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Abstract

This thesis is devoted to the study of two plasmonic nanostructures that
present a 3-fold symmetry, namely, inverted honeycomb lattices of bars and
twisted stacks of triskelion nanostructures. These systems are particularly
interesting due to the inherent geometric frustration originated by the mis-
match between dipolar excitations, and the odd parity associated with the
3-fold symmetry. The combination of FDTD simulations with the fabrica-
tion and subsequent far-field and near-field optical characterization of such
structures allows for a multifaceted description of the system. In this thesis,
a remarkable agreement between experiments and simulation is achieved,
demonstrating the effectiveness of this combined approach in elucidating
the response of plasmonic systems.

This thesis begins with a fundamental overview of the field, laying the
groundwork for the essential concepts necessary for understanding the main
findings presented in subsequent sections. These results are discussed in
detail through the publications derived from this research. Furthermore,
simulation methodologies, nanofabrication techniques, and characterization
methods are introduced, as they form the core of the research presented
herein.

Publications I and II are devoted to the study of inverted honeycomb plas-
monic lattices. Here we prove the potential of such structures as refractive
index sensors, taking advantage of the sharp SLR and the well-defined spec-
tral dependence with the refractive index. The general sensing capabilities
of this SLR can easily be expanded due to the out-of-plane electric field of
hot spots spanning hundreds of nanometers away from the structure surface,
providing a huge potential sensing volume. From a fundamental point of
view, we have successfully characterized the plasmonic response of this
system through state-of-the-art EELS experiments and FDTD simulations.
By using EELS, both bright and dark modes can be detected. In particular,
we present the first observation of resonances with an anti-ferroelectric
arrangement of the dipolar excitations of the slits in the honeycomb lattice
that occur with such spatial periodicity so that their unit cell has twice the



area of the honeycomb lattice. The samples presented in this part have been
fabricated by EBL and specially dedicated FIB milling using Au ions to avoid
contamination of the sample.

Publications III and IV focus on the study of two stacked triskelia nanostruc-
tures, and their response as a function of the geometry of the structure, in
particular, the twist angle between them. The triskelion motif is character-
ized by its 3-fold symmetry and inherent two-dimensional chirality in 2D.
This system holds two coupled plasmonic resonances tunable by control-
ling the angle between both triskelia. We have demonstrated that a simple
bonding-antibonding model is insufficient to fully elucidate the behavior of
these two resonances. Instead, we have observed a continuous evolution of
the excited modes as a function of the angle between the elements. Further
insight into the combination of such resonances with SLR is proposed. The
fabrication of this structure by successive EBL over large areas and high
degree of alignment are also detailed.

Keywords: Plasmonic lattice, Surface lattice resonance, Plasmonic sensor,
Plasmonic coupling, Circular dichroism, Electron beam lithography, FTIR.



Resum en català

Aquesta tesi està dedicada a l’estudi de dues nanostructures plasmòniques
que presenten una simetria trigonal, xarxes de panal d’abella d’escletxes i
apilaments de nanostructures en forma de triskelió. Aquests sistemes són
particularment interessants a causa de la seva inherent frustració geomètrica,
originada pel fet que les excitacions dipolars no es poden acomodar correc-
tament a un sistema amb simetria trigonal. La combinació de simulacions
FDTD amb la fabricació i posterior caracterització d’aquestes estructures
permet una descripció completa del sistema. En aquesta tesi s’aconsegueix
un notable acord entre experiments i simulacions, demostrant l’èxit de la
combinació de tècniques a l’hora de comprendre la resposta dels sistemes
plasmònics.

Aquest treball comença amb una introducció bàsica al camp d’estudi, es-
tablint els conceptes fonamentals necessaris per tal de comprendre els princi-
pals resultats d’aquesta tesi. Aquests resultats s’exposen detalladament a les
publicacions que se’n deriven. Addicionalment, es resumeixen les principals
les tècniques de simulació, nanofabricació i caracterització utilitzades, ja que
són l’eix vertebrador de la recerca presentada en aquesta tesi.

Les publicacions I i II es dediquen a l’estudi de xarxes plasmòniques de panal
d’abella invertit. En aquest cas, es demostra el seu potencial com a sensors
d’índex de refracció, aprofitant la forta ressonància SLR i la seva dependència
espectral amb l’índex de refracció del medi. Les capacitats generals de detec-
ció d’aquest SLR es poden ampliar fàcilment gràcies a la generació de zones
de concentració del camp elèctric fora del pla, que abasten centenars de
nanòmetres fora de l’estructura, proporcionant un enorme potencial volum
de detecció. Des d’un punt de vista fonamental, hem caracteritzat amb èxit
la resposta plasmònica d’aquest sistema mitjançant mesures experimentals
d’EELS i simulacions FDTD. Mitjançant EELS, es poden detectar tant modes
brillants com foscos. Concretament, presentem la primera observació de
ressonàncies originades per una disposició antiferroelèctrica d’excitacions
dipolars a les escletxes que formen la xarxa de panal d’abella, que es pro-
dueixen amb una periodicitat espacial tal que la seva cèl·la unitat té el doble



d’àrea que la de la xarxa original. Les mostres presentades en aquesta part
s’han fabricat amb EBL i un fresat FIB específic amb ions d’or per evitar la
contaminació de la mostra.

