider the system illustrated in Figure 2.2 where the metal-dielectric
interface corresponds to the x − y plane and the dielectric constant only
varies along z, ε(z), being equal to the metal permittivity, εm, for z < 0,
and to the dielectric permittivity, εd, for z > 0. We further simplify the
problem assuming a wave propagating only along the x-direction with no
spatial variation in the y-direction. Assuming a harmonic time dependence
eiωt, the spatial term of the electric field can be written as:

E(x, y, z) = E(z)eiβx (2.1)

where β = kx is the wavevector component in the propagation direction.

This wave must satisfy the Helmholtz equation, ∇2E + k2
0εE = 0, which

leads to two distinct set of equations describing a transverse magnetic (TM)
and a transverse electric (TE) mode respectively:

x

z

y +
++

+ - -
- -

εm

εd

Figure 2.2: Coordinate system for the derivation of the SPP dispersion relation
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2.2. Surface Plasmons Polaritons

TM :


∂2Hy

∂z2
+ (k2

0ε− β2)Hy = 0

Ex = −i 1
ωε0ε

∂Hy

∂z

Ez = − β
ωε0ε

Hy

TE :


∂2Ey

∂z2
+ (k2

0ε− β2)Ey = 0

Hx = i 1
ωµ0

∂Ey

∂z

Hz = β
ωµ0

Ey
(2.2)

As mentioned earlier, SPPs are a special class of waves which exponen-
tially decay perpendicular to the interface both in the metal and the dielec-
tric. Considering a TM wave, we can write the equation of the three field
components, Hy, Ex, Ez, as:

z > 0


Hy(z) = Ade

iβxe−kdz

Ex(z) = iAd
1

ωε0εd
kde

iβxe−kdz

Ez(z) = −Ad β
ωε0εd

eiβxe−kdz

z < 0


Hy(z) = Ame

iβxekmz

Ex(z) = −iAm 1
ωε0εm(ω)

kme
iβxekmz

Ez(z) = −Am β
ωε0εm(ω)

eiβxekmz

(2.3)

where kd,m = kzd,zm are the real and positive components of the wavevec-
tor perpendicular to the interface which ensure the exponential decay behav-
ior required by SPPs.

Continuity of Hy and Dz = εd,mEz lead to the conditions:

Ad = Am
kd
km

= − εd
εm(ω)

(2.4)

As kd,m > 0 (see above), a SPP can be only supported when the permittiv-
ity of the two materials have opposite sign, as in the case of a dielectric-metal
interface for frequencies below the metal bulk plasmon frequency.

The momentum conservation condition requires:

k2
m = β2 − k2

0εm(ω)
k2
d = β2 − k2

0εd
(2.5)

and combining equations 2.4 and 2.5 we obtain the SPP dispersion rela-
tion (the ω dependence is implicit in the frequency dispersion of the metal
permittivity, εm):

β =

√
εm(ω)εd
εm(ω) + εd

(2.6)

7



2. Fundamentals

Applying the same reasoning to the TE solution leads to a condition
equivalent to equation 2.4 but which cannot be satisfied if an exponentially
decaying wave is assumed. Thus, SPPs can exist only as TM polarization.
Furthermore, we observe that SPPs are electromagnetic waves with a mixed
transversal and longitudinal nature as both Ex (along the propagation direc-
tion) and Ez (perpendicular to the propagation direction) components are
non-zero (see equation 2.3) .
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Figure 2.3: Dispersion Curve for a SPP Propagating on a Dielectric-Metal Interface (a)
Dispersion curve calculated with equation 2.6 for a air-gold (green line) and glass-gold (blue line) interface
in the case of an ideal metal (Drude model without losses, ωp = 2π2.183 · 1015 Hz[4] ) (b) Same as (a)
but calculated for a real metal using τ = 3 · 10−14 s [5] (c) Real and imaginary part of the propagation
wavevector calculated for the case of a glass-gold interface and a real metal (see (b)).

The dispersion curves for an idealized metal (without losses, real εm)
is represented in Figure 2.3.a. We observe that the SPP curve always lies
on the right side of the light-line (β > kd > kvacuum) thus implying that
SPP excitation requires special momentum matching techniques (e.g. grat-
ing coupling, prism coupling etc.). For low frequencies the SPP curve is
very close to the light-line and the wave has a low degree of confinement
(decay length ldec = 1/kd where kd is obtained from equation 2.5). As
the frequency increases the SPP wavevector increases dramatically and it
asymptotically tends to infinity for ω ≈ ωsp, corresponding to the condition
ωsp : εm(ωsp) = −εd. Concurrently, the field gets strongly confined at the
interface. Furthermore, the SPP group velocity vg = ∂ω

∂β
steadily decreases

as β increases and in the limit of ω ≈ ωsp the SPP assumes an electrostatic
character, similar to a localized surface plasmon (LSP).

Real metals, however, present a complex dielectric permittivity εm =
ε
′
m + iε

′′
m and, due to the damping term, the SPP wavevector does not go

to infinity (see Figure 2.3.b). Moreover, if for a perfect metal no wave is
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2.2. Surface Plasmons Polaritons

allowed to propagate for ω > ωsp due to a purely imaginary β, for real
metals a so called quasibound, leaky wave can be supported at the metal
dielectric interface for these frequencies.

The complex εm of real metals has also important consequences on the
SPP propagation distance. In fact, while for ideal metals SPPs can propagate
indefinitely without losses (Im[β] = 0), for real metals β is always a complex
value implying that SPPs are damped as they propagate. We can observe in
Figure 2.3.c that as Re[β] increases (as the frequency approaches ωsp), Im[β]
also increases. Therefore, in real cases, a strong field confinement and a very
slow wave come at the expenses of large losses in the metal which limit the
propagation of such a wave over large distances.

2.2.2 Multiple Interfaces and Mode Splitting

So far we discussed the SPP supported by a single metal-dielectric interface.
We now consider the case of multiple metal-dielectric interfaces which, as will
be shown, present a richer solution space. For simplicity we study the case of
only two parallel interfaces oriented along the x− y plane and separated by
a distance h (see [6] for a general derivation). Two cases are then possible,
either a metal layer of thickness h surrounded by two dielectrics (Insulator-
Metal-Insulator - IMI - case) or a dielectric layer of thickness h surrounded
by two metals (Metal-Insulator-Metal - MIM - case).

In both situations, similarly to the case of a single interface, the TM

β [m-1]
0 1 2 3 4

x 108  

0

6

12
x 1015

ω
 [H

z]

h = 10 nm
h = 60 nm
h = 110 nm
glass lightline

Au - Glass -Au

x

z

y
h

1

2

3

M

I

M

+ + 

+ + 

- -  

- -  

+ + 

+ + 

Ex

+ + 

+ + 

- -  

- -  

+ + 
Ex

- -  

Even SPP Mode

Odd SPP Mode

(a) (b) (c)

Figure 2.4: Dispersion Curve for a MIM Structure (a) Schematics of the geometry (b) Dispersion
curves calculated with equation 2.8 for a gold-glass-gold MIM structure for a dielectric thickness of h = 10
nm (black line), h = 60 nm (red line), h = 110 nm (blue line) and an idealized metal (Drude model without
losses, ωp = 2π2.183 · 1015 Hz[4] ). The continuous lines represent the odd mode without cut-off while
the dashed line represent the even mode for the same dielectric thickness. (c) Schematic representation
of the even (upper panel) and odd (lower panel) modes in a MIM structure.
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2. Fundamentals

equations for a wave propagating in the x-direction and evanescent along
the y-direction can be written separately for each layer (see Figure 2.4.a).
However, for the middle layer the wave will be a linear combination of the
two waves propagating at the upper and lower interfaces respectively. Indeed,
we write:

z > h/2


Hy(z) = Aeiβxe−k1z

Ex(z) = iA 1
ωε0ε1

kIe
iβxe−k1z

Ez(z) = −A β
ωε0ε1

eiβxe−k1z

−h/2 < z < h/2


Hy(z) = Beiβxek2z + Ceiβxe−k2z

Ex(z) = −iB 1
ωε0ε2

k2e
iβxek2z + iC 1

ωε0ε2
k2e

iβxe−k2z

Ez(z) = B β
ωε0ε2

eiβxek2z + C β
ωε0ε2

eiβxe−k2z

z < −h/2


Hy(z) = Deiβxek3z

Ex(z) = −iD 1
ωε0ε3

k3e
iβxek3z

Ez(z) = −D β
ωε0ε3

eiβxek3z

(2.7)
Applying the continuity of Hy and Ex at the two interfaces we obtain an

implicit expression for the SPP dispersion curve:

e−4k2h/2 =
k2
ε2

+ k3
ε3

k2
ε2
− k3

ε3

k2
ε2

+ k1
ε1

k2
ε2
− k1

ε1

(2.8)

where k2
i = β2 − k2

0εi for i = 1, 2, 3.
Furthermore, we will have ε1,3 = εm and ε2 = εd for an MIM structure

and viceversa for a IMI structure.
With respect to the single interface case, we observe two aspects. Firstly,

the relation includes the geometrical parameter h which becomes an extra
degree of freedom (in addition to the materials forming the interface) in the
definition of the dispersion curve. Secondly, depending on the ratio between
the dielectric constants of the different materials, one or two solutions can be
found, some of which with a lower or upper cut-off [7]. The presence of mul-
tiple solutions is due to the coupling between the two interfaces which leads
to mode splitting. For increasingly large values of h the coupling weakens
and eventually disappears and the solution is the same of the single interface
case. Due to the dispersive optical properties of the metals (ε(ω)), the type
of solution depends on the considered frequency as well.

Figure 2.4.b illustrates the mode splitting for a gold-glass-gold (MIM)
system for decreasing thickness of the dielectric core (ideal metal). Already
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2.2. Surface Plasmons Polaritons

for core thicknesses ≈ 100 nm two distinct branches are visible. The upper
branch is the so-called even or symmetric mode because Ex, the electric field
component in the propagation direction, has equal signs at the two interfaces
(see Figure 2.4.c, upper panel). The lower branch, instead, is the so-called
odd or asymmetric mode as Ex has opposite sign at two interfaces1 (see
Figure 2.4.c, lower panel). The even mode in the MIM configuration has a
lower cut-off thickness and is not supported for very thin dielectric spacers.

In this thesis we mainly work with MIM structures composed of gold (Au)
or silver (Ag) layers separated by a glass spacer with thicknesses between
h = 7 nm and h = 100 nm. In particular, in chapters 3 − 5, we extensively
study asymmetric MIM structures (mixed Au-Ag) with ultra-thin dielectric
cores, investigating the extreme confinement properties of the supported odd
SPP modes. In these structures, the SPP modes are also called gap plasmon
modes due to their confinement in the dielectric layer (gap).

2.2.3 Effective Refractive Index and Nanofocusing

The SPP propagation wavevector β can be expressed as a function of the
vacuum wavelength λ0 introducing an effective refractive index neff of the
mode:

β =
2π

λ0

neff (2.9)

Like the refractive index of a material, neff is related to the speed of the
SPP wave in the waveguide and to the optical length of the covered path.
From equation 2.9 we observe that the larger β the higher neff and the slower
the SPP wave.

We know that the SPP mode wavevector at a given wavelength strongly
depends on the dielectric spacer thickness. Therefore, a SPP mode prop-
agating in a MIM waveguide with decreasing dielectric thickness would be
progressively slowed down and compressed along the direction of propagation
due to the increase in neff . This process is called nanofocusing. A complete
mathematical derivation of this nanofocusing concept can be found in [6]
and several experimental implementations of this idea can be found in the
literature (e.g. [8]) .

1Special care has to be taken concerning the definition of odd and even SPP modes.
In fact, Hy and Ez have opposite parity compared to Ex. Therefore the mode which is
defined as odd with respect to Ex would be defined as even with respect to Hy or Ez. In
the literature both conventions are used even though the first one, which we follow in this
thesis, is more common.
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2. Fundamentals

2.2.4 Gap Plasmons in Truncated MIM Structures

So far we discussed multilayer structures only composed of continuous layers.
A different system can be obtained truncating one or more layers in one or
two dimensions, as illustrated in Figure 2.5.a. While the continuous layer
structure is characterized by a continuous dispersion curve (non-resonant
phenomenon), the truncated system behaves like an optical nanocavity and
exhibits a discrete dispersion spectrum (resonant system, Figure 2.5.b).
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Figure 2.5: Truncated MIM Structures (a) MIM structure truncated in one dimension (MIM strip,
upper panel) and in two dimensions (MIM patch or nanoresonator, lower panel) (b) Discrete dispersion
spectrum of a truncated MIM structure (red-dots) compared to the corresponding continuous curve of the
infinite MIM waveguide (c) Mode reflection atthe terminations of the truncated MIM structure

As shown first by Nielsen [9] and more recently by Moreau [10], the ter-
minations of the truncated metal layer cause the reflection of the gap plas-
mon (GP) modes (see Figure 2.5.c) into the cavity leading to the interfer-
ence between counter-propagating modes. The resonance frequencies of the
nanocavity are then defined by the constructive interference condition (also
called Fabry-Perot interferometer condition):

Lcav · β = mπ + ϕ (2.10)

where Lcav is the physical cavity length, β is the GP mode wavevector,
m is the order of the resonance mode and ϕ is the phase acquired upon
reflection.

Generally, the mode reflection at the cavity termination is not perfect.
Therefore, ϕ is different from zero and the mode extends outside of the
nanocavity. However, as the thickness of the dielectric core decreases, the
wavevector of the GP mode increases and the same does its effective refractive
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2.3. Localized surface plasmons

index. Consequently, the refractive index mismatch between the nanocavity
and its surroundings increases with a beneficial effect on ϕ which becomes
closer to zero. Therefore, ultra-thin MIM structures are characterized by a
large confinement of the mode in the nanocavity.

2.3 Localized surface plasmons

2.3.1 Absorption and Scattering Cross Sections

The interaction of a finite metallic nanostructure, e.g. a nano-sphere, with
an electromagnetic wave leads to a modification of the incident field in two
ways (see Figure 2.6.a) [11]:

• scattering of the incident field: the incoming wave is partially redirected
in directions different from the initial propagation direction

• absorption of the incident field: the incoming wave is attenuated due
to dissipation within the metallic structure

Together, these two mechanisms are responsible of the extinction of the
incident wave.

The ratio of the scattered energy versus the incident irradiance is called
scattering cross-section, Csca, the ratio of the absorbed energy versus the inci-
dent irradiance is called absorption cross-section, Cabs, and the sum of these
two is called extinction cross-section, Cext. The quantities Csca,abs,ext have
dimensions of m2 and can be regarded as the apparent size of the structure
with respect to any of these processes (see Figure 2.6.c).

For a sphere much smaller than the wavelength of light (electrostatic
approximation, see Figure 2.6.b), the total external field can be shown [11],
[4] to be equal to the superposition of the incident field E0 and the field of
an ideal dipole located at the origin which has a moment p:

p = ε0εdαE0 (2.11)

where

α = 4πa3 εm(ω)− εd
εm(ω) + 2εd

(2.12)

is the polarizability of the nano-sphere, a is the radius of the sphere, εd is
the surrounding medium permittivity and εm(ω) is the complex, frequency
dependent dielectric constant of the metal.
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Figure 2.6: Truncated MIM Structures (a) Schematics of absorption and scattering processes (b)
Schematic representation of the electrstatic approximation. The size of the particle, a, is much smaller
than the wavelength of the incoming light so that the electric field across the nanostructure is almost
constant at any instant of time (c) Schematic representation for the enhancement in absorption cross
section due to the plasmonic effect. The lines represent energy flux lines. At resonance the particle
interact with much more light than the one directly impinging onto it (d) Schematic representation of the
dipolar plasmonic resonance. At two instant of time, the electron cloud is displaced with respect to the
crystal ionic cores following the oscillating electric field. This leads to charge separation and therefore a
dipolar polarization characterized by the dipole moment p.

For such a system, through the knowledge of the Poynting vector, it is
possible to calculate:

Csca = k4

6π
|α|2 = 8π

3
k4a6

∣∣∣ εm(ω)−εd
εm(ω)+2εd

∣∣∣2
Cabs = kIm[α] = 4πka3Im

[
εm(ω)−εd
εm(ω)+2εd

]
Cext = Csca + Cabs

(2.13)

Immediately we observe that the absorption and scattering cross section
scale differently with the radius of the particle, a, absorption being dominant
for smaller particles. Furthermore, we observe that all of the calculated
cross-section exhibit a resonance condition corresponding to the frequency
for which the denominator of the polarizability vanishes. At the resonance
condition, therefore, all the effective cross-sections become much larger than
the physical cross-section Ageom and the structure interacts with much more
light than the one directly impinging on it. Normalizing Csca,abs,ext to the
physical cross-section, Ageom of the considered nanoparticle, we can then
define the scattering, absorption and extinction efficiencies, respectively:
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2.3. Localized surface plasmons

Qsca,abs,ext =
Csca,abs,ext
Ageom

(2.14)

As stated previously, in the electrostatic approximation, the nanoparticle
is equivalent to a dipole. Therefore, the frequency upon which the resonance
is excited correspond to the dipolar resonance condition which is also the
fundamental localized plasmon resonance (see Figure 2.6.d). Larger nanos-
tructures are characterized by retardation effects; also, they can support
higher energy oscillation modes/LSPs which, for a sphere, can be calculated
from the Mie coefficients [11], [4].

From the expression of the polarizability (see equation 2.12), we can infer
all the relevant parameters affecting the LSP resonance condition which are:

• nanoparticle metal (εm(ω))

• surrounding dielectric metal (εd)

• geometry of the nanoparticle: indeed the derived polarizability expres-
sion refers to a sphere; different shapes would lead to different expres-
sions (see for example the ellipsoid in [11]).

Therefore LSP resonances have a high degree of tunability, considered
that any variation of these parameters would cause a change in their spectral
position. In particular, the dependance on the surrounding dielectric con-
stant, εd, is widely exploited to design ultra-sensitive sensors. Indeed, due
to the high degree of localization of the electric field in the proximity of the
nanostructure, even a small perturbations of the surrounding environment
happening directly at the nanoparticle surface, e.g. even a molecule binding
to it, immediately changes εd so that, in far field, this event can be detected
through the shift in the plasmonic resonance frequency.

Finally, we observe that, contrary to SPPs, LSPs are non-propagating
waves (zero group velocity). Therefore, they are characterized by an almost
purely electric character and do not require any phase matching technique
to be excited.

2.3.2 Coupling between Nanostructures

We just saw that a plasmonic system resonating at its fundamental frequency
is equivalent to a dipole with polarizability α. Therefore, two plasmonic
nanoparticles separated by a distance l can interact through either near or
far field, the same way two dipoles would interact [4]. Nevertheless, the
complex dependance of the plasmon resonance modes on the geometry of the
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Figure 2.7: Truncated MIM Structures (a) Schematics of the resonance modes of a dimer illuminated
with light polarized along the inter-particle axis(b) Schematics of the resonance modes of two long aligned
with their long axis parallel and illuminated from top with polarization along the same axis

system allow for a much richer variety of interactions [12]. Similarly to the
case of molecular orbital, the plasmonic resonances of interacting plasmonic
nanostructures can be described as coupled plasmonic modes of the original
entities which located at different wavelengths (energies) according to the
hybridization rules [12]. In the following we briefly report some important
examples of interacting plasmonic systems [12].

Dimers: Bright and Dark Modes

When two equal plasmonic nanostructures interact with each other we have a
so-called dimer. When the incident light is polarized along the axis separating
the two nanostructures (see Figure 2.7.a), coupling of the original dipolar
resonances leads to two new modes, one at lower energy (red-shifted, bonding
mode) and one at higher energy (blue-shifted, anti-bonding mode). The low
energy mode has a dipole moment which is close to the sum of the original
dipole moments, p, and is thus stronger than the isolated structure resonance.
This mode is also called bright mode due to its effective coupling with far-
field radiation. On the other hand, the high energy mode is characterized
by the anti-parallel alignment of the original dipole moments, leading to an
almost zero dimer moment. This mode is then called dark mode due to the
fact that it cannot be excited with far-field radiation but only through near-
field excitation techniques. If higher order LSP resonances are present, the
dimer will present a complex spectrum with multiple resonances originating
from the coupling of modes of different order. Finally, if the excitation is
polarized perpendicular to the inter-particle axis, the coupling is minimal,
eventually characterized by a small blue-shift of the resonance position.
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2.3. Localized surface plasmons

Nanorods: Electric and Magnetic Resonances

Nanorods are elongated plasmonic nanoparticles characterized by a longitu-
dinal and a transversal plasmonic resonance happening at long and short
wavelength respectively. When two nanorods aligned with their long axis
parallel two each other are excited with light polarized parallel to this same
axis, two resonances can occur, similarly to the dimer case. Interestingly, in
this case the low energy mode is characterized by the the anti-phase coupling
of the dipole moments. As shown in Figure 2.7.b, the opposite currents ex-
cited in the two nanorods, together with the displacement currents at the
extremities of the system, give rise to a current circulation and therefore to
the formation of a magnetic field. Such resonance is thus called magnetic
resonance. On the other hand, the high energy mode is characterized by the
parallel alignment of the dipole moments and is called electric resonance.

Particle over a Film

When a metallic nanoparticle is brought close to a metallic surface two types
of interactions can occur. On the one hand the nanoparticle can interact
with its own image. This coupling has characteristics similar to the dimer
case with the restriction that the image charge is always the mirror of the
particle charge. On the other hand, it can couple with the propagating
surface plasmons supported by the continuous metallic interfaces. The effect
of such coupling is more complex leading to either a blue-shift or a red-shift of
the modes depending on the relative energies of the SPP and LSP resonances
as well as the particle-surface distances. For example, for an infinitely thick
film of the same metal of the nanoparticle, a strong red-shift of the system
resonances can be observed upon reduction of the film-particle distance.
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Chapter 3

Facile Multifunctional
Plasmonic Sunlight Harvesting
with Tapered Triangle
Nanopatterning of Thin Films

Part of this chapter has been published in Nanoscale, 2013, 5(20), pp. 9957−
62.

3.1 Abstract

Plasmonic absorbers have recently become important for a broad spectrum
of sunlight-harvesting applications exploiting either heat generation, such as
in thermal photovoltaics and solar thermoelectric, or hot-electron generation,
such as in photochemical and solid state devices. So far, despite impressive
progress, combining the needed high performance with fabrication simplic-
ity and scalability remains a serious challenge. Here, we report on a novel
solar absorber concept, where we demonstrate and exploit simultaneously
a host of absorption phenomena in tapered triangle arrays integrated in a
metal-insulator-metal configuration to achieve ultrabroadband (88% average
absorption in the range 380−980 nm), wide-angle and polarization-insensitive
absorption. Furthermore, this absorber is subwavelength in thickness (260
nm) and its fabrication is based on a facile, low-cost and potentially scalable
method. In addition, the geometry of our design makes it compatible for
both heat and hot electron generation.
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3. Facile Multifunctional Plasmonic Sunlight Harvesting ...

3.2 Introduction

During the past few years, plasmonic structures have been increasingly em-
ployed in various solar light harvesting applications, e.g. as light management
structures in solar cells [13, 14], nano-scale heat sources in thermal photo-
voltaic or thermoelectric systems [15, 16], and hot-electrons generators for
photochemical reactions [17, 18], or solid-state devices [19, 20]. The main
promise of plasmonics is the unique capability to fulfill demanding require-
ments of such devices which need to be broadband as well as insensitive to
light polarization and angle of incidence, and for several novel applications,
sub-wavelength in thickness [21]. In addition, a facile [10] and controllable
nanofabrication technique is required on the way to realistic applications.
Unlike polymer-metal nano-composites [22, 23, 24], which can fulfill some
of these requirements, well-defined nanopatterns usually provide access to
hot-spots where energy is strongly concentrated and subsequently exploited
[19, 17, 20]. Aydin et al. [25] first introduced a plasmonic broadband ab-
sorber taking advantage of multiple resonances in a metal-insulator-metal
(MIM) stack with a top silver film consisting of crossed trapezoidal arrays
and achieved 71% average absorption within the visible spectrum (400-700
nm).

While different geometries showed further improvements [26] their small
scale structuring is attained with difficult and improbable to upscale fabrica-
tion methods. A different theoretical approach based on conformal transfor-
mations has exploited non-resonant nano-focusing at the end of sharp tips or
grooves to achieve plasmonic nanostructures with very large absorption cross-
sections over a broad spectral range [27, 28, 29]. Following a similar principle,
Sondergaard et al. [30, 31], realized a broadband absorber consisting of an
array of ultra-sharp convex grooves. Despite impressive results (≥ 87% ab-
sorption over 450-850 nm) their design requires extremely narrow features,
which are achieved by a cumbersome combination of electron-beam lithog-
raphy and focused ion-beam milling (also practically impossible to upscale).
Moreover, the structure is not subwavelength and the focusing hot-spots are
deeply buried into the structure, therefore inaccessible for several light har-
vesting applications. In this chapter, we address these issues by a concept,
which exploits various plasmonic absorption phenomena in an array of ta-
pered triangles within an MIM structure. While achieving a near-ideal solar
absorber, we are able to fabricate the device with a potentially low-cost and
easily accessible method, a must if plasmonic solar harvesting is to become
a reality outside the research laboratory.
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3.3 Methods

3.3.1 Sample Fabrication

The MIM structure is composed of three layers (see Figure 3.2.a). A 100
nm gold back-reflector and a 60 nm SiO2 layer were coated successively on
a clean glass coverslip (18 × 18 mm) using electron-beam evaporation and
plasma-enhanced chemical vapor deposition, respectively. The thickness of
the dielectric spacer and optical properties of SiO2 and gold layers were al-
ways measured using ellipsometry. After cleaning with a 6 : 1 : 1 solution
of H2O : NH4OH : H2O2 in ultrasonic bath for 10min, the samples were
stored for 24h in ethanol to ensure full hydrophilicity of the glass surface. A
front hexagonal gold pattern was fabricated using nano-sphere lithography
(NSL) [32, 33, 34, 35] and reactive ion etching (RIE). First, a closely packed
monolayer of polystyrene beads (Sigma Aldrich, diameter 300 nm) is created
using dip-coating. The core of the dip-coating set-up is the linear micro
stage (M-112.1DG, PI-Physik Instrumente) controlled by a DC servo motor
(C-863.11, PI-Physik Instrumente). These two components ensure a smooth
movement even at very low speeds, preventing disturbances of the meniscus
motion due to uneven displacements. The dip-coating set-up is placed inside
a closed plexiglass chamber which is equipped with humidity and tempera-
ture sensors. The humidity can be actively controlled and set to a desired
value: a flow of dry nitrogen is passed through a glass bottle containing an
ultrasonic vaporizer which can produce variable amounts of fine water fog.
The sample is quickly immersed into a diluted bead solution (1% wt, 10−3M
SDS) contained in a square home-made glass well and then withdrawn with
controlled velocity (2.5 µm/s). The humidity is kept constant at 50%. Then,
reactive ion etching is used to reduce the bead size (100 sccm Ar, 10 sccm
O2, 50 W, 100 µbar). The bead size is controlled by adjusting the etching
time. The final pattern is created by evaporating 100 nm of gold (after 2 nm
Cr adhesion layer) through the bead mask and by successively removing the
beads by low power ultrasonication.

3.3.2 Optical Measurements

Experimentally, we measured the absorption properties of the fabricated ab-
sorber. Absorption measurements are performed using a home-built inverted
microscope equipped with an air objective (numerical aperture, NA, 0.75)
for exciting the sample and collecting the reflected and scattered light and
a spectrometer (Princeton Instruments) (Figure 3.1.right). White light is
generated by a Xenon lamp and is brought to the set-up with an optical
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Figure 3.1: Optical Set-up. Schematic representation of the optical set-up. Left - Detail of the
illumination path. Right - Top view of the entire set-up. The yellow lines represent the incident and
reflected light while the red lines represent the light scattered by the sample.

fiber (105 µm core size) in order to improve its spatial coherence. Plane
wave excitations with different angles of incidence (up to 48◦, NA 0.75) are
achieved by focusing the light beam at different positions on the back focal
plane of the objective (Figure 3.1.left). The relation A = (I − R)/I was
used to calculate the absorption spectrum, where A,I and R are the ab-
sorption, incident (excitation)and reflected spectra, respectively. The light
transmitted through the absorber was negligible. I was measured using the
reflected spectrum from a broadband silver mirror. This ensures accounting
for excitation spectral non-uniformities and losses along the detection path.
Furthermore, dark counts of the spectrometer and background spectra were
subtracted from all the measured spectra.

3.3.3 Numerical Model

Primary estimation of optimal dimensions was achieved by performing a
large series of full-wave simulations with Lumerical, a commercially available
finite-difference time-domain (FDTD) software package, which is very effi-
cient for broadband simulations. However, due to the staircasing errors of
FDTD at sharp edges, all of the final simulations presented in this chapter
were performed using COMSOL Multiphysics package (RF module), which is
based on the finite element method (FEM). By using symmetry and periodic
(for normal excitation) boundary conditions the computational domain was
reduced to one-fourth of a unit-cell. To model gold in the simulations, we
used the optical properties tabulated in Paliks Handbook [36] which agree
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Figure 3.2: Geometry of the proposed absorber. (a) Schematic representation of the MIM absorber
consisting of a gold back reflector, SiO2 dielectric spacer, and patterned gold front layer with thicknesses
hAuBR, hSiO2, and hAuFP , respectively. (b) Definition of the in-plane geometrical parameters of the
front gold pattern: Rbead is the radius of the spherical beads used in the NSL, and R is defined as the
radius of curvature of the pattern. ∆R represents the difference between R and Rbead and can be adjusted
in the fabrication. 2Θ and 2d are the tip tapering angle and the distance between two neighboring tips,
respectively. (c) Left: top-view scanning electron micrograph of a fabricated structure. Scale bar is 200
nm. Right: magnified top views of single tapered triangles. Scale bars are 50 nm.

well with our ellipsometry measurements (see Sample Fabrication).

3.4 Results and Discussion

The schematic representation of the absorber is given in Figure 3.2.a,b where
all the relevant geometrical parameters are introduced. In particular, the
schematic top-view of the front pattern is shown in Figure 3.2.b. R is defined
as the radius of curvature of the pattern, and Rbead is the radius of the spheres
(beads) which are used in the NSL and constitute a closely-packed hexagonal
array. ∆R is defined as the difference between R and Rbead. For ∆R > 0, the
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front pattern consists of an array of disconnected gold triangles with curved
sides. The neighbouring tapered triangles touch each other at a single point
when ∆R = 0. Due to overshadowing [35], experimentally ∆R > 0 can be
obtained and fine-adjusted by varying the etching time of the RIE process
mentioned above. By doing this we can vary the size of the triangles and the
tapering of their tips (2Θ, see Figure 3.2.b). A top view scanning electron
micrograph of a created structure is shown in Figure 3.2.c.

The performance of the proposed absorber is illustrated in Figure 3.3.b-j
where the measured and calculated absorption spectra are plotted for dif-
ferent values of ∆R (see Methods). The other geometrical parameters are
fixed at Rbead = 150 nm, hSiO2 = 60 nm (see Figure 3.3.a), and the thickness
of the back reflector and the gold triangles are both equal to 100 nm. The
overall structure is only 260 nm thick.

Both simulation and experimental data suggest that decreasing ∆R (equiv-
alently decreasing 2Θ) increases the absorption bandwidth while maintaining
a reasonably large absorption within the bandwidth. The best experimental
result in terms of broadness is obtained at ∆R ≈ 2 nm (see Figure 3.3.j), for
which the neighbouring tapered triangles tips are at the closest distance but
still separated. Here, absorption stays above 85% within the spectral range
380 − 850 nm and slowly drops to 70% at 980 nm. We reach an average
absorption slightly larger than 88% within the spectral range 380− 980 nm.
The numerical results in Figure 3.3.b show a rapid increase in the absorption
bandwidth as ∆R approaches zero (equivalently, the distance between the
tips of neighbouring triangles as well as Θ decrease). As explained in the
Method section, ∆R can be controlled with nanometer resolution by using a
slow enough etching process. While the fabrication relies on a facile method,
the results show the potential of the proposed concept to easily adjust the
absorption bandwidth and achieve a near-ideal absorber. Angular insensi-
tivity is one of the important properties of an ideal absorber. The measured
absorption spectra for the best experimental case (Figure 3.3.j) for incidence
angles from 0 to 45◦ are summarized in Figure 3.3.k. The results show that a
broad absorption spectrum is preserved even at large angles of incidence [37].
Finally, our design concept is inherently polarization insensitive at normal
incidence. This is due to the geometrical planar symmetries that it contains.
In addition, the measurements, which are performed with unpolarized light
and the simulations confirm a similar insensitivity for angles away from the
normal.

The broadband absorption behaviour of our design is the collective result
of a number of plasmonic absorption events. These events occur at different
locations of the spectrum and, after proper choice of the geometrical dimen-
sions, piece together a continuous absorption band. To assess the impact of
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the dielectric spacer thickness, in Figure 3.4.a we show the calculated ab-
sorption spectra for different values of hSiO2. All of the other geometrical
parameters are kept constant (Rbead = 150 nm, hAuFP = 100 nm, ∆R = 2
nm, see Figure 3.3.a). The horizontal dashed line shows the situation that
we have in the experiment, hSiO2 = 60 nm (Figure 3.3.j), which leads to very
high absorption over the entire absorption spectrum. Moving away from
this optimal thickness leads to the appearance of spectral bands with high
reflection in the visible range. To understand the origin of the broadband
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Figure 3.3: Measured and calculated absorption spectra of the absorbers. (a) Schematic
representation of a unit cell of the absorber. In all studied cases Rbead and hSiO2 are kept constant while
∆R is varied. (b) Simulated absorption plotted as a function of wavelength λ and ∆R. The absorption
bandwidth is very large for small positive ∆Rs. Simulations for ∆R between 0 nm and 1 nm turned out to
be very challenging and beyond our capabilities (gray area). (c-j) Calculated (left column) and measured
(right column) absorption spectra for different values of ∆R; from top to bottom: ∆R = 6 nm (c,d), 4
nm (e,f), 3 nm (g,h), 2 and 1 nm (i,j). The spectral response for the case of small ∆R becomes very
sensitive to slight changes in this value. Therefore, the ultra-broadband absorption behavior observed in
(j) can be viewed as the result of a superposition of different cases with slightly different ∆R values, two
typical values of which are calculated in (i): solid (∆R = 2 nm) and dashed (∆R = 1 nm) lines. The
SEM pictures on the right show unit cells of the fabricated structure for each case. Scale bar is 200 nm.
(k) Left: schematic drawing of the absorber with light incident at an angle φ. Right: experimentally
measured absorption plotted as a function of wavelength λ and angle of incidence φ. The objective used
for excitation (NA = 0.75) allowed excitation angles up to φ = 48◦.
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absorption, we studied the field distributions inside the dielectric layer on
two horizontal cross-sections, close to the top pattern and close to the back
reflector. Figure 3.4.d shows magnetic field enhancement profiles at four
absorption peaks indicated by P1P4 in Figure 3.4.a.

At P1 (λ = 470 nm) we note that the electromagnetic energy is concen-
trated close to the back-reflector. This indicates that the absorption at this
wavelength originates from the grating-mediated coupling of electromagnetic
field into the surface plasmon polariton (SPP) excited at the interface be-
tween SiO2 layer and gold back reflector [38]. Our analytical calculations
for the simplified three-layer (air-SiO2-gold) structure predicts the grating
coupled SPP (corresponding to the grating period = 2Rbead = 300 nm) at
λ = 498 nm (see Figure 3.5.a,b), which is close to the observed resonance.
This absorption resonance only slightly blue-shifts as the value of hSiO2 in-
creases. The absorption peak at P2 (λ = 590 nm) is substantially influenced
by hSiO2 and becomes weaker for SiO2 thicknesses away from 60 nm. This
peak red-shifts as hSiO2 increases and is a result of a dipole-dipole interaction
between the triangles and the gold back reflector [39]. The field profiles in
Figure 3.4.d (P2) verify the contribution of both triangles and back reflector
for this resonance. The absorption event at P3 is mainly originating from the
localized surface plasmon (LSP) resonance of the individual tapered triangles.
Our simulations of an isolated tapered triangle on a glass substrate reveal
a dominant absorption peak for λ close to 720 nm (see Figure 3.5.c) which
complies with the observed resonance at P3. The position of this absorption
peak is only slightly influenced by hSiO2 and the weak field enhancement on
the back reflector confirms the dominant contribution of the individual tri-
angles in the resonance (see Figure 3.4.d (P3)). Absorption at P4 originates
from the presence of the tips where energy is accumulated and dissipated.
This is evident from the strong field enhancement at the tips shown in Figure
3.4.d (P4). Further evidence for the above-mentioned attributes is given in
Figure 3.4.b where calculated absorption spectra are plotted as function of
Rbead. Here, by maintaining the ratio ∆R/Rbead constant, we are able to
keep the tip angle, 2Θ, constant and equal to 18.6◦. In fact, as illustrated
in Figure 3.2.b , the angle Θ is half of the opening angle of the tips of the
triangles. Employing the definition of similar triangles in Euclidian geome-
try, we define similar concave triangles having the same tip opening angle,
2Θ. It can be can easily observed that keeping the ratio ∆R/Rbead constant
leads to a constant Θ and therefore, similar curved triangles. On the other
hand, decreasing ∆R for a given Rbead, leads to smaller Θ values and there-
fore, sharper tips. Decreasing ∆R also yields smaller d values (closer tips).
Other geometrical values are hSiO2 = 60 nm, and hAuFP = 100 nm. The
two eye-guiding lines show the variation of the position of the resonances
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Figure 3.4: Absorption spectra vs. geometrical parameters and field profiles. (a) Simulated
absorption spectrum as a function of hSiO2 for Rbead = 150 nm, hAuBR = hAuFP = 100 nm. The
dashed line indicates the best case, which also corresponds to the experimentally realized absorber. The
arrows P1−P4 indicate the position of the main absorption peaks. (b) Simulated absorption spectrum
as a function of Rbead for hSiO2 = 60 nm, hAuBR = hAuFP = 100 nm. The eye-guiding dotted and
dotted-dashed lines show the change in the absorption peaks corresponding to P3 and P4, respectively.
(c) Contour plot showing total absorption of sunlight, Atot, as a function of geometrical parameters Rbead

and hSiO2. In order to compare similar tip geometries, ∆R/Rbead is kept constant and equal to 0.0133
(2Θ = 18.6◦). Absorption is calculated within the spectral range 350 − 1000 nm assuming the solar
irradiance for the standard AM1.5 (air mass) spectrum. (d) Normalized magnetic field (H) profiles at
two cross-sections within the SiO2 layer for the cases specified by P1−P4 in (a) (upper cross-section:
interface between the front Au pattern and the SiO2 layer; lower cross-section: interface between the
SiO2 layer and the gold back reflector) (e) Schematic representation of grating-coupled SPP excitation
for the multilayer air-glass-gold system. In the case of normal incidence the condition β = Kgrating has
to be satisfied. Black curve: SPP dispersion curve for the multilayer system illustrated in part (a). Blue
line: air light line. Green line: glass light line. Dash-dotted vertical line: β = Kgrating for the case of
Rbead = 150 nm. The frequency ω is the intersection of the black curve and the vertical line (red circle,
ω = 3.779e15 rad/s corresponding to λ = 498 nm). (f) Calculated absorption efficiency, Qabs, for an
isolated tapered triangle on glass, excited with two different polarizations. The tapered triangle has the
same dimensions as the triangles in an array with Rbead = 150 nm, ∆R = 2 nm and hAuFP = 100 nm.
Inset: 3D graphical representation of the simulated geometry.
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corresponding to P3 and P4 (see Figure 3.4.a). The resonance correspond-
ing to P3 (dotted line) red-shifts as Rbead increases. This is in agreement
with the expected red-shift of the LSP resonance of the triangles as their size
(or equivalently Rbead) increases [40]. On the other hand, the invariance of
2Θ ensures a practically unchanged spectral position of the absorption peak
corresponding to P4 (dashed-dotted line), although Rbead and 2d (see Figure
3.2.b) vary over a large range. As expected from previous studies [41], the
focusing of the electromagnetic energy at the end of tapered tips is sensitive
only to the tip opening angle. The spectral position of this absorption peak
determines the upper cut-off of the absorption band and as seen in Figure
3.3.b can be greatly increased by decreasing the tip angle, 2Θ.