Les publicaciones III i IV es centren en l’estudi de dues nanostructures amb
forma de triskelió apilades i de la seva resposta en funció de la geometria de
l’estructura, concretament, en funció l’angle de rotació entre elles. El triskelió
es caracteritza per presentar una simetria trigonal, però també per ser quiral
en 2D. Aquest sistema presenta dues ressonàncies plasmòniques acoblades
que es poden modular controlant l’angle entre ambdós triskelionss. Hem
demostrat que un simple model de "bonding-antibonding" no pot explicar
amb èxit el comportament d’aquestes dues ressonàncies, sinó que es produeix
un canvi continu en els modes excitats a mesura que canvia l’angle entre els
elements. També es proposa un anàlisi més profund sobre la combinació
d’aquestes ressonàncies amb les SLR. Es detalla, a més, la fabricació d’aquesta
estructura mitjançant processos de EBL consecutius sobre una àrea gran i
amb un alt grau d’alineament.

Titol de la tesi: Resposta òptica millorada en xarxes de nanoestructures
plasmòniques multifuncionals

Paraules clau: Xarxa plasmònca, Ressonància de xarxa en superfície, Sensor
plasmònic, Acoblament plasmònic, Dicroisme circular, Litografia per feix
d’electrons, FTIR.



Resumen en castellano

Esta tesis está dedicada al estudio de dos nanoestructuras plasmónicas
que presentan una simetría trigonal, redes de panal de abeja de rendijas
y apilamientos de nanoestructuras en forma de triskel. Estos sistemas son
particularmente interesantes debido a su inherente frustración geométrica,
originada por el hecho de que las excitaciones dipolares no pueden aco-
modarse correctamente a un sistema con simetría trigonal. La combinación
de simulaciones FDTD con la fabricación y posterior caracterización de estas
estructuras permite una completa descripción del sistema. En esta tesis se
logra un notable acuerdo entre experimentos y simulaciones, demostrando
el éxito de la combinación de técnicas a la hora de comprender la respuesta
de los sistemas plasmónicos.

Este trabajo comienza con una introducción básica al campo de estudio,
estableciendo los conceptos fundamentales necesarios para comprender
los principales resultados de esta tesis. Estos resultados se exponen detal-
ladamente en las publicaciones que se derivan de ella. Adicionalmente,
se resumen las principales técnicas de simulación, nanofabricación y car-
acterización utilizadas, ya que son el eje vertebrador de la investigación
presentada en esta tesis.

Las publicaciones I y II se dedican al estudio de redes plasmónicas de
panal de abeja invertido. En este caso, se demuestra su potencial como
sensores de índice de refracción, aprovechando la fuerte resonancia SLR
y su dependencia espectral con el índice de refracción del medio. Las
capacidades generales de detección de este SLR pueden ampliarse fácilmente
gracias a la generación de zonas de concentración del campo eléctrico fuera
del plano. Éstas abarcan cientos de nanómetros fuera de la estructura,
proporcionando un enorme potencial volumen de detección. Desde un punto
de vista fundamental, hemos caracterizado con éxito la respuesta plasmónica
de este sistema mediante medidas experimentales de EELS y simulaciones
FDTD. Mediante EELS, se pueden detectar tanto modos brillantes como
oscuros. Concretamente, presentamos la primera observación de resonancias
originadas por una disposición antiferroeléctrica de excitaciones dipolares



en las rendijas que forman la red de panal de abeja, que se producen con
una periodicidad espacial tal que su célula unidad tiene el doble de área
que la de la red original. Las muestras presentadas en esta parte se han
fabricado con EBL y un fresado FIB específico con iones de oro para evitar la
contaminación de la muestra.

Las publicaciones III y IV se centran en el estudio de dos nanoestructuras
con forma de triskel apiladas y de su respuesta en función de la geometría de
la estructura, concretamente, en función del ángulo de rotación entre ellas.
El triskel se caracteriza por presentar una simetría trigonal, pero también
por ser quiral en 2D. Este sistema presenta dos resonancias plasmónicas
acopladas que se pueden modular controlando el ángulo entre ambos triske-
les. Hemos demostrado que un modelo simple de “bonding-antibonding”
no puede explicar con éxito el comportamiento de estas dos resonancias,
sino que se produce un cambio continuo en los modos excitados a medida
que cambia el ángulo entre los elementos. También se propone un análisis
más profundo sobre la combinación de estas resonancias con las SLR. Se
detalla además la fabricación de esta estructura mediante procesos de EBL
consecutivos sobre un área grande y con un alto grado de alineamiento.