To conclude our study, we briefly consider the effect of a negative ∆R,
that, as illustrated in Figure 3.5.a, implies a physical connection between
the neighboring triangles and therefore the disappearance of the tips. Sim-
ilarly to Figure 3.3.b, in Figure 3.5.b we show the absorption spectrum as
a function of the wavelength and ∆R ≤ 2 nm, being ∆R = 2 nm the best
result we could obtain experimentally. Also, in Figure 3.5.c-h we directly
compare the numerical and experimental results obtained at different values
of ∆R. We immediately observe that the absorption bandwidth abruptly
drops as soon as the tips of the gold tapered triangles merge (∆R < 0).
Indeed, more than 250 nm drop in bandwidth at longer wavelengths occurs
as ∆R is varied from 1 nm to −1 nm. This result is in agreement with
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Figure 3.5: Measured and calculated absorption spectra of the absorber upon connection.
(a) Schematic representation of the condition upon which connection is achieved. (b) Simulated absorption
plotted as a function of wavelength λ and ∆R for negative values of ∆R. The optimal absorber case is
reported for comparison. The drop in absorption bandwidth is clearly visible. (c-h) Calculated (left
column) and measured (right column) absorption spectra for different values of ∆R; from top to bottom:
∆R = 1 nm (c,d), reported for comparison, −1 nm (e,f), −50 nm (g,h). The SEM pictures on the right
show unit cells of the fabricated structure for each case. Scale bar is 200 nm.
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our previous observations considered that the sudden disappearance of the
triangular entities together with the suppression of the tips have a dramatic
effect on the absorption spectrum (an analogous behavior will be discussed in
detail in Chapter 4). Therefore we conclude that the optimal design requires
disconnected triangular elements as front pattern.

In order to assess the performance of our concept in absorbing the solar
spectrum, we calculate the total absorption as:

Atot =

∫ 1000nm

350nm
A(λ)I(λ)dλ∫ 1000nm

350nm
I(λ)dλ

(3.1)

where A(λ) and I(λ) are the absorption of the structure and the solar
irradiance for the standard AM1.5 (air mass) spectrum, respectively. In
calculating the above absorption we consider the spectral range of 350−1000
nm, for which we performed measurements and simulations. The discarded
part contains around 25% of the total solar energy. The contour plot in Figure
3.4.c shows the simulated total absorption as a function of thickness of the
SiO2 layer, hSiO2, and the size of the beads used for NSL, Rbead. In these
simulations we used a constant value for ∆R/Rbead = 0.0133, corresponding
to ∆R = 2 nm at Rbead = 150 nm), to ensure a constant angle at the tips
of the triangles, 2Θ. Based on the above-mentioned studies, this assumption
ensures almost the same upper cut-off wavelength of the absorption band for
all the cases. The optimal geometry with Rbead = 200 nm and hSiO2 = 45
nm leads to a total absorption of 84%. As explained before (see Figure
3.3.b), smaller values for ∆R can lead to substantially broader absorption
spectrum and therefore increase the total absorption. Furthermore, Figure
3.4.c shows that the total absorption around the optimum is quite insensitive
to hSiO2 and Rbead, making the performance of such a device highly tolerant
to fabrication imperfections.

3.5 Conclusions

In conclusion, exploiting a combination of different plasmonic absorption
phenomena in an array of tapered triangles integrated in an MIM configura-
tion, we introduced a novel ultra-broadband plasmonic absorber with average
absorption 88% within the spectral range 380−980 nm. In addition, this ab-
sorber is insensitive to both light polarization and angle of incidence. While
aspects of light absorption by arrays of tapered triangles have been studied
before, our results contain significant novelty based on exploiting simultane-
ously four distinct absorption phenomena (each of different nature) two of
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which are accessible only through the MIM configuration. Properly selecting
a host of geometrical dimensions, we managed to harvest the collective ben-
efit of these absorption events and pieced together a continuous absorption
band. Our simulations show that one could go even beyond these high values,
in terms of broadness and total absorption, by fine-tuning of the geometrical
parameters, specifically the tip regions of the tapered triangles in the pattern.
Importantly, in contrast to previous successful designs, the fabrication of our
concept is based on NSL which is a low-cost and easily accessible method.
[32, 34]. Although monocrystallinity is not a stringent requirement in our de-
sign, achieving large defect-free crystals with NSL remains a challenge. This
bottleneck has been addressed in recent studies [42, 43] and significant im-
provements are foreseen. To this end, and based on the nano-scale thickness
(260 nm) of our design, we envision the up-scaling of the absorber on flex-
ible substrates even in a roll-to-roll manner. Being ultra-thin, the absorber
can efficiently and rapidly elevate the temperature within a nano-scale layer,
which can be exploited in various applications such as micro-fluidics [44],
solar thermoelectrics [21, 45, 16], and high temperature chemical reactions
[46]. In addition, efficiently absorbing the extremely broad solar light and
concentrating it at the very end of the tips, renders the present concept an in-
teresting candidate for enhancing solar-based photochemistry and improving
the efficiency of solid-state devices [19, 17, 20, 18].
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Chapter 4

Proximal Gap Plasmon
Nanoresonators in the Limit of
Vanishing Inter-Cavity
Separation

Part of this chapter has been accepted for publication in Nanoscale

4.1 Abstract

Nanostructured metal-insulator-metal (MIM) metasurfaces supporting gap-
plasmons (GPs) show great promise due to their ability to manipulate or
concentrate light at the nanoscale, which is of importance to a broad palette
of technologies. The interaction between individual, proximal GP nanores-
onators, reaching the point of first electrical connection, can have unexpected,
important consequences and remains unexplored. Here we study the optical
properties of a GP-metasurface in the limit of diminishing spacing between
GP nanocavities and show that it maintains its nanoresonator array char-
acter, with negligible GP interaction, even at extremely close proximity be-
tween cavities. Then, at the point where inter-cavity electrical connection
is first established, the surface abruptly transforms into a patterned metal-
insulator-metal waveguide. We report detailed experimental evidence and
explain the underlying physics through computational modeling, based on
the properties and inherent symmetries of the electromagnetic field of the
investigated metasurface. The novel phenomenon explored here can have a
host of potential applications in the field of active plasmonic metamaterials,
plasmonic photocatalysis and ultra-sensitive sensors.
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4.2 Introduction

Metasurfaces based on film-coupled nanoantennas supporting gap-plasmons
have been proposed in recent years for an increasing number of applica-
tions ranging from perfect [47, 37] and broadband [48] absorbers to negative
refractive index materials [49, 50], various optical components (e.g. beam
splitters [51]) and ultra-sensitive biosensors [52]. Indeed, slow gap-plasmons
(GPs) in truncated metal-insulator-metal (MIM) structures exhibit a desir-
able combination of several properties including deeply subwavelength mode
volume [47, 53], direct far-field excitation with planar waves, insensitivity to
excitation polarization and angle of incidence [9, 10], and ease of resonance
tunability [49]. Furthermore, such metasurfaces require only a patterned
front metal layer with no regular periodicity and can be easily fabricated
with standard lithographic methods and even colloidal techniques [10].

The fundamental role of near-field interaction and establishment of a con-
ductive contact between electrically isolated elementary plasmonic structures
(e.g. spheres, disks) has been widely studied both experimentally and theo-
retically [54, 55, 56, 57, 58]. These studies showed significant spectral shifts
due to near-field coupling as well as pronounced changes in the optical prop-
erties of the connected system depending on the electrical properties of the
junction (both conductivity and conductance). Furthermore, a recent study
on the transition from a non-concentric ring to a nano-crescent pattern, re-
ported significant effects of charge accumulation and symmetry breaking on
the corresponding optical properties [59]. Arrays of gap plasmon nanocavities
consist of a continuous back metal reflector separated from a discrete front
metallic layer by a thin dielectric. While the back metal layer constitutes
a channel for free propagation of charges, the front discrete structures are
electrically insulated and must satisfy charge neutrality. The in-plane termi-
nations of the patterned front metal layer are responsible for the gap-plasmon
mode reflection and the formation of a strongly confined standing wave in
the ensuing nanocavity [9]. Establishing conductive connections between the
front discrete patterns would then allow the waves to travel to neighboring
nanocavities, dramatically changing the properties of the overall system, yet
it remains largely unexplored.

In this chapter, we experimentally and numerically study the interaction
between GP nanocavities in a two-dimensional array and demonstrate the
dramatic impact of a possible realization of electrical contact between the
elements of the front pattern. The choice of geometry and its fabrication
facility allows us to progressively reduce the inter-cavity distance and finally
establish electrical connections, which are as narrow as 15 nm in terms of the
physical dimension of the contact between the nanocavities. These electrical

32



4.3. Methods

connections transform suddenly the array of truncated nanocavities to an
infinite MIM waveguide network. We show that while the communication
between the discrete cavities before contact is negligible even at very close
proximity, reaching the point of electrical connection leads to strong interac-
tions between them and consequently to an abrupt change in the absorption
spectrum of the metasurface. Furthermore, we identify the origin of such
a drastic shift of optical properties in the different boundary conditions the
excited gap plasmons experience in the disconnected and connected states,
respectively.

4.3 Methods

4.3.1 Sample Fabrication

The studied multilayer structure is composed of a silver back reflector, a
SiO2 spacer layer with thickness and a front hexagonal array of tapered gold
triangles, Figure 4.2.a, which are fabricated using a combination of standard
nanosphere lithography (NSL) and etching techniques [32, 33] (Figure 4.1.a).

On a clean glass slide (18 × 18 mm) we deposited 5 nm Ti (adhesion
layer), 100 nm Ag and 7−13 nm of SiO2 using e-beam evaporation. We then
dip-coated the sample in an aqueous solution of 300 nm polystyrene beads
(1% wt bead concentration, 10−3 M SDS surfactant) forming a monolayer
(process parameters: 50% humidity, 1.1µm/s withdrawal speed). Next, we
used reactive ion etching (100 sccm Ar, 10 sccm O2, 50 W, 100 µbar) to
reduce the size of the beads (from 35 s up to 100 s), which then act as a
mask for the final gold e-beam evaporation (100 nm) (Figure 4.1.a). No
adhesion layer was used in this case to avoid perturbing the system, which is
very sensitive to the spacer layer thickness. Finally the beads were removed
with a gentle water jet. The resulting front pattern depends on the etching
time and, as illustrated in Figure 4.1.b, we can create either an array of
disconnected triangles with variable size (etching time up to 68 s, Figure
4.1.b,top) or a continuous patterned metal layer (etching time longer than
≈ 100 s, Figure 4.1.b,bottom). For intermediate etching times fabrication
imperfections lead to a only partially connected structure.

The periodicity of the array, Dp = 300 nm (Figure 4.2.a), was chosen
in order to obtain the main spectral features of the structure in the visible
regime. The large thickness of the two metallic layers help avoid excitation
of coupled plasmon modes other than the studied gap plasmon mode.
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Figure 4.1: Fabrication Procedure and Definition of the Numerical Geometry (a) Steps of the
multilayer structure fabrication: silver and glass deposition (left), polystyrene sphere monolayer formation
and reactive ion etching (middle), gold deposition (right). (b) Effect of the etching time on the resulting
structure. (c) Determination of the radius of curvature of the triangles Rc, the mean inter-tip distance
dTip and the electrical connection width wel.c. from SEM micrographs (scalebar 100 nm). Micrographs
also show that the structure has tilted side walls. (d) Same procedure for the connected front pattern
(scalebar 100 nm)

4.3.2 Optical Measurements

The optical measurements were performed with the same experimental set-up
and methodology described in Section 3.3.2.

4.3.3 Numerical Modeling

Geometry Definition

As illustrated in Figure 4.1.c,d we used SEM micrographs to extract approx-
imate geometric parameters and we then defined a simplified geometry that
we used to study the evolution of the optical properties between disconnected
and connected nanocavities.

In the disconnected nanocavity array we estimated the mean inter-tip
distance (dT ip), the curvature of the triangle sides (Rc) and the width of the
established electrical connection wel.c. (Figure 4.1.c, 4.2.a). Experimentally,
the largest nanocavities we fabricated before connection (etching time of
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68 s, Figure 4.1.b,top) had 2 · Rc between 280 nm and 290 nm and mean
dT ip approximately between 20 nm and 25 nm. From tilted SEM images we
also observed that our front structure has tapered sides and thus a smaller
top that bottom surface. As will be explained later, tilted walls have to
be considered and we numerically verified that the GP nanocavity behavior
is negligibly influenced by the upper triangle surface. We then defined a
standard front surface (Rc,top = 155 nm), which was left unchanged for all
cases.

In the connected array case (Figure 4.1.d) we assumed an ideal flat bridge
filling the gap between the original nanocavities. The width of the obtained
electrical connection is equal to the difference between the array periodicity
(Dp = 300 nm) and the diameter of curvature of the structure (2 · Rc).
Experimentally (etching time of 100 s, Figure 4.1.b,bottom), we obtained
connection widths between 15 nm and 25 nm. We also verified numerically
that the optical properties of the structure have limited sensitivity to the
width of the connection in the range obtained experimentally.

For the simulations reported in Figure 4.2.c,d we then simplified the ge-
ometry fixing 2 · Rc = 285 nm and varying only the inter-tip distance from
24 nm (approximately the minimal experimental value) to touching and con-
nection.

Array and Isolated Structure Simulations

All the simulations were performed using the COMSOL Multiphysics package
(RF module), which is based on the finite element method (FEM). In all
simulations we assumed planar normal illumination. The dielectric properties
of the metals were taken from the literature [36, 60] while the refractive index
of glass was measured with ellipsometry to be 1.45.

For the array of GP nanocavities we used symmetry boundary conditions
to reduce the computational domain to one-fourth of a unit-cell. We used a
port boundary condition to excite the system with normal illumination and
we solved for the total fields.

For the isolated GP nanocavity we defined a large enough domain (≈ (3 ·
Dp)×(3.5·Dp)) that we than halved using the symmetry plane perpendicular
to one of the triangle base heights. We used a port boundary condition
to excite the system with normal illumination and we first solved for the
background field (excluding the front nanostructure). In a second step we
re-activated the front nanostructure and computed the scattered as well as
total fields. In this second computation perfectly matched layers (PMLs)
surrounded the computational domain (apart from the symmetry plane).
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4.4 Results and Discussion

In order to study the gradual transition from isolated GP nanocavities to an
infinite MIM waveguide, we consider a regular array of such cavities, where
minute electrical connections can be achieved simultaneously over the entire
array with minimal changes in the size and shape of the original nanocavities.
Moreover, an ultrathin dielectric spacer is necessary in order to maximize
the GP confinement effect [47, 10] and avoid mode delocalization [9] even for
small nanocavity separation.

Figure 4.2.a illustrates the chosen structure which satisfies all the above-
mentioned criteria (see Section 4.3.1). The inter-cavity distance dT ip, can be
experimentally adjusted with the etching time and, for a constant periodicity
Dp, it relates directly to the cavity size. When dT ip is larger than zero the
nanocavities are considered to be electrically disconnected and when it is
equal to zero the tips of the triangles in the top gold structure come into
contact and electrical connection between the neighboring nanocavities is
just established (see Section 4.3.3). In this chapter we refer to the former
case as disconnected structure and to the latter case as connected structure.

The measured absorption spectra for connected and disconnected GPs
excited with normal incidence are shown in Figure 4.2.b. Here, dT ip is around
20−25 nm for the disconnected GPs and the established electrical connection
has a width of approximately 15− 20 nm (see insets). A drastic blue-shift in
the absorption peak is observed: while the array of disconnected nanocavities
has an absorption peak at wavelength λ1 = 890 nm, the connected GPs
spectrum shows a narrower absorption peak at λ2 = 660 nm.

To investigate further this finding theoretically, we performed computa-
tional simulations (see Section 4.3.3). The two curves in Figure 4.2.d are
the results of the simulations corresponding to the experimental cases (blue
curve, dT ip = 24 nm; red curve, dT ip = 0 nm and 15 nm wide electrical
connection) and show that the numerical model predicts the spectral posi-
tion of the measured absorption peaks. Lower measured absorption peaks
and their broadening as compared to simulations are attributed to inherent
fabrication imperfections, such as slight non-uniformity of the structures and
surface roughness.

We also simulated structures with smaller values of dT ip. Figure 4.2.c
shows the calculated absorption spectra for inter-cavity distances ranging
from the experimental value (≈ 24 nm) until connection. For dT ip values
greater than zero (disconnected cavities) the low energy resonance (indicated
with 1 in Figure 4.2.c) continuously red-shifts as dT ip decreases. However,
upon finite electrical connection (dT ip = 0 nm, connection width 15 nm) the
low energy absorption peak is suppressed and a higher energy peak emerges
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(denoted by 2 in Figure 4.2.c). In the disconnected nanocavity case, a higher
energy peak is denoted by 3 and will be discussed later.

Numerically, we verified (Figure 4.3) that the same abrupt transition
between disconnected and connected nanocavities takes place even for ex-
tremely narrow electrical connections with width of 2 nm, which is approach-
ing the limit of a point-like contact. Simulations of smaller widths have little
physical significance due to the onset of complex non-local material responses,
requiring dedicated numerical modeling [61]. The origin of the high energy
absorption peak of the disconnected case, which is very pronounced in this
case, will be explained later.
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Figure 4.2: Geometric Parameters and Optical Properties of the Metasurfaces before and
after Electrical Connection. (a) Geometry description. In the studied case we used hSiO2 = 13
nm, hAg = 100 nm, hAu = 100 nm and Dp = 300 nm. Inset (i) GP mode reflection at the nanocavity
terminations in the disconnected case. Inset (ii) GP mode propagation in the connected case. (b) Experi-
mental absorption spectra of the disconnected (blue curve, dTip = 20− 25 nm) and connected (red curve,
electrical connection width of 15 − 20 nm) gap plasmon nanocavities. Insets show SEM micrographs of
the experimental structures (scale bars 100 nm). (c) Calculated absorption spectra of the array of gap
plasmon nanocavities upon reduction of the tip-to-tip distance between the cavities (enlargement of the
cavity). The two extremes of the graph correspond to the experimental cases, with dTip = 24 nm for the
disconnected geometry, and 15 nm wide electric connection in the final configuration (see Figure 4.1 for
details). The schematics on the left give a qualitative representation of the spatial modifications of the
system. The peaks indicated with 1 and 2 are the studied modes of the disconnected and connected cases
respectively. A higher energy peak is indicated with 3 and is discussed in Supplementary Information S6.
(d) Calculated absorption spectra corresponding to the experimental case in b (dTip = 24 nm, blue curve,
and 15 nm wide electrical connection, red curve).
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Figure 4.3: Absorption spectrum evolution from discrete to connected nanocavities with
ultra-narrow, point-like connections. (Dp − 2 ·Rc = 2 nm).

Before studying the physics underlying the observed abrupt change, we
investigate further the behavior of the array of electrically disconnected
nanocavities. In this case, each nanocavity formed between a front trian-
gle and the back-reflector supports a gap plasmon mode which is the result
of two counter-propagating MIM waveguide modes continuously reflected at
the extremities of the cavities, i.e. the tips of the triangles (Figure 4.2.a(i)).
The disconnected GP modes are then determined by simultaneously satis-
fying the odd MIM dispersion relation, β(ω, hdiel) [4] and the Fabry-Perot
interferometer condition [9], Lcav · β = mπ− φ (see Figure 4.4.c), where Lcav
is the cavity size, β is the propagation wavevector of the mode, m the mode
order and φ the phase acquired upon reflection at the cavity terminations
(Figure 4.2.a(i)).

The waveguide nature of the GP mode, represented by the first condition,
makes the mode sensitive to the dielectric spacer thickness with the resonance
peak red-shifting upon reduction of hSiO2 (Figure 4.4.a-c)[4]. This trend
allows for extreme light confinement by coupling far-field plane waves to
cavities with thicknesses which are 2 − 3 orders of magnitude smaller than
the light wavelength [47]. In our case we achieve a resonance wavelength to
thickness ratio of 127 (Figure 4.4.a, resonance wavelength 890 nm, hSiO2 = 7
nm).

For a given hSiO2, as dT ip is reduced, the effective length of the nanocav-
ities (Lcav) increases and, due to the Fabry-Perot interferometer condition,
the resonance peak is red-shifted [49, 9], as observed in Figure 4.2.c. In
order to quantify the effect of cavity size on the spectral position of the res-
onance upon variation of dT ip, we perform an approximate calculation which
makes direct use of the Fabry-Perot condition. From the graph in Figure
4.2.c we can extract the resonance wavelength, λres, for each value of dT ip.
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As explained previously, knowing the resonance wavelength and the disper-
sion curve (see Figure 4.4.c), we can calculate the wavevector βres of the
excited gap-plasmon mode, that is βres = β(hSiO2 = 13nm, λres). Further,
we calculate an effective cavity size, Lcav, at resonance, by assuming perfect
reflection, φ = 0, a first-order mode, m = 1, and using the Fabry-Perot con-
dition: Lcav · β = mπ − φ, thus obtaining the relation Lcav = π

βres
. The

calculated values are reported in the table 4.1.

dT ip λres βres Lcav
4 nm 1040 nm 1.976 · 107 159 nm
8 nm 990 nm 2.092 · 107 150 nm
12 nm 960 nm 2.168 · 107 145 nm
16 nm 930 nm 2.25 · 107 140 nm
20 nm 900 nm 2.339 · 107 134 nm
24 nm 890 nm 2.371 · 107 133 nm
46 nm 800 nm 2.716 · 107 116 nm

Table 4.1: Calculated values of the effective cavity size, Lcav , for the disconnected nanocavities with
different dTip values

The results of table 4.1 are visualized in Figure 4.4.g. Indeed, we overlay
on top of the magnetic field profiles at resonance (see also Figure 4.2.c) a
circle whose diameter is given by Deq = Lcav. We clearly see that, as the
physical size of the cavity shrinks, the effective cavity size predicted by the
Fabry-Perot model also shrinks. Moreover, we observe that the calculated
Lcav almost precisely predicts the extent of the cavity mode for all the cases.
In particular, the two right most field profiles (dT ip = 24 nm and 46 nm)
correspond to the resonances of the simulated spectra in Figure 4.4.e which
very well agree with the experimental results reported in Figure 4.4.d. In
particular, in Figure 4.4.d,e a red-shift of around 80 nm is observed both in
theory and experiment as dT ip varies from 46 nm to 24 nm.

In order to assess the interaction between individual GPs, we compare
the simulated absorption spectrum of a single GP nanocavity including only
one triangle with that of the compact hexagonal arrangement. The normal-
ized absorption spectra of the single GP (dotted curves) are overlaid on top
of the absorption spectra of the arrays (solid curves) in Figure 4.4.e. For
both cases of dTip = 24 nm and 46 nm, the single cavities and the cavity
arrays have very similar spectral position of the absorption peaks. Since this
resonance peak wavelength is solely determined by the two above-mentioned
criteria, MIM dispersion relation [4] and Fabry-Perot resonance condition
[9], both single cavity and cavity array GPs experience the same boundary
conditions at resonance. In other words, the nanocavities do not interact
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Figure 4.4: Fundamental Gap Plasmon Resonance of the Disconnected Nanocavity Array.
(a) Experimental and (b) simulated absorption spectra of arrays of disconnected cavities with different
dielectric spacer thicknesses (green curve hSiO2 = 13 nm, pink curve hSiO2 = 7 nm). (c) Calculated
dispersion curves of a MIM waveguide (top schematics) for two SiO2 thicknesses (green curve hSiO2 = 13
nm, pink curve hSiO2 = 7 nm). The dashed-dotted line represents a possible value of the wavevector
given by the Fabry-Perot condition in a truncated MIM waveguide (bottom schematics). The red-dots
indicate the frequencies which satisfy both the waveguide and Fabry-Perot conditions in the different
truncated systems and therefore correspond to the resonance frequencies. (d) Experimental and (e)
simulated absorption spectra of disconnected cavities with different inter-cavity distance, dTip (green
curve dTip = 46 nm, blue curve dTip = 24 nm) corresponding to different cavity sizes, Lcav . Dashed
curves represent the normalized spectrum of an isolated triangle with the same dimensions as the triangles
in the array considered. Insets show SEM micrographs of the measured structures (scalebars 100 nm).
(f) Absorption efficiency of the array (blue curve) with hSiO2 = 13 nm and dTip = 24 nm and the
corresponding single nanocavity (dashed gray curve). (g) From left to right: magnetic field profiles at
resonance and circles indicating the effective cavity sizes for the structures with dTip equal to 4 nm, 8 nm,
12 nm, 16 nm, 24 nm and 46 nm and therefore, correspondingly reducing physical cavity size.
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even at tip-to-tip distances as close as 24 nm. However, in the closely packed
arrays, overlapping absorption cross-sections lead to absorption broadening
as compared to single GP nanocavities. In Figure 4.4.f we see that in the
array configuration each triangle can have a maximal absorption cross sec-
tion approximately 5.2 times larger than its physical cross section and this
limitation comes directly from the geometry of the array. In the isolated
configuration, at resonance, the absorption cross section is instead close to
16 times larger than the physical cross section of the triangle. Indeed, the
difference in absorption bandwidth is less pronounced for smaller cavities
(Figure 4.4.d, green curves) than for larger nanocavities (Figure 4.4.d, blue
curves) as their individual absorption cross-sections are smaller and therefore
have a lower degree of overlap in the array configuration.

Negligible interaction between closely spaced GPs is in stark contrast to
plasmonic systems consisting of two or several nanoparticles, which expe-
rience very large collective effects starting at distances below few tens of
nm [62]. Lack of interaction between neighboring closely packed GPs makes
such a system a promising candidate for integrated photonic circuits where
isolation between neighboring components is highly desirable.

Given the remarkable isolation properties of disconnected ultrathin GP
nanocavities, the only path leading to a substantial interaction between them
is the physical connection of the front pattern (i.e. triangles). Due to the
established electrical connections, GP modes will now be able to propagate
into the previously discrete neighboring nanocavities (Figure 4.2.a(ii)) and
the Fabry-Perot resonance criterion is no longer relevant. Upon this trans-
formation, as shown in Figure 4.2, the optical properties of the metasurface
undergo abruptly a transformative change.

To understand the origin of the sudden shift in the absorption resonance,
we determined the field distributions before and after the establishment of
the electrical connection. Figure 4.5.a,b show normalized magnetic field pro-
files in a plane perpendicular to the surface (middle panels) and at the top
metal-dielectric interface (lower panels) for the resonance mode of both the
disconnected, Figure 4.5.a, and the connected, Figure 4.5.b, cavities, respec-
tively.

In the disconnected nanocavity array mode (Figure 4.5.a) the field profile
is solely determined by the properties of each individual cavity. Figure 4.5.a
shows the magnetic field profile for the fundamental mode of the cavity with
lowest energy resonance. Indeed, in the horizontal plane (top view), the
magnetic field exhibits a single peak spreading across the nanocavity with
a minimum in between the cavities [47, 37]. For each entity, the observed
magnetic field profile represents the standing wave pattern resulting from
the constructive interference of the counter-propagating GP modes excited
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Figure 4.5: Magnetic Field Profiles and Symmetries. (a) and (b) Schematics (upper panels) and
normalized magnetic field profiles (middle and lower panels) of the gap plasmon resonances for (a) the
disconnected nanocavity array and (b) the connected nanocavity array. The side views (middle panels)
are taken on the planes indicated by the dashed lines in the top views (lower panels). The top views are
calculated at the upper metal-dielectric interface, as shown by the arrow in the side views. (c) Planes of
symmetry for the MIM two-dimensional network (right) and top view of the same schematics (left). The
red and blue circles highlight the intersections of the planes of symmetry. The red circles, located along
the metal waveguide, identify the positions where symmetry constraints impose a magnetic field peak.
The blue circle does not belong to the metal waveguide and is thus irrelevant for the waveguide GP mode.
(d) Normalized magnetic field profiles along the two branches of the MIM waveguide in the connected
case. The black and pink profiles correspond to the field profiles along the black and pink lines indicated
in (b), lower panel, respectively. The red circles indicate the positions of the field extrema and correspond
to the red circles in Fig.(c), left.

at the cavity terminations (Fabry-Perot condition) [10]. The field profile of
the array of nanocavities, as expected, has a remarkable similarity with that
of the isolated nanocavity (see Figure 4.5.a,lower panel and Figure 4.6) At the
same time, the waveguide nature of this mode leads to a remarkable vertical
confinement (side view) and insensitivity to the excitation conditions [10].
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Figure 4.6: Magnetic Field profile of the isolated nanocavity. Normalized magnetic field profile
at resonance (≈ 890 nm) for the isolated nanocavity with hSiO2 = 13 nm and dTip = 24 nm calculated
at the upper metal-dielectric interface
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The effect of electrical connections between neighboring nanocavities is
apparent in the drastic change of the field profile of the resonance mode (Fig-
ure 4.5.b). In fact, the new mode is characterized by an increased horizontal
confinement as compared to the disconnected cavity array and additional
antinodes are present at the established connection positions (top view). In
the following we prove that the field profile shown in Figure 4.5.b represents
the fundamental mode of the system with connected cavities.

In the one-dimensional approximation used to describe GP nanocavities,
at resonance, the excitation of MIM waveguide modes and their constructive
interference constrains the mode to exhibit an odd number of antinodes in
the magnetic field profile within the nanocavity [10]. This constraint always
leads to an antinode (local maximum with zero derivative) of the magnetic
field profile at the symmetry line of the structure. Similarly, in the two-
dimensional waveguide network investigated here, as a result of excitation of
MIM waveguide modes, the magnetic field profile exhibits a local extremum
(zero derivative) at each symmetry plane, in the direction perpendicular to
that plane. Therefore, at the points where two anti-parallel symmetry planes
intersect, local antinodes (local maxima with zero derivative in two anti-
parallel directions) appear (Figure 4.5.c). Four planes of symmetry of the
infinite MIM waveguide network under consideration are shown in Figure
4.5.c (right) together with their intersection positions (red and blue circles).
The lowest energy resonance mode of the connected structure should then
exhibit magnetic field peaks at the locations indicated with red circles and
any higher order mode would have a larger number of antinodes. The blue
point lies outside the MIM waveguide and therefore, does not experience a
field antinode. The pink and black curves in Figure4.5.d show the magnetic
field profiles along the lines indicated in Figure 4.5.b. The red circles cor-
respond to the points where the symmetry planes intersect (also shown in
Figure 4.5.c). As seen in this plot, the field profile of the connected structure
possesses magnetic antinodes only at the intersection points (Figure 4.5.b).
This mode indeed represents the fundamental mode of the structure. One
should notice that, although the structure is excited with a pure x-polarized
wave, the field profile is determined almost solely by the symmetries of the
structure, i.e. it exhibits a magnetic field peak at all junctions and is sym-
metric not only with respect to the x = 0 plane but also, for all practical
purposes, upon ±60 deg rotations (Figure 4.5.b,c). Asymmetries in the field
profile, i.e. unequal strength of the antinodes and slight misplacement of
the magnetic field peak positions, are a result of the light polarization. We
can now attribute the increased horizontal confinement of the mode of the
connected nanostructure, as compared to the disconnected nanocavity ar-
ray, to the emergence of the new antinodes which appear beneath all the
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connection points. Indeed, the presence of the additional antinodes leads
to shrinkage of each magnetic field antinode extension. This is equivalent
to having nanocavities with shorter effective lengths, Lcav, as compared to
the fundamental mode of the disconnected nanocavity array. According to
Fabry-Perot resonance condition, Lcav · β = mπ− φ, a decrease in Lcav leads
to a larger in-plane resonance wavevector, β. Considering the odd MIM dis-
persion relation of the structure, this increase in β corresponds to a decrease
in resonance wavelength (also the discussion regarding table 4.1 and Figure
4.4.g), which explains the abrupt blue-shift of the absorption peak upon con-
nection (Figure 4.2.c). Finally, these considerations are valid for the infinite
array condition. In Appendix A we briefly studied the case of connected GP
nanocavities with finite number of elements.

In the light of the just discussed aspects, we can now look at the field
profiles of the peak indicated with 3 in Figure 4.2.c which was not observed
in experiments. Figure 4.7.b presents the normalized magnetic field profiles
of this mode.

From the side view (Figure 4.7.b) we notice that the magnetic field is
concentrated both in the dielectric spacer and the gap in between the front
structures. Similarly, the top view (Figure 4.7.b, bottom) shows that the
magnetic field is non-zero between the two tips, in contrast with the stan-
dard GP mode profiles (e.g. Figure 4.5.a, lower panel). Overall, we notice a
similarity with the channel plasmon polaritons (CPP) supported in grooves
with tilted walls [63]. After coupling at the metallic top, such a mode propa-
gates in the negative z-direction along the vertical walls of the front structure
creating a magnetic field node between the cavity ends. Moreover, close to
the dielectric layer, the CPP mode couples to the GP mode, which then
propagates in the gap creating weak magnetic field peaks in the dielectric
spacer. This mode has thus a hybrid GP-CPP nature and originates from
the side coupling between the structures of the front metallic pattern. This
high energy mode is not observed in our experiments due to the non-smooth
side walls of our metallic triangles, which do not allow the propagation of
the CPP.

If the walls of the structure are considered to be perfectly straight (per-
pendicular to the substrate), then the absorption spectrum of the system is
modified (Figure 4.7.a, green curve). In fact, a very strong absorption peak
appears in the visible range, while the fundamental GP mode is dampened
and red-shifted. Figure 4.7.c shows the field profiles for the peak indicated
with λS. We observe that this mode is a pure CPP mode with strong mag-
netic field confinement along the vertical edges and in between, which also
couples very weakly to the GP. Looking at the experimental results (Figure
4.2.b) and at the SEM micrographs (Figure 4.1.b,c) we clearly see that this
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Figure 4.7: Characteristics of the High Energy Mode (3). (a) Absorption spectrum of the realistic
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geometry.

result is not physical and only disturbs the studied phenomenon, which is
the evolution of GP nanocavities into a continuous network of MIM waveg-
uides. Numerically we also verified that when the front structure is thin, the
coupling to the CPP mode is weak and only pure GP modes become visible
in the absorption spectrum [47, 49]. Therefore, the experimental results are
better represented by the structure with tilted walls, which have in fact been
used throughout this study.

We thus showed that this mode is of substantially different nature than
the GP and waveguide modes. Upon connection, due to the disappearance of
the vertical channel, this mode becomes completely suppressed. Overall, we
conclude that the transition from the disconnected to the connected struc-
ture indeed happens abruptly, as the apparent smooth transition in reality
involves resonances with completely different origins.
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Figure 4.8: Effect of Dielectric Spacer Thickness. Experimental (top) and simulated (bottom)
absorption spectra of connected structure arrays with different dielectric spacer thicknesses.
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4. Proximal Gap Plasmon Nanoresonators ...

Finally, the preserved waveguide nature of the mode of the connected
structure still allows for easy tunability of the resonance position through the
dielectric spacer thickness. Figure 4.8 shows the experimental and simulated
absorption spectra for different spacer thicknesses, hSiO2 = 7 − 9 − 11 − 13
nm. Similarly to Figure 4.4.a,b, the observed red-shift as hSiO2 decreases is
a result of a shift in the associated MIM dispersion curve (Figure 4.4.c) [4].

4.5 Conclusions

In summary, we studied, theoretically and experimentally, the interaction
between discrete GP nanocavities in an array, near and immediately after
the limit at which their top metallic patterns connect. Electrically isolated
top patterns result in negligible interaction between GP nanocavities even at
distances of approximately 20 nm. However, as soon as the electrical connec-
tions are formed, the array transforms abruptly to a continuous network of
MIM waveguides, accompanied by the sudden suppression of the original GP
absorption resonance and the emergence of a largely blue-shifted new reso-
nance. Furthermore, we showed that the physics responsible for this abrupt
change can be explained by the inherent change of the boundary conditions
of the system upon connection. In fact the Fabry-Perot interferometer condi-
tion, which defines the mode properties in the disconnected nanocavity array,
is suddenly replaced by symmetry constraints.

Even though both metasurfaces allow extreme light confinement due to
the excitation of GP waveguide modes in the ultrathin spacer [47], both
identified regimes have exceptional individual properties, which can be ben-
eficial to different kinds of applications. The negligible interaction between
closely-packed nanocavities suggests using such configurations for integrated
photonic circuits, where high integration with minimal cross-talk between
components is required [64]. On the other hand, resonance tunability, light
confinement capabilities and the existence of two electrically continuous elec-
trodes make the demonstrated MIM waveguide network a very attractive
candidate for applications such as plasmonic active materials [65, 66] and
photocatalysis [17]. Finally, the drastic shift of optical properties of the
structure upon contact could be itself employed in the functionality of highly
sensitive sensors.
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Chapter 5

Three-dimensional
Confinement of Light in Deeply
Subwavelength Gap-plasmon
Nanocavities

5.1 Abstract

Combining extreme coupling in ultrathin metal-insulator-metal (MIM) struc-
tures with the light concentration capabilities of a planar tapered strip, we
propose an array of graded planar gap plasmon (GP) nanocavities to effi-
ciently confine light at deeply subwavelength dimensions. A semi-analytical
one-dimensional model allows us to understand the underlying physics and
approximately predict the behavior of the structure. Three dimensional sim-
ulations are then used to precisely calculate the optical behaviors of the
structure. We show that laterally thinning the graded structure substan-
tially increases the effective refractive index of the excited mode. This leads
to a simultaneous bi-dimensional shrinkage of the mode. Moreover, we show
how the superposition of symmetry constraints on such a graded waveguide
leads to the formation of a deeply sub-wavelength nanocavity where light is
effectively confined. Mode shrinkages greater than 20 times as compared to
conventional gap plasmons are achieved within volumes as small as 6000 nm3.
Being composed of a holey gold layer and a continuous silver film separated
by an ultrathin glass spacer, our design could find interesting applications
in the area of active metamaterials or plasmonic photocatalysis where both
electrical access and light concentration are stringent requirements.
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5.2 Introduction

Plasmonic structures have become essential in bridging the gap between the
micro-scale of visible-IR light waves and the nanoscale of electronic devices
or quantum emitters [67]. Accordingly, an increasing number of designs have
been proposed to confine, guide, manipulate and focus light at the nanoscale,
relying both on localized [68] and propagating surface plasmons [69] .