Palabras clave: Red plasmónica, Resonancia de red en superfície, Sensor
plasmónico Acoplamiento plasmónico, Dicroismo circular, Litografía por haz
de electrones, FTIR.
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Motivation and Objectives

Plasmonic nanostructures exhibit an exceptional capacity to interact with
visible light , albeit operating at higher frequencies [1]. The potential impli-
cations of this unprecedented level of control over visible light have sparked
the interest of the nanophotonics community during the last decades [2, 3,
4, 5, 6]. The significance of plasmonic nanosystems extends beyond their
fundamental properties, encompassing out-of-equilibrium phenomena that
facilitate the generation of hot carriers near metal-insulator interfaces [7],
symmetry-breaking effects associated with frequency up-conversion [8], and
chirality [9], among others. The potential applications of plasmonic nanos-
tructures are diverse and far reaching. These include, but are not limited
to enhanced catalysis [10, 11, 12], perfect absorbers [13, 14], plasmonic
lasing [15, 16, 17], energy harvesting [18, 19], or to improve the sensitivity
of spectroscopies, reaching single molecule detection levels [20, 21].

This thesis focuses on the study of two key systems among the wide range
of subtopics within plasmonics: 2D arrays of planar nanoelements and 3D
chiral stacks of plasmonic nanostructures. These systems demonstrate en-
hanced plasmonic responses through various interactions between localized
modes, including long-range collective excitations and strong near-field
coupling between adjacent structures. Such interactions manifest in re-
markable phenomena, such as narrow resonances, dark mode excitation,
and pronounced circular dichroism, thereby expanding the potential for
manipulating light-matter interactions at the nanoscale [22, 23, 24].

A paradigmatic example of such complex interactions is the generation
of SLR. In ordered arrays of plasmonic nanostructures, it is feasible to
generate an in-phase excitation of the LSP in each individual nanostructure
[25]. This phenomenon is intimately related to both the geometry of the
plasmonic resonator and the array configuration. Consequently, SLR offer
additional degrees of freedom for fine-tuning the system’s response, which
has garnered significant attention within the scientific community due to
the characteristically intense and narrow spectral profiles of the plasmonic
resonances. The unique properties of SLR have far-reaching applications,
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to name a few: SLR can be used in color generation, with a resonant
wavelength that can be tuned by changing the periodicity of the array [26,
27], embedding the plasmonic array in an active medium can lead to an
enhanced lasing behavior with a controlled directionality [28, 29, 30], and
the strong spectral dependence on the surrounding media of SLR can be
used as the sensing mechanism of a new generation of plasmonic sensors
[31, 32, 33, 34]. This thesis delves into the study of coupled plasmonic
elements and the emergent phenomena that arise from this interaction.
Many simple designs and lattice geometries were previously explored using
nanodots [35, 36], bars [37], or different lattice geometries [38, 39]. Within
this context, earlier research by our group highlighted the significance of
simple elements positioned in close proximity and organized into arrays
with triangular symmetry, specifically in the arrangement of hexagonal and
honeycomb lattices [40, 41].

A primary aim of this thesis is to investigate the role of geometric frustra-
tion in shaping the plasmonic response of a system. This phenomenon,
well-established in fields such as magnetism [42], arises when structural
symmetries hinder low-energy dipolar modes, thereby promoting the emer-
gence of more complex system excitations. In plasmonic nanostructures
exhibiting 3-fold symmetry, a mismatch can occur between the harmonic
excitation of electric dipoles, which possess even parity, and the underlying
geometry, resulting in the suppression of simple dipolar modes in favor of
higher-order excitations. To investigate this phenomenon, this thesis focuses
on the response of plasmonic lattices with 3-fold symmetry and individual
nanostructures inherently possessing such geometry.

Subsequent investigations demonstrated an increase in the sensing capa-
bilities of such structures when an inverted nanostructure is considered,
due to the strong out-of-plane hot spots generated [43, 44, 45]. For this
reason, the response of plasmonic lattices has been extensively studied
through theoretical modeling [46, 47] and FDTD simulations [35, 46, 48].
Experimental work based on the the fabrication of samples by EBL [36, 37,
49, 50], FIB milling [51] and nanoimprinting lithography [52, 53], and a
far-field characterization by FTIR spectroscopy [36, 41, 43, 50] have also
been extensively performed. In this thesis, two primary inverted honeycomb
lattices were investigated: Si3N4 membranes and a metal-insulator-metal
configuration. The comparative analysis of these substrate configurations
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elucidates the complex interplay between the plasmonic nanostructures and
their supporting media. This research contributes to a more comprehensive
understanding of substrate-mediated effects on plasmonic phenomena, with
potential implications for the design and optimization of plasmonic devices
for various applications. These findings highlight the critical role of the sub-
strate in either enhancing or suppressing specific lattice resonances, thereby
significantly modulating the overall plasmonic response of the system.