Coupled metallic surfaces have been shown to be more effective than sin-
gle metal-dielectric interfaces in achieving subwavelength light confinement
[4]. In particular, metal-insulator-metal structures (MIM) support an asym-
metric (odd) surface plasmon polaritons (SPP) which does not exhibit any
cut off thickness. This mode is mainly confined in the dielectric gap (thus
called gap plasmon, GP) and is thus well suited for confining light in a de-
sired non-metallic material (e.g. photo-catalyst or active material). Given
the direct proportionality between the GP mode group velocity and the gap
thickness [4], most designs have employed MIM waveguides with tapered di-
electrics to successfully slow down and nano-focus the light [70], [6], [8], [71].
However, realizing tapered three dimensional structures requires cumbersome
fabrication procedures [8]. For applications requiring extreme light confine-
ment [47] GP nanocavities can be used. Indeed, film-coupled nanoantennas
form truncated MIM waveguides supporting GP modes [10]. These GPs
are continuously reflected at the terminations of the nanoresonator forming
a standing wave pattern inside each MIM nanocavity. Contrary to waveg-
uides, such finite systems can directly couple the incoming radiation to the
deeply subwavelength dielectric gap [47] and can be fabricated also with sim-
ple colloidal techniques [10]. However, the coupling efficiency drops for very
small antennas.

In this chapter we first show how a planar, tapered GP waveguide can
be used to achieve full three dimensional light focusing. Successively, we
demonstrate a symmetric and periodic planar design where this concept is
used to create deeply subwavelength nanocavities where light can be con-
fined with better coupling efficiency than in the case of film-coupled nano-
antennas. Indeed, using three dimensional simulations and a semi-analytical
one-dimensional model we show that, while propagating along the waveguide,
the excited GP mode is focused due to a significant increase in the nanocavity
effective refractive index with shrinking width. Thus, the studied structure
simultaneously exploits the extreme coupling properties of gap-plasmons in
ultrathin systems and the nanofocusing capabilities of laterally tapered strips
to achieve deeply subwavelength light confinement. Being based on a metal
holey array coupled to a continuous back reflector through an ultrathin di-
electric spacer, our design could find potential applications in the emerging
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fields of active metamaterials[65] and plasmonic photocatalysis where both
electric access and fast heat removal would be advantageous [72], [17]. More
broadly, our approach could be used to design and easily fabricate planar
elements for light guiding and focusing at the nanoscale.

5.3 Methods

5.3.1 Numerical Modeling

All the simulations were performed using the COMSOL Multiphysics package
(RF module), which is based on the finite element method (FEM). In all
simulations we assumed planar normal illumination. The dielectric properties
of the metals were taken from the literature [36, 60] while the refractive index
of glass was set equal to 1.5.

Array Simulations

For the array of GP nanocavities we used symmetry boundary conditions to
reduce the computational domain to one-fourth of a unit-cell. We used a
port boundary condition to excite the system with normal illumination and
we solved for the total fields.

Neff Calculation

PML

Air

Au
SiO2

Ag

Wg

3000 nm

1000 nm
400 nm

Figure 5.1: Neff Calculation Bi-dimensional computational domain defined for the calculation of
Neff .

To compute the propagating GP modes of waveguides with finite width,
we set-up a bidimensional model in COMSOL, which is represented in Figure
5.1. The dimensions of the overall cell were chosen large enough to avoid the
calculation of spurious eigenmode of the entire space. As we were interested
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5. Three-dimensional Confinement of Light ...

only in the modes of the gap, the silver layer was assumed infinite while all of
the other dimension concerning the waveguide were equal to the case under
study (hSiO2 = 13 nm, hAu = 100 nm).

The Mode analysis node was used to solve for the structure eigenmodes.
Among all the computed modes, we manually selected the odd GP mode by
looking at the field profiles (as shown in Figure 5.2). The obtained values
are complex numbers, the real part representing the propagation wavevector
and the imaginary part accounting for the losses. For most of the computed
values, losses were less than 7%, rising above 10% for very narrow waveguides
and short wavelengths.

5.4 Results and Discussion

Even though most MIM GP-based designs rely on the extremely large mode
wave-vectors obtained for very thin dielectric spacers [4], [6], [47], it is known
that lateral confinement can be also responsible for an increased mode effec-
tive index [6], [73] and eventually, in the limit of very narrow waveguides,
the mode has a localized surface plasmon character [51]. Nevertheless, only
few works [8], [74] in the literature have exploited this alternative nanofocus-
ing effect. We used the Mode Analysis solver in COMSOL to compute the
modes of a MIM system consisting of an infinitely thick silver (Ag) continu-
ous metallic layer, an ultrathin (hSiO2 = 13 nm) glass (SiO2) layer and a 100
nm thick gold (Au) stripe of width Wg (Figure 5.2.a). From the magnetic and
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Figure 5.2: Effect of Width (Wg) in a GP-based Waveguide. a) left - Schematic of the simulated
MIM waveguide and coordinate system; odd GP mode in-plane (y-z) magnetic field profiles (left column)
and out of plane electric field profiles (right column) calculated for a MIM waveguide with finite width Wg
using the Mode Analysis solver in COMSOL; right - dispersion curves for MIM waveguides with different
finite widths Wg . b) Schematic representation of the three-dimensional concentration effect caused by
lateral confinement of the GP mode in a tapered planar waveguide.
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electric field profiles (Figure 5.2.a) we identified the asymmetric GP mode
and recorded the calculated out-of-plane mode wave-vector β(λ,Wg) thus
obtaining the dispersion curves reported in Figure 5.2.a. We observe that a
reduction of Wg modifies the dispersion curve of the described waveguide in a
manner similar to a reduction of the dielectric spacer thickness [65]. Indeed,
at a given frequency, the narrower the waveguide the larger the propagation
wavevector β (change of the dispersion curve). We also notice that, for a
fixed frequency, the slope of the dispersion curve, ∂ω/∂β, representing the
group velocity, decreases for decreasing waveguide width. For Wg values com-
parable or smaller than hSiO2, this effect becomes dramatic. On the other
hand, we see that for Wg larger than 50 nm, the lateral confinement plays a
negligible role, confirming the validity of the infinite strip approximation for
the majority of the works available in the literature where the used dimen-
sions and wavelengths are in the region of insensitivity to lateral confinement
[47],[10].

Figure 5.2.b shows the schematics of a bi-dimensional, tapered ultra-thin
MIM waveguide capable of three dimensional light focusing. As demon-
strated, the lateral tapering is responsible for the increase of the propagation
wavevector, β, and the reduction of the mode group velocity. Concurrently,
the transversal wavevector, ky, which is real in the dielectric due to the ab-
sence of interfaces, can be assumed to be inversely proportional to Wg and
will therefore increase along the tapered waveguide. This effect is clearly vis-
ible in Figure 5.2.a where the extension of the field profiles along y decreases
with Wg. Due to momentum conservation:

k0ε = 2π/λ =
√
β2 + k2

y + (ikz)2 =
√
β2 + k2

y − k2
z (5.1)

the purely imaginary wavevector in z-direction, kz, is thus forced to grow
in magnitude, leading to a stronger localization of the mode in the vertical
direction and a three dimensional focusing of the mode.

From the dispersion curves we can determine the mode effective refractive
index as:

Neff (λ,Wg) = β(λ,Wg)/k0 (5.2)

where k0 = 2/λ is the illuminating light wavenumber (Figure 5.3.a). As
anticipated in Figure 5.2.a, for Wg smaller than 10 nm and for wavelengths
shorter than 800 nm Neff (λ,Wg) increases significantly. Knowing the waveg-
uide profile, W (x), as well as Neff (λ,Wg), it is then possible to calculate the
effective refractive index profile of an arbitrary waveguide at any given wave-
length, Neff (λ, x).
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We considered a tapered waveguide section whose front Au strip has the
profile shown in Figure 5.3.b (bright orange area). Indeed, the complete
periodic structure (pale orange area) was shown to exhibit interesting ab-
sorption and confinement properties 4. According to expectations, when
the minimum waveguide width is of the order of 10 nm, the refractive in-
dex profile is nearly constant (Figure 5.3.c, blue curves). Instead, when the
waveguide width drops below 10 nm, Neff (x) increases dramatically (Figure
5.3.c, red curves) corresponding to a significant focusing of the mode along
the direction of propagation, x (see also Figure 5.2.a).

Contrary to a waveguide which presents a continuum of allowed modes,
a symmetric and periodic pattern is characterized by resonance mode(s) be-
cause of the additional constraints imposed by symmetry and periodicity.
More specifically, the allowed GP modes are characterized by a phase accu-
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Figure 5.4: Total Phase Accumulation (half-period) of the GP mode for a Periodic and
Symmetric GP Metasurface Calculation of the total phase accumulation along half-period of the
structure shown in Figure 5.3.b and Figure 5.5.a for different width profiles and different wavelengths. For
each waveguide there is only one wavelength which leads to a total phase accumulation equal to π, which
is then the fundamental mode resonance frequency. The dotted line report the resonance wavelength as
calculated with 3D simulations (see Figure 5.5.a).
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mulation of 2π over a complete period of the structure and of π over half a
period because of symmetry:∫ L/2

0

β(x)dx = mπ (5.3)

where L correspond to the spatial length of a period. The knowledge of
Neff (λ, x) (Figure 5.3) thus allows us to predict the resonance wavelength
for a periodic and symmetric MIM structure by calculating:∫ L/2

0

β(x)dx =
2π

λ∗

∫ L/2

0

Neff (λ
∗, x)dx (5.4)

Figure 5.4 shows such integration performed for the considered periodic
and symmetric structure (Figure 5.3.b and Figure 5.5.a) as a function of
wavelength and Wneck. The expected resonance wavelength is then given by:

2π

λres

∫ Xneck

0

Neff (λres, x)dx = mπ (5.5)

and the extreme color-scale evidences the curve corresponding to λres(Wneck).
We observe that Wneck has a considerable influence on the optical properties
of the metasurface, the excited GP mode (λres) substantially red-shifting as
Wneck decreases below 10 nm. Indeed, as the minimum width of the waveg-
uide is decreased Neff (x) presents a steeper gradient (Figure 5.3.b) and the
overall optical size of the considered structure increases. This result is in
good agreement with the absorption resonance position obtained from 3D
simulations (Figure 5.4 dashed line and Figure 5.5.a). The nearly constant
offset could be attributed to polarization effects or to reflections of the ex-
cited mode along the structure which are not considered in the approximated
calculations. Nevertheless, the similarity of the observed trends confirms the
validity of the tapered waveguide approach to describe the behavior of the
periodic GP metasurface.

In a periodic, tapered structure, the significant increase in β(x) and de-
crease in group velocity upon reduction of W (x) are also beneficial for the
absorption process as they reduce the possibility of out-coupling of the GP
mode due to time-reversal effects. In fact, after in-coupling the GP mode
propagates along the waveguide eventually reaching the corresponding point
in the next unit cell of the array where, due to reciprocity, it can be efficiently
out-coupled. However, slower GP waves and larger optical distances reduce
the chances of propagating along a full period of the array. Indeed, from
Figure 5.5.a we observe that, the smaller Wneck, the stronger the absorption
peak.
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Given the marked magnetic character of GP resonances, magnetic field
profiles can reveal important details of the excited modes. Figure 5.5.b shows
these profiles for the resonances indicated with 1,2 and 3 in Figure 5.5.a, cor-
responding to Wneck equal to 10 nm, 6 nm and 2 nm respectively. Both the
side views (upper panels) and the front views (lower panels) display a high
degree of confinement of the GP mode: vertically the field is trapped in the
dielectric spacer and horizontally it is tightly bounded beneath the holey
metal pattern. In all the considered cases the field exhibits a standing wave
pattern (see Chapter 4) which creates several optical nanocavities (field anti-
nodes) with non-homogeneous spatial distribution. From the front views we
observe that a broad field antinode is present below the large section of the
waveguide while a tighter antinode is present under the neck, its extension in
x- and y-directions decreasing upon reduction of Wneck. From the side views
we also notice that, the decrease of the in-plane (x-y) extension of this antin-
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ode is accompanied by a higher degree of localization of the magnetic field
close to the upper dielectric-metal interface. Indeed, this trend is consistent
with the approach described in Figure 5.2.b.

In a GP nanocavity with uniform cross section and effective refractive in-
dex, the resonance condition can be obtained from the Fabry-Perot condition
[9]:

Lcav · β = mπ − φ (5.6)

Assuming φ = 0 and m = 1, it is possible to identify an elemental field
antinode whose effective optical size, L1, is equal to:

L1 = Lcav(m = 1) = πβ (5.7)

where β is the GP wavevector calculated from the gap-plasmon dispersion
curve knowing the vacuum resonance wavelength λres(βMIM(hSiO2, λres)).
The overall optical size of the cavity is then equal to m · L1 .

Similarly to the case of film-coupled nanoantennas, the observed mode of
our periodic metasurface (Figure 5.5.b ) can be assumed to originate from
the constructive interference of two counter-propagating GP waves. Using
the result of Figure 5.2.a, βMIM(13nm, λ(Wneck)), and Figure 5.5.a, λres, we
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Figure 5.6: Results of Nano-confinement. a) Calculation of L1 at the resonance wavelength (see
Figure 5.5.a ) for structures with different Wneck values; b) Physical extension of the nanocavity under-
neath the neck as a function of Wneck; c) Magnitude of magnetic field at resonance at the neck position in
a plane perpendicular to the mode propagation direction (z-y plane) for Wneck equal to 10 nm (upper left
panel) and 2 nm (upper right panel). Comparison of the mode extension in the y-z plane and at z = 0 for
different waveguides at resonance. Due to the physical lateral confinement the mode is focused also in the
y direction. The dashed line indicates the 1/e point that we use to quantify the mode extension. d) Quan-
tification of the mode extension in the y direction. wcav is computed from part c). e) For the nanocavity
at the neck we compare its optical area, proportional to L2

1, to the physical extension, proportional to
Lcav · wcav . The confinement in the lateral direction boosts this ratio to nearly 20 times.
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thus computed L1 as a function of Wneck (Figure 5.6.a). In Figure 5.5.b
we indicate with a dashed circle an equivalent circular cavity, Dcav = L1

centered at one of the intersections of the axis of symmetry of the structure
(see Chapter 4) and observe that the calculated L1 correctly predicts the
extension of the broad nanocavities, whose effective refractive index is nearly
constant. Instead, the nanocavity below the neck has a much smaller in-plane
(x-y) extension as a consequence of the its large effective refractive index.

We quantified the achieved planar confinement by comparing the optical
and physical size of this nanocavity. We define the cavity dimension along x (
Lcav ) measuring the distance between the zeros of the magnetic field (Figure
5.6.b). The cavity dimension along y ( wcav ) is instead obtained by extracting
the magnetic field profile along y at the upper metal-dielectric interface and
by measuring the distance between the positions at which the field intensity
drops below 1/e · Hpeak ≈ 0.368Hpeak (Figure 5.6.c). As Wneck decreases,
both Lcav and wcav reduce non-linearly (Figure 5.6.b,d) and, approximating
the cavity physical area with an ellipse, the area ratio:

A1

Acav
=

L2
1

Lcav · wcav
(5.8)

increases in an hyperbolic manner for Wneck −→ 0 (Figure 5.6.e). For
Wneck = 2 nm the cavity has a physical extension which is nearly 20 times
smaller than its optical area. Therefore, by employing a periodic and sym-
metric MIM structure with tapered geometry it was possible to confine light
in a deeply subwavelength nanocavity. Such degree of confinement is relative
to a dielectric spacer of 13 nm and better results could be obtained further
reducing this dimension to few nanometers [47].

Even though the proposed metasurface could be fabricated with sim-
pler techniques than previously described 3D structures [8], it remains con-
siderably more complex than the colloidal approach used for film-coupled
nanoantennas [10]. However, it presents significant advantages in the case of
visible-light concentration in deeply subwavelength nanocavities. We define
the average energy density, Eave, by dividing the total energy stored in the
nanocavity (in the dielectric) by the nanocavity volume and, as shown in
Figure 5.7.a, we compare Eave in the nanocavity under the neck with Eave in
a nanocavity with the same physical dimensions and shape but formed by a
film-coupled nanoantenna. We observe (Figure 5.7.b) that, while the latter
system presents an optimal cavity size (6 nm ≤ Wneck ≤ 15 nm, blue circles),
the proposed approach is characterized by a monotonic increase of Eave upon
reduction of the nanocavity dimension (green squares) and for Wneck smaller
than 4 nm it is more effective than the equivalent film-coupled nanoantenna
system in concentrating the energy in the dielectric.
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5.5 Conclusions

In conclusion, combining the extreme coupling in ultrathin MIM structures
[47] with the concentration effect of laterally tapered strips (both along the
direction of propagation and perpendicular to it) and including the symme-
try constraints, we achieved deeply subwavelength, three dimensional light
nano-confinement in a planar geometry. Due to the GP nature of the excited
modes, the incoming light can be directly coupled into the ultrathin dielec-
tric spacer and we showed that the coupling frequency strongly depends on
the width profile of the structure. We also demonstrated that the proposed
approach is more advantageous as the required confinement dimensions de-
crease. In addition, the proposed structure is capable of nano-confining light
in a very small volume in the dielectric spacer between two continuous metal
layers. Therefore substituting the used glass layer with a gain material or
a catalyst would provide an interesting, electrically accessible system where
incoming radiation is strongly concentrated in the active material [65], [17].
At the same time, the high thermal conductivity of the metals and the low
thermal capacity of the entire structure provide interesting thermal charac-
teristics for thermally demanding applications (e.g. steady state lasers [65]).
More generally, planar tapered ultrathin waveguides can represent a use-
ful paradigm to design and easily fabricate planar highly integrated optical
components for light guiding and focusing at the nanoscale, avoiding the of-
ten cumbersome fabrication procedures required to achieve more commonly
proposed three dimensional designs [8], [71].
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Chapter 6

Macro-Scale Thermal Response
of a Broadband Plasmonic
Absorber

Part of this Chapter has been submitted for publication.

6.1 Abstract

Plasmonic nanostructures can significantly advance broadband visible-light
absorption, with absorber thicknesses in the sub-wavelength regime, much
thinner than conventional broadband coatings. Such absorbers have inher-
ently very small heat capacity, hence a very rapid response time, and high
light power-to-temperature sensitivity. Additionally, their surface emissivity
can be spectrally tuned to suppress infrared thermal radiation, yielding effi-
cient selective coating performance. These capabilities make plasmonic ab-
sorbers promising candidates for fast, high-temperature light-to-heat applica-
tions, such as radiation sensors or thermal-photovoltaics. Here we investigate
the light-to-heat conversion properties of a metal-insulator-metal broadband
plasmonic absorber, fabricated as a free-standing membrane. Using a fast IR
camera, we show that, due to its sub-wavelength thickness, the transient re-
sponse of the absorber has a characteristic time below 13 ms, nearly one order
of magnitude lower than a similar membrane coated with a commercial black
spray. Concurrently, despite the small thickness, due to the large absorption
capability, the achieved absorbed light power-to-temperature sensitivity is
maintained at the level of a standard black spray. Finally, we show that
while black spray has emissivity similar to a black body, the plasmonic ab-
sorber features a very low infra-red emissivity of almost 0.16, demonstrating
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its capability as selective coating for high temperature applications.

6.2 Introduction

Initially considered an undesired effect limiting the design of plasmonic based
circuits, absorption in plasmonic structures has gained more attention in re-
cent years due to the emergence of new areas of application. On the one hand,
those requiring engineering of nanoscale heat sources such as cancer targeting
or optofluidics [75], [44]. On the other hand, macro scale applications requir-
ing broadband efficient absorbers such as sunlight vapor generators [76], [77],
solar thermoelectric [21], [16], thermal photovoltaic [15] as well as radiation
sensors [78].

Absorption is intrinsically related to plasmons excitation. Nevertheless,
the design of efficient narrowband as well as broadband absorbers requires
carefully dimensioned multilayer systems. For example, the exploitation of
strong magnetic resonances in film-coupled plasmonic nanoantennas [37], [10]
leads to enhanced absorption properties compared to the original nanoanten-
nas system. However, theoretical and experimental studies on the light-to-
heat conversion capabilities of plasmonic systems have focused so far on the
individual and collective response of separated plasmonic nanoantennas sup-
ported by (when not embedded in [79], [80]) a bulk dielectric material [81],
[82]. Though improving the fundamental understanding of plasmonic heating
processes at the nanoscale, only few studies [75], [80] considered the thermal
behavior of large scale plasmonic systems which are instead necessary for
many applications. Moreover, to the best of our knowledge, no work investi-
gated the thermal response of an optimally designed plasmonic absorber.

In this chapter, we study the macroscopic thermal response of the broad-
band, large scale, multilayer plasmonic absorber presented in Chapter 3
which we were able to fabricate as a free-standing ultrathin membrane with a
diameter of 10 mm. After characterizing its optical absorption properties, we
performed IR measurements to determine its temperature rising capabilities
in terms of peak temperature and characteristic rising time. Thanks to the
subwavelength thickness and the negligible thermal capacity such broadband
plasmonic absorber has a time constant of less than 13 ms and a sensitivity
above 2.4 · 103 K/W. Comparing these results with a commercial blackening
spray, we show that our plasmonic design has one order of magnitude faster
thermal response while exhibiting comparable peak temperatures. To con-
clude, we present preliminary results of the implementation of the proposed
absorber on a real thermoelectric sensor.
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6.3 Methods

6.3.1 Sample Fabrication

The schematic representation of the studied broadband plasmonic absorber
membrane is given in Figure 6.1.a. It consists of a metal-insulator metal
(MIM) multilayer structure presenting a continuous gold back reflector (hAuBR
= 100 nm), a continuous SiO2 dielectric layer (hSiO2 = 60 nm) and a pat-
terned gold front layer (hAuFP = 100 nm).

As rigid supports for the absorber fabrication procedure we used 18x18
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Figure 6.1: Broadband Plasmonic Absorber Design and Fabrication. a) Schematic representa-
tion of the broadband plasmonic absorber. The absorber consists of a nanostructured membrane suspended
onto a thermally isolating o-ring (right). The geometrical details of the multilayer plasmonic absorber
membrane are shown on the left; b) Schematic representation of the fabrication process for a large-scale,
suspended, ultra-thin nanostructured membrane; c) upper panel: scanning electron micrograph from the
top surface of a fabricated absorber (left, scale-bar 200 nm) and an image from an absorbing membrane
suspended on an o-ring (right). Lower panel: absorption spectrum of the broadband plasmonic absorber.
Red curve: absorption spectrum measured from a micrometer-scale area free of fabrication imperfections;
black curve: absorption spectrum measured from a large, nanostructured area which includes standard
fabrication imperfections; the green square represents the absorption at the used excitation laser wave-
length.
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mm glass coverslips. On the glass chip we first of all spin coated a thin
layer of PMMA (240 µl of 9%wt PMMA in toluene spin coated for 30 s at
650 rpm) that we later used as sacrificial layer. We then proceeded with
the standard absorber fabrication procedure which consists of the e-beam
evaporation of a 100 nm gold layer and a 60 nm SiO2 layer, the formation of
a self-assembled polystyrene beads (300 nm in diameter) monolayer with dip
coating, an etching step to adjust the size of the beads mask and the final
e-beam evaporation of the 100 nm thick front gold pattern (Figure 6.1.b.i-iii).

After removal of the beads with a gentle water jet, we placed the sample
in pure acetone for at least 24 h to allow for the complete dissolution of the
thin, uncured PMMA layer. For the final lift off of the plasmonic membrane
we firstly removed the acetone and then gently added water in the same
beaker. The freed plasmonic absorber membrane can then be lifted and
obtained floating at the water surface. Finally, we used a rubber o-ring (12
mm inner diameter, 2 mm rubber diameter) to suspend the membrane for
further handling. As our experimental set-up is mostly made of metallic
components, the rubber o-ring later ensures the thermal isolation of our
sample from the environment. Upon removal from the water surface, surface
tension helps in straightening the absorber membrane (Figure 6.1.b.iv-vi).

6.3.2 Infrared Thermography Measurements

Figure 6.2 shows the experimental set-up. The sample is mounted on a flat
support with the absorber side facing downwards and the back gold layer
facing upwards. Illumination comes from below and hits the absorber side
while the IR camera (FLIR, SC7650) is placed vertically above the sample
looking at the gold back layer. Even though IR measurements are difficult to
perform on low emissivity materials such as metals, being non-contact they
were the only choice for the characterization of the thermal response of our
ultrathin absorber. In fact, any contact probe (e.g. thermocouples or RTDs
micro-fabricated on the same membrane) would have significantly affected
the system (see Figure 6.9). For the same reason, we could not apply any
blackening material at the back of the absorber to improve the accuracy of
the measurements (see Figure 6.8).

In order to compensate for the very low signal from the sample (very low
emissivity) we needed a high power light source and we opted for a continuous
wave green (532 nm) laser. Using a series of neutral density filters we could
change the power incident on the sample, Pin, from 4.8 mW to 60.3 mW. The
laser was continuously running and we controlled the sample irradiation via
an in-house made shutter consisting of a metallic disk with a 45◦ opening.
During the irradiation time the beam was located at the center of the 45◦
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Figure 6.2: Schematics of the measurement set-up. The upper left inset shows the focused laser
beam at the sample position.

open sector of the shutter. Approximately every 3 s the shutter was then
rotated by 180◦ deg, alternatively blocking or enabling illumination of the
sample.

We placed the shutter at the focal position of the first collimating lens in
order to minimize the beam opening and closing times. The laser beam has a
nominal diameter of 1.2 mm which we focus with a 5 cm lens to a theoretical
spot diameter of approximately 50 µm (dfocus = 2fλ/Dbeam). Considering a
very safe size of the focal spot of 500 µm (which accounts for the small beam
divergence and eventual shutter misalignment with the respect to the beam
waist) and knowing the shutter radius (4 cm) and its rotation speed (approx
160 rpm, full speed, motor mechanical time constant ≈ 5 ms) we obtain a
beam opening time of the order of 1 ms. We periodically excited the samples
with pulses of light with long enough width to ensure reaching the steady
state.

All the measured sequences were recorded with an acquisition frequency
of 500 Hz. Higher frequencies were achievable with the IR camera but loss of
data happened during transfer to the computer hard disk (Ethernet cable).
The exposure time was chosen equal to 410 µs, which gives a calibrated
measurable black-body temperature range of 21◦C - 92◦C. As we will see in
the following, for the highest powers we had to extrapolate the manufacturer
calibration curve up to 83% (calculated single pixel peak temperatures of
168◦C). Nevertheless, as stated by the manufacturer [83], extrapolation is
allowed as the used calibration curve is based on radiation physics and is a
theoretical procedure only limited by electronic related constraints [83]. The
good agreement of the results with the data within the calibration range
(approximately Pin < 40 mW, Pabs < 35 mW) supports the validity of our
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extrapolation.
Let’s now come to the temperature values calculation starting from the

sequences acquired with the IR camera. The IR camera collects thermally
radiated energy in a defined wavelength range which consists of three contri-
butions: the emission from the object of interest, the reflected emission from
ambient sources and the atmosphere emission. Mathematically we write:

Wtot(x, y, t) = ετairWobj(x, y, t)+(1−ε)τairWamb(x, y, t)+(1−τair)Watm (6.1)

where ε is the studied object emissivity and τair is the transmittance of
the atmosphere. Given the close distance between the IR camera and our
sample we can assume τair = 1 and neglect the last term. Nevertheless, in
order to convert the measured signal Wtot(x, y, t) to the desired temperature
value Tobj(x, y, t) we then need to know the object emissivity ε, the local
ambient reflection (1 − ε)Wamb and the camera calibration curve which is
given by the manifacturer

fcal : W [DL] = fcal(T [K]) (6.2)

where DL are the camera units (digital level).

10mm
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Em
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ty

Figure 6.3: Emissivity calculation. Left) Picture oft he used metallic cylinder with a deep hole which
acts as a black body cavity and the surface coated with gold to obtain similar emission properties to our
sample. right) Emissivity map calculated with the camera software.

We estimated the sample emissivity ε using a black body cavity (hole with
diameter-to-depth ratio higher than 10 [84]) in a metallic cylinder whose front
surface has similar radiative characteristics to our absorber. The cylinder was
electrically heated to 40◦C and then 60◦C. As the cavity has unit emissivity
and the cylinder has uniform temperature (Biot number smaller than 0.1),
we can derive the emissivity of the surface of interests (Figure 6.3) which is
ε = 0.1± 0.01.

From equation 6.1 we see that, when ε is low (like in our case), the
reflection term (1 − ε)Wamb can become dominant. We will now show how
the reflection contribution can be removed during the data-processing but
in order to obtain consistent result it is very important to shield the set-up
during the measurement in order to avoid temporal fluctuations of this term.
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We begin with the removal of the spatially varying but timely constant
contribution of the reflections from the environment (1 − ε)Wamb(x, y) by
subtraction of the first frame from the entire acquired sequence. The frames
at time zero (first frame) and t are:

Wtot(x, y, 0) = εWobj(x, y, 0) + (1− ε)Wamb(x, y, 0)
Wtot(x, y, t) = εWobj(x, y, t) + (1− ε)Wamb(x, y, 0)

(6.3)

and their subtraction gives:

Wtot(x, y, t)−Wtot(x, y, 0) = ε(Wobj(x, y, t)−Wobj(x, y, 0)) (6.4)

where Wtot(x, y, t) is the frame acquired at time t while Wtot(x, y, 0) is the
first frame of the sequence with values in digital counts. We are now capable
of deriving the following expression for the emitted power of the object at
time t in digital counts:

Wobj(x, y, t) =
Wtot(x, y, t)−Wtot(x, y, 0)

ε
+Wobj(x, y, 0) (6.5)

The missing information is now the Wobj(x, y, 0), the power emitted by
the object at the beginning of the measurement. We always started our mea-
surements with the sample in full thermal equilibrium with the environment
(uniform temperature equal to the ambient temperature). Thus, knowing
the ambient temperature and the camera calibration curve we are able to
compute:

Wobj(x, y, 0) = W (Tamb) = fcal(Tamb) (6.6)

where Tamb was determined using both a position with black body emis-
sion in the first frame and a thermometer close to the set-up. For all the
measurements we had Tamb = 23◦C = 296.15 K. Finally we calculate:

Tobj(x, y, t) = f−1
cal (Wobj(x, y, t))

= f−1
cal (

Wtot(x,y,t)−Wtot(x,y,0)
ε

+ fcal(Tamb))
(6.7)

From the point of view of the error calculation we see that the uncer-
tainty on the sample emissivity is responsible of a large uncertainty in the
final calculated temperature [85]. Nevertheless, all of the measured samples
present equal emissivity properties. Therefore, the systematic error intro-
duced in this calculation does not affect the comparison of the results among
different samples. Also, the error in temperature estimation does not affect
the calculation of the transient time.
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temperature. b) IR camera calibration curve at 410 µs integration time. d) Calculation of the characteristic
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After subtraction of the initial frame from the sequence, we determine
the (x, y) position of the hottest pixel, which represent the position of the
laser beam. We then consider the 3x3 pixels centered onto it (Figure 6.4.a)
and calculate the mean temperature in that area. Subtracting the known
ambient temperature we obtain the parameter ∆Tpeak(t).

The calculation of the rising characteristic time requires a further process-
ing of the sequence. We calculate the derivative of ∆Tpeak(t) and identify the
rising and decaying points as those with the highest derivative. The sign of
the derivative identifies the rising from the decaying edges. The steady state
temperature rise can be obtained subtracting the temperature value at the
beginning of a rising edges from the T value at the beginning of the following
decaying edge (Figure 6.4.c,d). Subsequently we calculate T (τ) = 0.63 ·∆T .
Finally, starting from the rising time position we follow the temperature
curve until getting to T (τ) (eventually using a linear interpolation to com-
pute the exact value). In this way, we obtain the characteristic temperature
rising time.

From equation 6.7 we observe that, after subtraction of the initial frame,
both signal and noise are divided by ε and thus get greatly enhanced. The
steady state value of ∆Tpeak could be extracted from every recorded sequence,
eventually employing a moderate filtering for the noisiest cases. However,
only high power measurements, which exhibit a large signal-to-noise ratio,
were used to calculate the characteristic rising time τ , due to the difficulty
in identifying the correct rising points among the noise.

Having performed each measurement with multiple rising and decaying
edges, we can calculate the standard deviation on both ∆Tpeak and τ and
use this as the error. For ∆Tpeak the obtained standard deviation was always
below 1 K and thus we didn’t report it in the plots. On the other hand, τ
has significant standard deviations, which is what we reported as error-bars
in the graphs.
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6.3.3 Area Coverage Calculation
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Figure 6.5: Calculation of the area coverage. Application of a threshold to the image (14) and
calculation of the area coverage

To compare the absorption characteristic time with the commercial black
spray we had to post-process the acquires pictures of the sample. We first
convert the color image into a 16 bit one, then we set 14 as the color threshold.
The generated image contains only the pixels with color below the chosen
threshold. With ImageJ we can integrate all the obtained areas. The ap-
plication of this procedure to the image of the sample before any spraying
gives us the offset area value due to the black areas of the o-ring. We also
calculate the total sample area and finally we can then compute the area
coverage, AC, as:

AC =
Athreshold − Athreshold,0

Asample
(6.8)

For the studied cases we obtain area fractions of 17.7%, 34.1% and 82.7%.

6.3.4 Numerical Simulations

We performed finite element simulations (COMSOL) to investigate the power
to temperature relation for a 2D (radial symmetry) model of our membrane.

Figure 6.6: Simulated power to temperature curve for the three membranes with increasing
beck reflector thickness.
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We imposed a boundary heat source to represent the Gaussian laser intensity
profile and solved for the temperature profile at different incident powers.
From Figure 6.6 we see that there is a linear relationship between these two
quantities. We adjusted the convection coefficient to match the 100 nm-Au-
BR experimental curve and verified that the numerical results corresponded
to the experimental ones also for the other two geometries considered (Figure
6.6 and Figure 6.9).

6.4 Results and Discussion

The described fabrication technique allows studying the light-to-heat con-
version properties of an ultrathin plasmonic absorber on a cm2-scale and
without the influence of a bulky supporting substrate. Indeed, the continu-
ous gold back-reflector and SiO2 layers provide enough mechanical stability
to suspend the subwavelength thin membrane.

The right inset of Figure 6.1.c shows a picture of a free standing membrane
of plasmonic absorber with diameter of 12 mm. Previously, we reported large
broadband absorption of a similarly structured plasmonic absorber (Figure
6.1.c, red curve) measured from a µm2 area with defect-less front pattern,
as shown in the reported scanning electron micrograph (left inset of Fig-
ure 6.1.c). Such a broad absorption spectrum was obtained exploiting si-
multaneously four different plasmonic resonances originating both from the
front pattern geometry and its coupling to the back reflector (see Chapter
3). Our large-scale (mm2-scale) absorption spectrum measurements (Figure
6.1.c, black curve) verify that, although the absorption is reduced by a few
percent in the range of 400− 600 nm, similar exceptional optical properties
are well preserved on a larger scale, despite the unavoidable realistic fabrica-
tion imperfections in the front array such as grain boundaries, point defects,
inhomogeneities etc.

Following absorption, plasmons quickly undergo non-radiative decay and
the energy of the photons is converted into heat. The induced change in
temperature could be exploited in a number of applications such as thermo-
electric radiation sensors and thermal photovoltaics. We thus performed a
series of transient thermal measurements to determine the magnitude (peak
temperature, Tpeak) and the speed (characteristic time, τ) of such tempera-
ture variations.

The steady-state value of ∆Tpeak (when the laser is on in Figure 6.7.b) in-
creases linearly with increasing irradiation power (Figure 6.7.a), as confirmed
also by numerical simulations, carried out by using COMSOL Multiphysics
software (see Section 6.3.4). With a laser power of approximately 60 mW we
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Figure 6.7: Absorption Properties, Experimental Set-up and Characteristic Thermal Re-
sponse of the Broadband Plasmonic Absorber. a) Peak temperature increase as a function of the
absorbed power. The dashed line represents a linear fit with zero intercept ∆Tpeak = 2.45 ·Pabs. b) Time
evolution of temperature increase at maximum incident power (= 60.3 mW, absorbed power = 51.8 mW).
The reached peak temperature determines the steady-state value of ∆Tpeak, which is shown in (c). The
purple curve shows the time evolution of temperature increase obtained for a lower incident power (= 24.8
mW, absorbed power = 21.3 mW).

were able to obtain steady-state values of ∆Tpeak higher than 120 K. More-
over, the high signal-to-noise ratio of the measured curve for the highest
incident power (Figure 6.7.b) allows the calculation of the system charac-
teristic response time, defined here as the time during which ∆Tpeak reaches
from 0 to (1 − 1/e) times of its maximum. For the case reported in Figure
6.7, the measured value is as small as τ = 12.6± 1.3 ms. This short response
time is attributed to the small volume of our ultra-thin system and therefore,
its practically negligible heat capacity (CAuBR + CSiO2 ≈ 4.3 · 10−5 J/K).

In order to assess the thermal performance of our absorber as coating, we
compare it to a typical commercial broadband black spray coating. To ensure
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Figure 6.8: Comparison of the plasmonic absorber with a commercial absorbing coating
(black spray). a) Change in characteristic time with increasing area coverage (AC) of the black spray;
b) Peak steady state temperature versus absorbed power curve for the plasmonic absorber alone and the
plasmonic absorber coated with black spray with area coverage of 80.1%.
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a fair comparison of the two absorbing systems, we progressively coated one
of our ultrathin absorbing membranes (Figure 6.8.a) with a commercial black
spray (Krylon, ultra-flat black spray). After each spraying step, we measured
the characteristic temperature rise time and the steady-state ∆Tpeak value of
the membrane. By doing so, we can attribute any variation in the thermal
response of the membrane solely to the effect of the black spray. For each
spraying step we also estimated the area covered by the black coating. For
that, we took an image of the coated sample after each spraying step and
processed it with an image analysis software (ImageJ, see section 6.3.3). In
Figure 6.8.a we started from the as-fabricated absorber (black spray area
coverage equal to zero) which has a characteristic time τ = 10.3±0.5 ms and
increased the black spray area coverage (AC) to 16.4%, 31.9%, 35.6% and
finally 80.1%. We observe that even a very discontinuous black spray coating
layer with only 16.4% AC increased the response time to τ = 27.4± 0.1 ms.
The response time increases further for higher ACs and, for the case that the
surface of the sample is almost completely covered (AC = 80.1%), it reaches
the value τ = 152±3.2 ms, which is more than one order of magnitude larger
than the response time of the bare plasmonic absorber (Figure 6.8.a). On the
other hand, the ∆Tpeak vs. Pabs curves are similar for both cases of the bare
and the spray coated plasmonic absorber (Figure 6.8.b). This similarity can
be understood by considering the interplay which exists between thickness
and thermal diffusivity of the layered structure. Indeed, upon increase of the
sample thickness due to the black spray coating we would expect a reduction
in peak temperature. However, the added spray layer has a very low thermal
diffusivity (αspray ≈ 10−7/10−8 m2/s [86], as compared to αgold ≈ 10−5 m2/s,
αglass ≈ 10−6 m2/s) which improves temperature localization. At the same
time, the increase in thickness and reduction in thermal diffusivity both have
a detrimental effect on the transient response time, as seen in Figure 6.8.a.