The second main topic of this work deals with plasmonic nanosystems
exhibiting chiroptical responses, a phenomenon of increasing importance
in the field of nanophotonics [54, 23]. Chirality, defined as the geometric
property of an object that cannot be superimposed on its mirror image, plays
a crucial role in the interaction between these nanostructures and CP light
[55]. The two mirror images of a chiral object, known as enantiomers,
respond differently to LCP and RCP light due to the inherent chirality of CP
electromagnetic radiation [56]. The significance of chiral plasmonic systems
stems from the fundamental role of chirality in biological molecules such as
enzymes, DNA, and proteins [57]. These systems serve as versatile platforms
for enhancing and manipulating chiroptical phenomena [23].

The flexibility of plasmonic metasurfaces allows for diverse strategies to
generate chiroptical responses, including the fabrication of helical nanos-
tructures [58, 59], the assembly of nanoparticles in chiral configurations
[60, 61], or the stacking of planar structures to create 3D chiral geometries
[62, 63, 64]. These approaches leverage the unique properties of plasmonic
materials to create strong, localized electromagnetic fields that can amplify
chiroptical effects and enable precise analysis of chiral asymmetry, potentially
down to the single-molecule level.

The study of near-field coupling of plasmonic resonances provides a valu-
able framework for examining and elucidating the phenomena of plasmonic
chirality. Our approach is based on the vertical stacking of planar nanos-
tructures with sub-100 nm separations. This 3D configuration facilitates
interaction with CP light due to the relative rotational orientation between
the elements within the stack. The geometry of the system and its differential
response to RCP and LCP light is investigated. While similar systems have
been previously examined within the framework of the Born-Kuhn model
[65], which considers the role of de-phased excitation in stacked elements by
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CP light, this thesis proposes an alternative approach. Our concept focuses
on the excitation of coupled resonances in stacked nanostructures, enabled
by the sub-wavelength separation between elements. This configuration
allows for near-field coupling, a phenomenon not accounted for in the tra-
ditional Born-Kuhn model. The small inter-element distance, significantly
less than half the incident wavelength, facilitates strong electromagnetic in-
teractions between the plasmonic components. Previous research on planar
chiral structures has predominantly focused on two-dimensional (2D) chiral
nanostructures, with gammadions being a prominent example. Extensive
studies have been conducted on arrays of gammadions operating in the
visible and NIR regimes [66, 67, 68]. The chiroptical activity observed in
these planar nanostructures is attributed to the symmetry-breaking effect
induced by the substrate, as 2D structures are inherently incapable of ex-
hibiting CD due to reciprocity constraints [69]. To overcome this limitation
and ensure the 3D nature of the system, researchers have employed stacked
nanostructures as an effective strategy [62, 63, 64, 70]. While stacked gam-
madions have been explored in the literature, their optical responses were
typically observed in lower-energy regions of the electromagnetic spectrum,
primarily due to their larger dimensions [71, 72, 73]. In this thesis, we
present a novel approach utilizing state-of-the-art equipment to fabricate
stacked nanostructures through successive EBL processes. This methodology
has enabled us to achieve precise alignment with misalignment errors below
50 nm over relatively large areas (approximately 1x1 mm2). The resulting
samples were characterized using FTIR spectroscopy with CP light, revealing
a strong chiroptical response in both the visible and NIR spectral ranges.

This comprehensive work aspires to serve as an introduction to the field
of plasmonics, providing an in-depth understanding of the current state
of the art and elucidating the key features of several relevant techniques
central to this field of research. The compilation of peer-reviewed articles
and the accompanying manuscript draft summarize the main findings of this
thesis.

In order to do so, the main objectives of this thesis are:

1. Investigate innovative designs of plasmonic nanostructures exploiting
interactions between localized surface plasmons and surface lattice
resonances.
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2. Fabricate 2D plasmonic lattices, including direct and inverse (trench)
networks, with bar-shaped nanoelements of varying gap and pitch, and
three-fold symmetry, using EBL- and FIB-based processes.

3. Study and optimize the response of 2D arrays of inverted honeycomb
lattices on different substrate configurations and explore their perfor-
mance for applications in plasmonic-based sensing and spectroscopy.

4. Exploit the role of geometric frustration in shaping the plasmonic
response of nanostructures, particularly those with 3-fold symmetry.

5. Develop 3D stacked configurations using advanced EBL-based ap-
proaches to create precisely aligned 2D stacks with sub-100 nm sepa-
rations.

6. Investigate the chiroptical properties of 3D stacked plasmonic nanos-
tructures and their interactions with circularly polarized light, specifi-
cally:

a) Analyze coupled modes and their impact on circular dichroism.

b) Study effects of geometrical parameters on chiroptical response.

c) Develop theoretical frameworks for chiroptical responses.

7. Perform simulations of optical far-field spectra and near-field electric
field and charge patterns using various excitation sources to assist in
interpreting experimental data and identifying promising structural
designs.

8. Conduct experimental characterization and analysis of the optical
responses of manufactured plasmonic systems in both visible and
near-infrared spectral ranges, using a comprehensive methodology
combining far-field and near-field techniques with simulations.

These objectives collectively aim to deepen our understanding of complex
plasmonic phenomena through innovative design, fabrication, and character-
ization of 2D and 3D configurations, thereby contributing to the development
of next-generation plasmonic devices for sensing and nanoscale light manip-
ulation.
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Part I

Introduction

„
Nunca os jactéis de autodidactos, os repito, porque es
poco lo que se puede aprender sin auxilio ajeno. No
olvidéis, sin embargo, que este poco es importante y que
además nadie os lo puede enseñar.

— Antonio Machado —





1General introduction

The interplay between electromagnetic radiation and matter has long capti-
vated the scientific community, drawing attention from both fundamental
and technological perspectives. The invention of the microscope and tele-
scope, and subsequent studies in the late 16th and early 17th centuries by
Newton and Huygens, initiated a quest to comprehend the nature of light
and its interactions with matter. Throughout the centuries, the progressive
advancement of knowledge and technological capabilities has enabled the
exploration of even smaller length scales and shorter time spans, and has
unveiled a plethora of novel and intricate phenomena, igniting the curiosity
of many researchers across the world.

The field of nanophotonics is currently at the forefront of the study of
light-matter interaction, although, for a long time, nanophotonics may have
seemed like an impossible field to explore. This is because the smallest
scale to which a propagating wave can be focused (i.e. confined) is roughly
limited to half its wavelength. This limit arises from diffraction-related
considerations, given that, to focus light, one must make use of optical
elements (e.g., diaphragms and lenses) that will inevitably hinder the ability
of those systems to produce a sharp focus. Considering that the visible
light has a wavelength between 400 nm and 800 nm, approximately, the
prospects of manipulating and studying light-matter interactions at the
nanoscale would seem rather limited. Nevertheless, one of the paradigmatic
discoveries of nanophotonics is the possibility of subwavelength confinement
of electromagnetic fields that exist in the form of evanescent waves in the
optical and near-optical regimes. These evanescent electromagnetic fields
decay rapidly away from boundaries and interfaces between two materials,
thus confining the energy of the electromagnetic radiation to incredibly
small volumes, well below the wavelength limit. These strongly, localized
"near fields" constitute one of the main interests of nanophotonics and are
restricted to the close vicinity of the nanostructure, as opposed to the "far
fields" that are radiated outwards and dominate at greater distances.
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The possibility of manufacturing structures far smaller than the wavelength
of visible light has enabled the exploration of the electric and magnetic
fields arising in the nanometer scale surrounding metal-dielectric interfaces,
that is in the vicinity of small metallic nanostructures. Perhaps, one of the
most defining features of these sub-wavelength field distribution is their
coupling with charge oscillations in metallic nanostructures. These coupled
resonances are the main goal of plasmonics.

Plasmonics, a field within nanophotonics, is dedicated to investigating the
resonances that emerge in metallic nanostructures due to their interactions
with radiation having wavelengths comparable or smaller than the character-
istic length of the system. This thesis specifically addresses these interactions
within the optical and near-infrared regimes. It does so by examining the
dynamics of conduction electrons in the metal under the influence of oscil-
lating electric and magnetic fields, as well as the resulting resonances in
metallic nanostructures.

The aim of this thesis is to provide a comprehensive and coherent overview of
the field of plasmonic nanostructures. From first principles and, through sim-
ple approximations, volume plasmons will initially be introduced followed
by a brief mention to surface plasmons. Then, localized surface plasmons
will be introduced and extensively discussed, due to their relevance to the
field and their instrumental role in the work presented in this thesis. Their
tunable spectral signature through control of size and shape of the plasmonic
elements will be explained, as well as the mechanisms behind the interaction
among resonances of neighboring particles. Following this, we will outline
the underlying physical principles and characteristics associated with surface
lattice resonances in ordered arrays of plasmonic nanoelements, including
the emergence of chiral properties, from both theoretical and experimental
standpoint.