To study in a systematic manner the role of the absorber thickness on
the response time and peak temperature, while excluding other physical
properties such as different thermal conductivities, we varied the thicknesses
of the membrane by varying the thickness of the gold back-reflector from
hAuBR = 100 nm to hAuBR = 300 nm. Changing this dimension does not in-
fluence the optical absorption properties of the layer (see Chapter 3). Figure
6.9.a,b show that the thinnest structure outperforms the other two for both
considered criteria, rise time and thermal sensitivity. To this end, the thin
plasmonic absorber has the highest light-to-heat conversion efficiency with
absorbed power-to-temperature sensitivity of 2.45 · 103 K/W while the cases
with 200 nm and 300 nm thick back reflectors have sensitivities of 1.5 · 103

K/W and 1.19 · 103 K/W, respectively. The thinnest absorber has also the
fastest response of all, τ = 12.6 ± 1.3 ms, while the rise time increases to
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17.3± 0.7 ms and 23± 2 ms for the samples with 200 nm and 300 nm thick
back reflectors, respectively (here, Pin = 60.3 mW). These results are also
consistent with numerical simulations (see section 6.3.4). Therefore, reducing
the absorber thickness concurrently improves sensitivity and characteristic
temperature rise time of the structure.

For applications where working temperatures are as high as hundreds of
degrees, such as thermal-photovoltaics, losses through re-emission of thermal
radiation are significant and selective coatings with negligible emission in IR
are highly desirable. We calculated the absorption coefficient of the proposed
broadband plasmonic absorber across the visible and IR spectrum up to
wavelength 12 µm, which corresponds to the peak emission wavelength of
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Figure 6.10: Absorption and Emissivity in IR range. a) Simulated absorption spectrum (equiva-
lently emissivity spectrum) of the broadband plasmonic absorber. The shaded area represents the wave-
length window used by the IR camera. b) Emissivity map measured with the IR camera in the range 3−5
µm for a membrane coated with the plasmonic absorber (dashed-red lines) and for a membrane coated
with the black spray (dashed green line).
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a black-body at 240 K (Figure 6.10.a). The dielectric data for gold and
glass were taken from literature [87], [88]. Since emissivity is equal to optical
absorption, Figure 6.10.a equivalently represents the emissivity spectrum of
the absorber. As shown in this figure, absorption, and therefore, thermal
emissivity, drops to very small values (below 10%) for wavelengths longer
than 1000 nm.

Using the IR camera we were able to determine the emissivity of the
plasmonic absorber in the spectral range 3 − 5 µm. We cut small pieces of
plasmonic absorber membrane and a membrane coated with black spray and
pasted them to the top facet of a metallic cylinder by a thermally conduc-
tive silver paste (Figure 6.10.b). This guarantees that the membrane pieces
and the cylinder stay at the same temperature. The cylinder has a deep
hole which emits like a black-body [84] and can be used as a reference for
measuring the absolute temperature and calibrating camera measurements
(see section 6.3.2). We heated up the cylinder to 41.6◦C and then to 52.6◦C
and, by subtracting the two IR images we acquired an emissivity map of the
system, which is shown in Figure 6.10.b. We observe that while the black-
spray coated membrane has an emissivity close to unity, similar to the hole
(black-body), the plasmonic absorber membrane has a much smaller emis-
sivity ε = 0.16± 0.1. This confirms the spectral selectivity of the plasmonic
absorber.
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Figure 6.11: Sensitivity Measurements on a Real Thermoelectric Sensor. The graph shows
the sensitivity curves measured for the same sensor without coating (blue diamonds), with the absorber
(green triangles) and with a standard blackening spray (red squares). The two inset on the right show the
bare sensor (lower inset) and the sensor coated with the absorber (upper inset).

In collaboration with GreenTEG, we tested our absorber on a real ther-
moelectric sensor. As shown in Figure 6.11, the sensitivity obtained with
our absorber (green triangles) was similar to the use of a blackening spray
(red squares) and much higher compared to the case of no absorbing mate-
rial (blue diamonds). Even though we performed some preliminary transient
measurements, the characteristic time of the system is always dominated by
the sensor bulk response, due to its large thickness (≈ 400 µm). Neverthe-
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less, experiments on thinner sensors are currently being performed and we
are confident they will show significant advantages of the absorber compared
to the blackening spray.

6.5 Conclusions

In conclusion, we fabricated a large-scale, free-standing MIM-plasmonic light
absorber with subwavelength thickness and studied its light-to-heat con-
version capabilities. We showed that, compared to a commercial thin-film
black coating, a plasmonic absorber exhibits more than one order of mag-
nitude faster transient response with comparable absorbed light power-to-
temperature sensitivity. In particular, we studied the effect of increasing the
absorber thickness and demonstrated that its ultrathin feature plays a fun-
damental role in determining the characteristic time response and thermal
sensitivity. Furthermore, we demonstrated the spectral selectivity of our plas-
monic coating and showed that it exhibits high absorption across the entire
visible range but low emissivity in the IR range. Therefore, such plasmonic
absorbers are excellent candidates to achieve fast and effective broadband
light-to-heat conversion in a host of applications. Their exceptional optical
absorption and thermal properties could be especially exploited to increasing
the speed of visible-light thermal sensors, as well as to improve the efficiency
of solar thermoelectric devices by suppressing undesired radiation losses.
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Chapter 7

Direct Observation of Charge
Separation on Au Localized
Surface Plasmon

Part of this chapter has been published in Energy and Environmental Science,
2013, 6(12), pp.3584− 3588

7.1 Abstract

Plasmonic nano-structures of d10 metals are suggested to be the future of
photo-voltaics and photo-catalysis under solar irradiation thanks to their
large light absorption cross-section, versatility, and stability. We investi-
gated the impact of continuous plasmon excitation at 532 nm on the density
of states of gold nanoparticles, and found an increase of the unoccupied den-
sity of d states of gold nanoparticles at the Fermi level, consistent with the
formation of electron-hole pairs. Some of those electrons have sufficient en-
ergy to overcome the Schottky barrier, and be injected into TiO2 conduction
band. The results confirm that d10 metals plasmonic structures can act as
light sensitizers and photo-catalysts.

7.2 Introduction

In the early seventies Honda and Fujishima [89] used TiO2 to photo-assist
the electrochemical splitting of water. Shortly after, Inoue et al. [90] demon-
strated that CO2 too could be photo-reduced to a plethora of hydrocarbons,
using powder semiconductors, including TiO2. These ground-breaking dis-
coveries were hampered by the semiconductors large band gap (> 3 eV).
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Indeed, in order to induce charge separation UV-A (300 − 400 nm) irradia-
tion is required, which represents only a small fraction of the solar spectrum.
Nevertheless, TiO2 remains indisputably the best performing photo-catalyst
to date [91]. Several efforts have been made to improve visible light ab-
sorption by direct manipulation of the TiO2 band gap generally by doping
with elements, such as N , C and S[92] . However, this might become coun-
terproductive because by narrowing the band gap one decreases the breath
of reactions that can be photo-catalysed. As a reminder, a photo-catalytic
reaction can take place when its redox reaction potential follows within the
semiconductor band gap. Conceptually, the use of sensitizers circumvents the
visible light absorption deficiency of TiO2 because they are capable of har-
vesting solar light, and injecting hot electrons into the TiO2 conduction band
(CB). This is the principle of dye-sensitized solar cell (DSSCs)[93, 94] . Their
success is based on fast electron injection (< 1 ps), and slow back electron
transfer. However, they can have low photo-stability, discrete absorption lev-
els (narrow-band), and small optical cross-sections. This means they require
high dye coverage, which diminishes the space available for photo-catalytic
reactions. Metallic nanoparticles (NPs) are interesting sensitizer candidates
because of their localized surface plasmons (LSP), which have large optical
cross-sections. Gold group metals exhibit plasmonic resonances, which can
be tuned by changing their shape, size and/or composition, enabling a good
match with the solar spectrum [95] . Furthermore, due to their d10 config-
uration they are chemically stable. Recently, the excitation of Au and Ag
LSP nanostructures was shown to improve solar cell charge transfer from
sensitizer to semiconductor [96, 97, 98, 99] , increase the photocurrents un-
der solar irradiation [100, 20, 101, 102], and improve photo-initiated catalytic
oxidations [103, 104, 105, 17, 106, 107, 108, 109, 18, 110, 111] . The physical
principles that governed plasmons were comprehensively described elsewhere
[112, 113, 114, 12, 13, 115]. However, there are several open questions related
to the plasmon excitation and electron injection into the semiconductor CB.
Furube et al. [116] suggested that the excited plasmon band overlaps with
an interband transition in gold, leading to the excitation of electrons in the
filled d-band to electronic states above the Fermi level. The collective elec-
tron excitation provides enough energy to some of the electrons so that they
can overcome the Au− TiO2 Schottky barrier [117], which is of about ≈ 1.0
eV [118, 119, 120]. The aim of this chapter is to first demonstrate that LSP
excitation indeed does change the gold d-band occupancy and second, that
some of the generated hot electrons possess enough energy to overcome the
Schottky barrier and be injected into the TiO2 CB, which would validate the
suggested mechanism. In a recent perspective, Aruda et al. [121] highlighted
that changes in the metallic structure itself under plasmonic excitation de-
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Figure 7.1: HR-XAS experimental procedure a) Description of the experimental procedure used
to determine the changes in Au LIII -edge induced by continuous wave laser excitation of LSP at 532nm,
with 100 mW power. b) SEM micrograph of the one of the measured samples showing the 40nm Au NPs
supported on passivated Si.

picting charge separation and formation of hot electrons was not reported so
far.

7.3 Methods

7.3.1 HR-XAS Measurements

We used high-resolution X-ray absorption spectroscopy (HR-XAS) at the Au
LIII-edge to probe the creation of hot electrons (electron-hole pairs) due to
LSP excitation. HR-XAS is sensitive to the unoccupied density-of-states in
the metal.

Sample Preparation

An array of Au NPs with a diameter of ca. 40nm (largely spaced, > 100 nm,
Figure 7.1.a) was fabricated by block-copolymer lithography [122, 123, 124]
on 1 cm2 Si chip.

First we prepared a solution of toluene (5 ml) and the block-copolymer
Polystyrene - 2Polyvinylpyridine (PS-b-2PVP) which we stirred at a moder-
ate speed for more than 24 h to ensure the complete dissolution of the block
copolymer. Then we added 14.5 mg of HAuCl4 · 3H2O salt to the initial so-
lution and continued stirring for more 24 h until the uptake of the gold salt
into the block-copolymer micelles was complete and the solution presented a
bright yellow color.
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On each Si chip we spin coated approximately 10µl of the final block-
copolymer solution at 1000 rpm and for 30 s. Then the sample was exposed
to a short oxygen treatment (20 s, 100 W, 0.2 mbar) to favor the formation
of the initial gold cluster within each micelle. In order to enlarge these
initial gold clusters, we dipped the samples for approximately 60 s in a 0.1
% HAuCl4 · 3H2O - 0.2 mM NH3OHCl water solution. After drying with
a gently nitrogen flow, the samples were exposed to a second, longer plasma
treatement (30 min, 150 W, 0.4 mbar) which completely removed the polymer
micelle leaving only the gold nanoparticles onto the Si substrate, as shown
in Figure 7.1.a.

HR-XAS Set-up

The schematics of the HR-XAS set-up is shown in Figure 7.1.b. The Au
NPs array was irradiated with incoming x-rays at a grazing incident angle
ca. 1.5◦. The x-rays photons were overlapped with continuous-wave (CW)
laser (532 nm, 150 mW power) photons, also at a grazing incident angle
ca. 2◦. The measurements were performed at the SuperXAS beamline of
the Swiss Light Source (SLS) at the Paul Scherrer Institute, Switzerland.
The X-ray beam delivered by the 2.9 Tesla super-cooled bending magnet
was collimated by a spherically bent Rh mirror. The collimated X-rays were
monochromatized by means of a double Si (111) crystal monochromator and
focused by a toroidally bent Rh mirror. On the sample the photon flux was
7 − 8 · 1011 photons/sec with an energy resolution of ∆E/E ≈ 1.4 · 10−4

and a spot size of 100 × 100 µm2. For calibration a 4 µm thick Au foil
was used. The emitted x-rays were collected with a dispersive von Hamos-
type spectrometer [125, 126], which avoids component scanning during the
acquisition. The grazing incidence experimental geometry provides a line-like
probe with a large number of irradiated particles thus enhancing the x-ray
detection efficiency. Because the employed von Hamos geometry accepts a
line-like source the grazing incident scheme does not affect the experimental
resolution. To our knowledge, the application of grazing incidence with the
von Hamos geometry is demonstrated here for the first time. Briefly, the
x-rays emitted from the sample were diffracted by a Ge (660) crystal bent
cylindrically to a radius of curvature of 25 cm. The crystal size was 10 cm
and 5 cm in the focusing and dispersive axes, respectively. For the detection
of the diffracted photons, a 1D-array, single photon counting, Mythen II was
used. The spectrometer was operated in the vertical scattering geometry.
Spectra were acquired around the Au LIII-edge located at 11919 eV.
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Figure 7.2: Transient mid-IR measurements a) TEM images of Au-TiO2. Left, overview image
depicting low-loading Au nanoparticle density; right, image of a representative Au nanoparticle with
roughly 30 − 40 nm diameter. b) UV-vis spectra of the mid-IR samples. c) Schematic representation
of the SLS IR pump-probe setup. Both the pulsed laser at 532nm and the digital data acquisition were
synchronized to the SLS reference frequency of 500MHz.

FDMNES Calculations

To support our HR-XAS experimental results, we performed FDMNES [127]
calculations revealing the absorption cross sections of photons around the
ionization edge. FDMNES is a commonly used code to simulate X-ray ab-
sorption spectroscopy (XANES, XMCD) or resonant scattering (RXD) spec-
tra collected at synchrotrons [127]. Its ab initio approach reduces all the
methodological parameters. FDMNES uses time dependent density func-
tional theory (TD-DFT) for better description of excited states linked to the
photon-matter interaction [128]. The only change in the input parameter file
performed was the electronic configuration of Au.

7.3.2 IR Measurements

To confirm that the photo-generated hot electrons have sufficient energy to
overcome the Schottky barrier and be injected into the TiO2 CB, we per-
formed transient broadband mid-IR (infrared) spectroscopy [129, 130] on
systems comprised of TiO2 anatase powder coated with a sensitizer.
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Sample Preparation

TiO2 NPs were prepared via the sol-gel method [131]. The synthesis was
carried out in a glove box under argon atmosphere. Titanium isopropoxide
was dispersed in 10 mL 2-propanol. The resultant mixture was added drop
wise under vigorous stirring to cold acidic water (2◦, 250 mL H2O, 18 M
mixed with 80 mL glacial acetic acid, final pH 2). The sample was left under
vigorous stirring in an ice bath for 12h. After which the sample was peptized
at 80◦C for 2h until the liquid turns into a transparent gel. The gel was
autoclaved at 230◦C for 12 h. During this process the amorphous sample
undergoes a phase transition leading to the formation of anatase NPs 20 nm
(125000 TiO2 units) in size. We used two types of sensitizers, namely:

• 30−40 nm Au NPs (Biocell) sparsely distributed and a loading 0.5 wt.%
Au. A solution containing the NPs was added to a suspension of TiO2

at room temperature. The sample was kept under vigorous stirring for
2h. The sample was dried overnight at 100◦C. The sample was used as
prepared. Figure 7.2.a shows transmission electron microscopy (TEM)
pictures of the sample. A suspension of Au−TiO2 in ethanol was used
to prepare TEM specimen.

• RuN719 dye was used as reference sensitizer. To achieve monolayer
coverage of TiO2 NPs nanoparticles at a concentration of 5 g/L we
dissolve 170 mg of RuN71 in di-methyl formamide (DMF) [132]. The
anatase nanoparticles were mixed with the dye solution for half a day.
To ensure that all dye is bonded to TiO2, the suspension was left
for several days in order to settle and then washed several times with
DMF until the resultant DMF from the washing was clear. In order
to avoid mid-IR signal saturation the sample was diluted tenfold with
pure TiO2. Representative UV-Vis spectra of the samples are depicted
in Figure 7.2.b. The samples were measured using a Perkin-Elmer
Lambda 2000 spectrometer. The samples were measured as acidic wa-
ter suspension concentration 0.5 mg/mL (sample/acid water), except
theRuN719−TiO2, which was measured with a dilution of 0.05mg/mL.

The UV-Vis spectrum of Au NPs reveal a peak centered at 544 nm as-
cribed to plasmonic resonance of gold (Figure 7.2.b). The peak decreases
in intensity when the NPs are loaded onto TiO2, which is associated with
the dilution factor. The RuN719− TiO2 reveals a characteristic absorption
centered at around 525 nm. TiO2 shows no absorption band in the region
between 400− 800 nm. The rising background measured for all samples con-
taining TiO2 are related to light scattering due to the milky nature of the
solution, especially for the more concentrated samples (TiO2 and Au−TiO2).
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IR Set-up

We performed transient mid-IR absorption technique using the recently de-
veloped synchrotron based pump-probe setup with 100 ps time resolution,
as given by the synchrotron radiation bunch length, installed at the Infrared
beamline of the SLS [129, 130], Figure 7.2.c. Advantages of synchrotron-
based experiments include large dynamic range and the sensitivity of the
system combined with the large spectral bandwidth, which covers the entire
mid-IR range (approx. 625 to 10000 cm−1). The multi-wavelength laser light
system uses near-IR laser pulses generated by a Nd:YAG system and para-
metric down and up-conversion. A Phase-Lock Loop (PLL) control system
locks the laser system to the SLS reference frequency of 500 MHz. The de-
lay between the 80 ps pump pulse from the laser system and the relevant
synchrotron radiation pulse, the so-called camshaft (4 times the charge of a
standard bunch), is electronically tuned by a vector modulator (VM). This
allows adding an arbitrary phase delay, and hence a time delay of up to
1 ms. The transmission of the camshaft pulses was measured with a fast
Peltier-cooled mercury cadmium telluride (MCT) detector featuring a band-
width of 800 MHz. The peak amplitude is digitized with a 14-bit resolution
fast-sampling card, which records both pumped and unpumped transmission
(arriving 1 s in advance) instantaneously. Hence, this detection scheme is
not susceptible to instabilities of the synchrotron source (manifested at the
1 to 3 kHz range) and slow drift phenomena, and it allows increasing the
signal-to-noise ratio (S/N) of step-scan experiments significantly (typically
by a factor of 100) on a time scale relevant to our experiments. The samples
were excited with 33 mW of Nd:YAG pulsed monochromatic green (532nm)
light. We used a resolution of 32 cm−1 to avoid contributions from RuN719
molecular vibrations. To ensure good S/N, the presented spectra correspond
to the average of data collected over a period of 24 h (2−3h per average spec-
trum). The changes obtained from the interferogram were found to be the
same as the ones detected by integration of the signal difference directly from
the digital data acquisition. Since direct read out decreases significantly the
acquisition time, we used it to measure the signal difference at longer delay
times (2 − 80 ns). However it must be emphasized that this approach can
only be used if one is evaluating a single event, which is the case.