The concluding section of the introduction focuses on the research methodol-
ogy utilized in this thesis, comprising Finite-Difference Time-Domain (FDTD)
simulations and the fabrication along with experimental characterization
of samples. The former are the cornerstone of this thesis, due to their
key enabling capabilities to first, pick out the range of promising sample
configurations to be explored, thereby substantially lowering the costs of
fabrication and experimental characterization, and second, allowing for the
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modelling the plasmonic response of the designed systems. The fabrication
and experimental characterization of samples are fundamental aspects of
nanotechnology research, given the inherent challenges in manufacturing
and characterizing nanometer structures.

The subsequent chapters will provide summaries of the publications arising
from this thesis, discuss the main conclusions, and conclude with some
future perspectives.
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2Optical properties of
metals

Prior to an in-depth discussion on plasmonics, it is convenient to summarize
the main physical concepts involved in the interaction between metals and
electromagnetic waves at optical and near-infrared frequencies. In this
section, we will delve into the key concepts derived from Maxwell’s equations,
particularly focusing on the dielectric function and its relationship with the
complex refractive index. We will also present a simple model for the optical
response of metals. The concept of volume plasmons will be naturally
introduced in this context.

2.1 Overview of classical
electromagnetism

The metallic nanostructures studied in this thesis are too large to allow
a quantum approach to the problem. Instead, classical electromagnetism
has proven to provide an accurate description of plasmonic resonances in
metallic nanostructures, while allowing for an intuitive interpretation of the
phenomena. In a classical description, Maxwell’s equations determine the
response of the system:

∇⃗ · D⃗ = ρext (2.1)

∇⃗ · B⃗ = 0 (2.2)

∇⃗ × E⃗ = −∂B⃗

∂t
(2.3)

∇⃗ × H⃗ = J⃗ext + ∂D⃗

∂t
(2.4)

where D⃗ is the displacement field, E⃗ is the electric field, H⃗ is the magnetic
field, and B⃗ is the magnetic induction. J⃗ext and ρext are the external current
and charge densities, if present, respectively. Here, we do not make the
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distinction between free and bounded charges, but we consider internal
(J⃗ , ρ) and external (J⃗ext, ρext) quantities so that J⃗tot = J⃗ + J⃗ext and
ρtot = ρ + ρext (see [74] for a detailed discussion).

Considering the fact that most metals are nonmagnetic at optical and near-
infrared frequencies, we can safely neglect the magnetic response of the
system. Thus, the following discussion will only consider the effects of the
driving field on the polarization P⃗ of the material. This quantity is related to
the rearrangement of the electric dipoles in the metal. Taking into account
charge conservation (∇ · J⃗ = −∂ρ/∂t) we can also link the polarization with
the charge and current densities

J⃗ = ∂P⃗

∂t
(2.5)

∇⃗ · P⃗ = −ρ (2.6)

Going back to Maxwell’s equations, we can now define the displacement
field in terms of the polarization vector. D⃗ can be written as the sum of
two contributions. The first one comes from the external field E⃗, while the
second appears due to the response of the material to that external field,
that is, the polarization P⃗ . The expression goes as follows

D⃗ = ε0E⃗ + P⃗ (2.7)

where ε0 is the electric permittivity of vacuum. Considering the case for
linear, isotropic, and nonmagnetic materials we can rewrite Eq. 2.7 as

D⃗ = ε0εE⃗ (2.8)

being ε the dielectric constant or relative permittivity of the medium. This
expression shows naturally how the details of the material’s response to
the driving field are contained in the dielectric constant. It can be seen
that P⃗ = ε0(ε − 1)E⃗. In general, the dielectric constant will depend on the
frequency (ω) and on the wave vector (K⃗). A non-local version in space and
time of Eq. 2.8 can be reformulated as

D⃗(r⃗, t) = ε0

∫
ε(r⃗ − r⃗ ′, t − t′)E⃗(r⃗ ′, t))dt′dr⃗ ′ (2.9)

This can be simplified by taking the Fourier transform of Eq. 2.9, turning the
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convolutions into products, and thus recovering an equivalent expression in
the Fourier space to Eq. 2.8.

D⃗(K⃗, ω) = ε0ε(K⃗, ω)E⃗(K⃗, ω)) (2.10)

It is worth noting that there is a complementary discussion of the optical
properties of materials, this time in terms of the electrical conductivity of the
material, σ. This quantity is also able to capture the response of the material
to an external driving field following J⃗ = σE⃗, both in real and Fourier space.
It can be seen that both, ε and σ are equivalent descriptions of the response
of the material, since one can write ε(K⃗, ω) = 1 + i σ(K⃗, ω)/ε0ω. At low
frequencies, it is often useful to rely on ε when describing the response of
bound charges to an external field, while σ refers to the contributions of free
charges to the current flow. However, at optical frequencies, this difference
is blurred [75].