7.4 Results and Discussion

The results of the high-resolution X-ray absorption spectroscopy (HR-XAS)
at the Au LIII-edge are shown in Figure 7.3. The unexcited Au LIII-edge
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C

D

Figure 7.3: HR HR-XAS experiments depicting changes in Au LIII-edge induced by con-
tinuous wave laser excitation of LSP at 532 nm, with 100 mW power A) HR-XAS ground state
spectrum of Au NPs (open circles black trace), FDMNES calculated spectrum of ground state (black trace
Au 5d106s1) and excited states (red trace 5d106s07p1) and (blue trace 5d96s17p1); B) Difference spectra
between excited and ground state: experimental (open circles black trace), and calculated assuming 2%
excitation Au 5d106s17p0 −→ Au5d106s07p1 (red trace); Au5d106s17p0 −→ Au5d96s07p1 (dashed blue
trace); C) Excited and ground state spectra; D) Motifs responsible for the ionization threshold energy
blue shift.

spectrum (open circles black trace) and the spectral difference resulting from
laser excitation (Laser ON - Laser OFF (open circles black trace)) are shown
in Figure 7.3.a,b respectively. The HR-XAS spectra of excited and ground
state Au NPs are depicted in Figure 7.3.c. Au NPs spectrum is character-
ized by the resonance threshold at 11923 eV (whiteline) associated with a
2p3/2 −→ 5d dipole transition, reflecting the unoccupied d density of states
above the Fermi level. The unoccupied states above the Fermi level in Au
(5d106s1) arise from s-d hybridization [133, 134, 135, 136]. The difference
spectrum reveals a derivative-like profile, whose negative part is assigned to
an upward shift of the ionization threshold energy (∆E = 11919 eV) by ca.
1.2 to 1.0 eV, assuming 1− 3% excitation yield, respectively.

To support our assignment, we performed FDMNES [127] calculations re-
vealing the absorption cross sections of photons around the ionization edge.
The excited spectrum due to the excitation from ground state Au 5d106s1
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(black trace) electron to unoccupied 7p orbital when we excited the 6s1 ([Au
5d106s07p1] red trace) or 5d10 ([Au 5d96s17p1] dashed blue trace) electrons are
depicted in Figure 7.3.a. The calculated spectral differences between excited
and ground state assuming 2% excitation are depicted in Figure 7.3.b (red
trace [Au 5d106s17p0] −→[Au 5d106s07p1]; dashed blue trace [Au 5d106s17p0]
−→ [Au 5d96s07p1]). The similarity between excitation of a 6s1 and 5d10

electrons is expected due to the 6s-5d hybridization. The excited spectrum
shows a shift in the ionization threshold, and an increase in the whiteline
intensity, as detected experimentally. Figure 7.3.d depicts a schematic repre-
sentation of potential causes for the ionization threshold energy shift. In the
present case, the ionization threshold energy is the energy difference between
the 2p3/2 and the unoccupied 5d states, i.e., the energy necessary to excite
the electron from 2p3/2 to unoccupied 5d states. LSP excitation induces a
blue shift of the ionization threshold energy of about 1.0 eV (∆E

′
= ∆E+1.0

eV). The result can be rationalized in two ways, either a change in the 2p3/2

states due to electron screening or shift in the highest occupied band, which
cannot be differentiated with HR-XAS.

The increase in whiteline intensity (11923 eV) is synonymous of an in-
crease of holes in Au d-band. Plasmon excitation is a collective phenomenon,
in which the excess energy is distributed among many atoms when viewed
over an extended period of time, however at a given instant the energy is
likely to be carried out by a single electron [137]. Therefore it is plausible
that this electron has sufficient energy to be excited to a higher level (hot
electron formation) and create a hole in the valence states (d-band) [138], as
suggested by the HR-XAS measurements. The final energy of the created
hot electrons is not the same [116]making it difficult to determine their fi-
nal states since HR-XAS detects hole density, not electrons. Since the main
decay channel of the excited state is electron thermalization [139] , spectral
changes due to thermal contributions are anticipated. We estimated the ther-
mal contribution to the spectrum by expanding the Au lattice parameters
[140, 141, 142] . Au NPs surface excited at 532 nm can experience tem-
peratures in excess of 500◦C for submicrosecond times [46]. Therefore we
calculated the spectra difference for 2% lattice expansion, which equates to
approximately 600◦C according to Christensen et al. [141]. The outcome of
the calculation is depicted in Figure 7.4. The thermal contribution decreases
all the spectral features, in particular the unoccupied density of states, con-
trary to what we measured. Thus the detected signal contains the fingerprint
for hot electron (electron-hole pair) formation with little contribution from
lattice expansion.

Free and trapped electrons in a semiconductor CB lead to the appearance
of a distinct broad mid-IR absorption band [143, 144, 145, 146]. Figure 7.5.a
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Figure 7.4: Theoretical estimation of XAS spectral change due to thermal expansion. Blue
measured signal and black the estimated signal changed due to 2% of Au lattice expansion, which equates
to about 600◦C, according to Christensen [141].

shows the integrated mid-IR transient signal of Au − TiO2. Figure 7.5.b
depicts the mid-IR transient spectra for two delay times. For comparison
purposes we plotted the signal for the system consisting of the ruthenium
N719 dye adsorbed on TiO2, measured with the same experimental param-
eters.

Upon excitation, the sample transmittance strongly decreases due to the
appearance of broad mid-IR band associated with the presence of electrons
in the TiO2 CB, Figure 7.5.a. The minimum in transmittance was observed
at t = 0 ps for both systems. This is the time assigned to the best possible
overlap between pump and probe pulses, confirming fast injection, which
we cannot resolve due to our time resolution (100 ps). Furube et al. [116]
suggested that electron injection from gold to TiO2 occurs in less than 240 fs.
Recent reports suggest electron injection from the N719-dye system occurs
in < 10 fs [147], and from graphene quantum dots in < 15fs [148]. The
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Figure 7.5: Transient mid-IR measurements a) Transient mid-IR measurements of T iO2 coated with
a light absorber irradiated at 532 nm with 100 ps pump pulses and 33 mW energy. The spectral changes
were probed with 100 ps broad mid-IR pulses at a spectral resolution of 32 cm−1. Time dependence of
the integrated mid-IR signal of Au− T iO2 (O) and N719− T iO2 (∆) b) Time dependence of the mid-IR
of T iO2 coated with Ru−N719 dye irradiated at 532 nm with 100 ps pump pulses with energy of 33 J.
Experimental resolution 32 cm−1.
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detection of electrons in the TiO2 CB confirms that some of the generated
hot electrons have sufficient energy to overcome the Schottky barrier and be
injected into the TiO2 CB [149]. It should be mentioned that the signal is not
associated to the direct excitation of TiO2 band gap because the excitation
energy is not enough to overcome the band gap and multi-photon absorption
does not occur, nor is it due to Au NPs because their typical IR absorption
is not in the mid-IR range [116]. After injection, only 20% of Au NPs and
50% of N719 signal recovered within the measurement time (80 ns). A
bi-exponential behavior with τ1 = 1.9 ± 0.42 ns and τ2 = 16.0 ± 3.1 ns
for N719-TiO2 and τ1 = 0.21 ± 0.03 ns and τ2 = 18.1 ± 10.3 ns for Au-
TiO2, were fitted. The charge decays are associated to the recombination
of injected electrons with holes in the Au NPs or photo-oxidized dye. The
different recombination times are due to distinct times that the electrons
take to reach the surface and react with the holes of the sensitizer, which
depends on electron dynamic free path and their energy. Since the IR signal
does not recover completely during the measurement time (80 ns) at least
a third component must be involved, which is most likely to be related to
electron-hole recombination of electrons that hopped between TiO2 particles
[150, 151]. Charge hopping transport between TiO2 particles is a resistive
phenomenon, which in practical terms slows the recombination process. It
should be emphasized that both samples contained pristine TiO2 particles.
Full relaxation occurs in the millisecond and beyond time scales [152] . The
observed differences for the faster time decay are significant and hints to
a different decay mechanism. However, our experimental time resolution
(100 ps) is not sufficient to clarify this aspect. It should be emphasized,
that transient IR measurements were performed with the single purpose of
confirming that some electrons have indeed enough energy to be injected into
TiO2, upon electron-hole pair formation. The relative electron injection yield
revealed that Au NPs injected roughly 20 − 25% of the electrons into TiO2

comparatively to N719. Relative injection yield is the ratio between Au NPs
and N719 integrated transient infrared signal normalized according to sample
optical density at a specific delay time. Efficiencies of about 11.1% have
been reported for N719 dye-system [153, 154]. The Au NPs injection yield
is very encouraging because it can be improved by increasing metal loading,
optimizing sensitizer-semiconductor contact points [155], to name only a few.
The low Au loading was selected to prevent inter-particle communication
[156, 157, 158].
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7.5 Conclusions

In conclusion, we detected the formation of electron-hole pairs (hot electrons)
and demonstrated that some of those electrons possess enough energy to be
injected into TiO2. The presented results validate retroactively the ratio-
nalization of their catalytic and photo-voltaic enhancements on the basis of
the electronic mechanism [96, 97, 98, 99, 100, 20, 101, 102, 103, 104, 105, 17,
106, 107, 108, 109, 18, 110, 111, 112, 113, 114, 12, 13, 115, 116, 117]. The
inherent properties of gold group plasmonic nanostructures with respect to
chemical stability, high optical cross-section and tunable optical properties,
make them very promising for harvesting of visible light. Their properties
can be further exploited by combining them with photo-catalysts, such as
TiO2 to drive photo-catalytic processes under solar irradiation. Furthermore
the materials can be used as composite materials [159, 160] , e.g. with the
LSP NPs at the core and TiO2 at the surface, for a plethora of sunlight driven
photo-reactions from fuel to bulk and fine chemical production. This strat-
egy enables the photochemical reaction on pristine and/or metal-doped TiO2

under visible irradiation without compromising the surface area availability,
which is a major issue with the dye-systems.
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Chapter 8

Conclusions and Outlook

Concluding, in this thesis we have addressed the problem of efficient harvest-
ing, confinement and conversion of the energy of light using facile plasmonic
nanostructures.

Concerning the light-harvesting process, we have shown the design and
experimental realization of a novel broadband, ultra-thin plasmonic absorber
which could be employed for efficient sunlight absorption. The proposed
structure is capable of harvesting more than 88 % of the Sun energy in the
spectral range 380− 980 nm, thanks to the simultaneous exploitation of four
different plasmonic phenomena which we combine to obtain a continuous
absorption band. Moreover, in accordance with sunlight characteristics, our
design is polarization insensitive and preserves its performance for incidence
angles up to 48 deg. Furthermore, the fabrication process is compatible with
large-scale production procedures and the multilayer structure is advanta-
geous for the integration in real devices.

We then demonstrated a facile geometry which allows for extreme light
confinement and could be thus used in combination with different active
materials, e.g. lasers, photocatalytic reactors. For this purpose we con-
sidered a metal-insulator-metal structure with ultra-thin dielectric spacer
7 − 13 nm. The front pattern consisted of a hexagonal array of tapered
triangles which eventually connected forming a continuous, holey metallic
layer. We showed that, in the disconnected configuration, the nanocavities
were completely isolated from each other, even for small physical separation.
Therefore, such design would be advantageous for highly integrated optical
components. Moreover, we demonstrated that in the connected configura-
tion, exploiting the non-uniform width of the structure and its symmetries, it
is possible to locally achieve mode confinement in a nanocavity whose physi-
cal size is almost 20 times smaller than its optical size. At the same time, the
presence of two continuous metal electrodes could be advantageous for those
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applications, like the one mentioned above, which require electrical control
or electrical access.

Finally, we considered two possible light conversion processes, namely
light-to-heat and light-to-hot electrons conversion. On the one hand, we
used infrared thermography to investigate the thermal response of a broad-
band plasmonic absorber, and showed that, thanks to the reduced thickness
and high absorption, its characteristic time is almost two orders of magni-
tude smaller than commercial systems of equivalent size. At the same time,
it exhibits a comparable temperature rising capability. Also, we presented
preliminary results demonstrating the successful large-scale implementation
of such absorber in a fast thermoelectric radiation sensor. At last, using
x-ray spectroscopy, we measured, for the first time, the change in the den-
sity of states of gold plasmonic nanoparticles during plasmonic excitation.
We proved that a significant shift in the Fermi level occurs (1 eV shift),
confirming the capability of plasmonic nanostructures to act as sensitizers,
eventually improving the performance of a catalyst.

In perspective, further steps towards the application of these structures
in real devices should be taken. Concerning the light-to-heat conversion
processes, a series of fundamental studies on the thermal behavior of mul-
tilayer, efficient absorbers is still missing, all significant studies being so far
focused on elemental arrangements of simple plasmonic nanoparticles. At
the same time, moving towards real applications, a thin and fast thermo-
electric system should be found in order to exploit the full potential of the
designed ultra-thin plasmonic absorber. On the other hand, for photocat-
alytic or photovoltaic applications, the inert dielectric layer used so far should
be replaced by the actual active material (e.g. TiO2, Si) and the complex
interplay between different processes and materials, e.g. charge transfer and
recombination processes, formation of interfacial energy barriers etc., should
be investigated.
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Appendix A

Evolution of Plasmonic Crystal
Modes from Plasmonic Atomic
Modes

A.1 Abstract

We briefly investigate the applicability of solid state concepts like plasmonic
atoms, molecules and crystals to proximal gap plasmon nanocavities. We
compare the spectrum of finite groups of interacting proximal gap plasmon
nanocavities to that of the single isolated nanocavity (plasmonic atom) and
the infinite array (plasmonic crystal). We observe that plasmonic molecules
spectra present interesting features which are analogous to surface and bulk
states in real crystal. The surface state mode strength progressively reduces
eventually disappearing for the infinite array while the resonance peak re-
sembling the infinite crystal resonance mode becomes dominant.

A.2 Introduction

In the previous chapters we have largely investigated the optical characteris-
tics of infinite, defect-less, arrays of proximal gap plasmons (GP) nanocavities
both in the electrically disconnected and connected configurations. In par-
ticular, we highlighted the role of symmetry and boundary conditions on the
abrupt change in optical properties between these two states of the system.
Furthermore, we showed how, in the disconnected configuration, the array
is nothing but a collection of individual, isolated gap-plasmon nanocavities
which only interact upon achievement of physical contact. Naming every
single plasmonic gap plasmon nanocavity a plasmonic atom, we could state
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that in the disconnected array case these atoms are not interacting and there-
fore there is no overlap between their orbitals. Similarly we could say that
the establishment of physical contact is the equivalent of the creation of a
chemical bond between neighboring plasmonic atoms. Therefore, the simul-
taneous establishment of electrical connections between all neighboring atoms
together with the uniform spatial arrangement suddenly turns the considered
structure into a plasmonic crystal. It is therefore not surprising to observe
considerably different plasmonic modes in the two systems.

Given the so-far good analogy between gap-plasmon based systems and
solid state systems, in this chapter we numerically investigate the broader ap-
plicability of these concepts by taking into considerations intermediate states
between the already studied cases of the plasmonic atom and the plasmonic
crystal. Therefore, we study finite groups of interacting (i.e. connected)
plasmonic atoms of increasing number, equivalent to plasmonic molecules,
following the evolution of their plasmonic resonances.

A.3 Methods

A.3.1 Numerical Modeling

Similarly to the case of atoms forming molecules and crystals, in the addi-
tion process we respected the spatial arrangement rules dictated by the final
crystalline configuration. Moreover, we always simulated structures with a
symmetry plane parallel to the illumination polarization so that the compu-
tational domain could be halved along such plane.

For simulating finite GP nanocavities we thus defined a large enough com-
putational domain that we halved along the above-mentioned plane. We used
a port boundary condition to excite the system with normal illumination and
we first solved for the background field (excluding the front nanostructure).
In a second step we re-activated the front nanostructure and computed the
scattered as well as total fields. In this second computation perfectly matched
layers (PMLs) surrounded the computational domain (apart from the sym-
metry plane).

A.3.2 Absorption Cross Section Computation

For each simulated structure we calculated the integral of the total dissipation
term both in the finite structure and the continuous back reflector, Pabs.
Knowing the incident power (imposed at the port boundary condition) as
well as the total computational cell area we could compute the irradiation
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intensity in each case (I = Pin/Acell). Then, knowing the geometrical area
of the plasmonic molecule, we could compute the power directly impinging
on it as Pin = I · Amolecule and finally come to the absorption cross section
calculation from Cabs = Pabs/Pin.

A.4 Results and Discussion

We simulated three different finite groups of connected gap plasmon nanocav-
ities. The smallest one is the equivalent of an hexane molecule and consists
of a loop of six connected nanocavities. Then we considered 4 loops, ar-
ranged according to the final array symmetry (hexagonal arrangement) and,
finally, we considered 9 loops. In in the graph in Figure A.1 we can compare
the absorption spectra of these three systems with those of an isolated GP
nanocavity and an infinity array of connected GP nanocavities.

We already saw in the previous chapters, that the isolated GP nanocavity
is characterized by a dominant absorption peak around 870 nm which we
indicated with 1 in the graph. While such peak is completely absent in
the infinite array, we observe that the finite structures all present a defined
absorption peak in the same wavelength range (peaks indicated with 1b-d).
From the analysis of the normalized magnetic field amplitude (right column)
we immediately notice a similarity between the nature of these modes. In
particular, the field profile is dominated by a strong antinode beneath one
of the peripheral nanocavities of the structure. Additional, weaker antinodes
are visible along the surface of the considered structure. Moreover, upon
increasing the structure size, the strength of this mode decreases, eventually
vanishing. We can therefore consider this resonance mode like a plasmonic
surface mode, which becomes weaker as the surface to volume ratio of the
structure decreases and completely disappears for an infinite array.

At the other end of the spectrum, we find the absorption peak of the
infinite array (indicated with 2). In the three GP nanocavities groups spectra
we identify the corresponding peaks (2b-d). We observe that, as the structure
complexity increases, this mode blue-shifts and strengthen compared to the
surface mode peak. Once more, the magnetic field profiles (left column)
clearly show the similar nature of these resonance peaks. In particular we
can notice that the GP nanocavities located in the bulk of the structure
present the characteristic three-node magnetic field profile. Therefore, as the
structure grows the number of bulk element increases and the field assumes
the characteristics of the infinite array.
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A.5 Conclusions

To conclude, we have briefly shown that, finite groups of connected GP
nanocavities present an intermediate behavior between the single, isolated
nanocavity and the infinite array of nanocavities. In the studied intermedi-
ate states, we could identify a resonance with affinities to the isolated GP
nanocavity which behaves as a surface mode, propagating along the periph-
eral elements of the structure. At the same time, as the number of elements
increases, more contribution from the bulk, array-like mode causes the emer-
gence of a peak which strengthen while blue-shifting. In the limit of the
infinite array, no surface modes are possible and all the elements present the
characteristic three-node structures. Consequently, the absorption spectrum
presents only one mode.
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Figure A.1: Absorption Spectra of Different Plasmonic Molecules The graph shows the ab-
sorption spectra of the single GP atom (black curve), the GP crystal (red curve) and those of three GP
molecules consisting of 1 loop of 6 atoms (purple curve), 4 loops (cyan curve) and 9 loops (blue curve).
The two interesting resonance modes at long and short wavelengths are indicated with 1 and 2 respec-
tively plus a letter to identify the structure for which it is considered. The color plots show the normalized
magnitude of the magnetic field for the indicated resonances. 95
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