In general, we will describe the local response of a material (considering K⃗ =
0) making use of ε(ω) = ε1(ω) + i ε2(ω) which is a complex-valued function
of the angular frequency. At optical frequencies, ε(ω) can be experimentally
determined by reflectivity measurements because of the relation between the
dielectric function of a material and its refractive index. Since ñ =

√
ε, for

µ = 1, we can define a complex refractive index ñ(ω) = n(ω)+ i k(ω), where
k, the extinction coefficient, is related to the absorption of electromagnetic
waves propagating in a material. It can be directly linked to the absorption
coefficient α in Beer-Lambert’s law. This law describes the exponential decay
of the intensity of an electromagnetic wave traveling through a medium as
I(x) = I0e−αx, where α(ω) = 2ωk(ω)/c.

This finally yields the following relations between the real and imaginary
parts of both quantities allowing for the experimental determination of
ϵ(ω):

ε1 = n2 − k2 (2.11)

ε2 = 2nk (2.12)

n2 = ε1

2 − 1
2

√
ε2

1 + ε2
2 (2.13)

k = ε2

2n
(2.14)
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2.2 The free electron gas: Drude model

After describing the interaction of electromagnetic fields with matter, a
simple model can be used to explain the mechanism behind such behavior,
this is the Drude model, also known as the free electron gas, or plasma
model. It was developed by Paul Drude around 1900 to explain the motion
of electrons in solids [76, 77]. In this framework, the conduction electrons
are modeled as a gas of free, non-interacting particles that relax through
collisions with the ionic lattice or with electrons.For many metals, especially
noble metals, which are of the highest interest for plasmonic applications,
this model holds throughout the IR region until the visible frequencies, where
interband transitions limit its validity. Nevertheless, for alkali metals, this
model can be applied up to the UV.

Despite the complexity of conduction electrons traveling through a crystal
and interacting via electron–electron Coulomb interactions, the system can
be effectively modeled as a non-interacting gas. This simplification is val-
idated by a subsequent quantum mechanical approach. In a bulk metal,
the lattice imposes a periodic potential with minima located around the
positively charged ionic cores. Within this framework, the wavefunction of
an electron can be expressed as the product of a plane-wave function and
a periodic function that matches the lattice’s periodicity, known as a Bloch
function [78].

The Schrödinger equation describing the electron motion, can be separated
into a stationary part containing the Bloch functions, and a plane-wave
function. This separation indicates that the electron motion is primarily
determined by the plane-wave function, similar to the behavior of a free
electron. The influence of other electrons in the material is accounted for
by an effective average potential that represents the collective interaction
of all electrons. Since the plane-wave functions span the entire solid, this
effective average potential dominates over any individual electron-electron
interactions. For the simplest case, the primary distinction between a truly
free electron model and this model is the definition of an effective mass m∗

that differs from the electron’s rest mass. In summary, this implies that the
motion of electrons in simple metals can be described without explicitly
invoking quantum mechanics.
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From a classical approximation, the equation of motion of an electron in a
crystal under the influence of an oscillating electric field can be written as:

m∗ d2r⃗

dt2 + m∗γ
dr⃗

dt
= −eE⃗(r⃗, t) (2.15)

where γ is a damping parameter known as the collision frequency. Typically,
γ =100 THz at room temperature.

Assuming an harmonic time dependence of the driving field E⃗(t) = E⃗0e−iωt,
the solution of Eq. 2.15 is

r⃗(t) = e

m∗(ω2 + iγω) E⃗(t) (2.16)

The displacement of the electrons with respect to the positively charged
ionic lattice contributes to the macroscopic polarization as P⃗ = −neE⃗.
Substituting this polarization into Eq.2.7 we get

D⃗ = ε0

(
1 −

ω2
p

ω2 − i γω

)
E⃗ (2.17)

where ω2
p = ne2

ε0m∗ is the plasma frequency, given by the electron density
n, the electron charge e, the electric vacuum permittivity, and the electron
effective mass in the material, m∗.

Comparing Eq. 2.17 to Eq. 2.8, the dielectric function under this approxima-
tion can be identified as

ε(ω) = 1 −
ω2

p

ω2 − i γω
(2.18)

Where real and imaginary parts of the complex dielectric function ε(ω) =
ε1(ω) + i ε2(ω) are

ε1(ω) = 1 −
ω2

p

γ2 + ω2 (2.19)

ε2(ω) =
ω2

p

γω(1 + ω2/γ2) (2.20)

We will discuss the validity of this model for two different regimes with
respect to the collision frequency, limiting ourselves to frequencies ω < ωp,
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where metals can still be considered so.

For large frequencies, ω > γ (still below ωp), the damping term in Eq.2.18 is
negligible, as a result we are left with the dielectric function of undamped
free electrons

ε(ω) = 1 −
ω2

p

ω2 (2.21)

In Figure 2.1 we can see that, as the real part of ε approaches 0 (that is, for
ω ≈ ωp), the experimental data for both Au and Ag heavily deviate from the
predictions of the Drude model. Note that the dielectric function of noble
metals in this frequency range is totally dominated by interband transitions.
This deviation is especially relevant considering the use of these metals in
plasmonics. Both noble metals present a region of low losses, for which ε2 is
close to zero. Although Ag may a priori be preferable for visible light applica-
tions due to the lower ohmic loss and a higher onset of interband transitions
[79], Au is favored in the near-infrared region and is chemically more stable
(less prone to oxidation), facilitating its use in plasmonic devices.

For small frequencies, ω < γ, the damping term is non-negligible. In fact,
ε2 >> ε1. This means that, at low frequencies, fields do not propagate
through the metals, but rather their amplitude decays exponentially as they
penetrate into the metal.

Fig. 2.1: Real and imaginary parts of the dielectric function of the free electron gas
(solid line) fitted to experimental values from [80] for (a) Ag and (b) Au.
Note that the model has a limited validity at higher frequencies.
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2.3 Optical response of the free electron
gas

We now turn our attention to the regime above the plasma frequency, ω > ωp.
Within this frequency region, the free electron model presents a transparency
region, and electromagnetic waves can propagate freely through the mate-
rial.
To accurately describe this phenomenon, we shall find traveling wave solu-
tions to Maxwell equations in these conditions. Hence, in the absence of
external charges and currents, Eqs. 2.3 and 2.4 can be combined to construct
the wave equation

∇⃗ × ∇⃗ × E⃗ = −µ0
∂2D⃗

∂t2 (2.22)

K⃗(K⃗ · E⃗) − K2E⃗ = −ε(K⃗, ω)ω2

c2 E⃗ (2.23)

in the time and frequency domain, respectively. We have defined c =
1/

√
µ0ε0 as the speed of light in vacuum. Two types of propagating waves

can be identified, transverse and longitudinal waves.

For transverse waves K⃗ · E⃗ = 0, giving the following dispersion relation

K2 = ε(K⃗, ω)ω2

c2 (2.24)

On the other hand, for longitudinal waves the condition is simply that

ε(K⃗, ω) = 0 (2.25)

showing that longitudinal oscillations can only arise at zeros of the dielectric
function.

Before exploring traveling transverse waves in more detail, we will examine
the latter type of solution to the wave equations. For longitudinal oscillations
under the small damping limit, Eq. 2.25 indicates that ω = ωp. For ε = 0,
combining Eqs. 2.7 and 2.8, we find that P⃗ = −E⃗/ε0. Therefore, at the
plasma frequency, the material exhibits a purely depolarization field.

Throughout all the above derivation, the motion of the electrons has been
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considered to be in phase, hence, this solution can be considered as a
collective longitudinal oscillation of the electrons in the material. Within
this framework, the electrons will collectively be displaced along a certain
distance, creating a charge excess in the boundaries of the material, as shown
in Fig. 2.2a. This will create an electric field, acting as a restoring force on
the electrons, which in turn gives rise to a coherent collective oscillation of
the electrons that resembles phonon vibrations in crystals. In this context,
ωp is the natural resonance frequency of the electron cloud in a material.
The quanta of this oscillation are called volume plasmons. The longitudinal
character of these oscillations precludes their coupling with electromagnetic
waves, which means that they must often be excited by particle collisions.
Notably, the early observations of such resonances were mainly conducted
through electron energy loss spectroscopy experiments [81].

As for the transverse waves, described by Eq. 2.24, in the small damping
limit the dispersion relation takes the form

ω2 = ω2
p + K2c2. (2.26)

As shown in Fig. 2.2b, for ω > ωp there is always a solution to the wave
equation with the form of a transverse electromagnetic wave propagating
in the material with a velocity equal to the slope of the dispersion relation
(v = dω/dK). These solutions will be thoroughly discussed in the following
sections.

Fig. 2.2: (a)Schematic representation of the displacement of the electron gas for a
volume plasmon in a finite metallic slab.(b)Dispersion relation of the free
electron gas (solid red) and the photon in free space(dashed black).
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3Surface plasmon
polaritons

Volume plasmons are a simple example of collective oscillations of the
electron gas in a metal. However, there are other collective excitations of the
electrons in a metal that can also take place. In particular those taking place
at the interface between the metal and a surrounding dielectric medium,
which are known as surface plasmons. In this section, we will briefly discuss
the coupled oscillations of the electrons in the metal and the propagating
electromagnetic wave at its surface, known as Surface Plasmon Polaritons,
SPP.

In the absence of external charge and current sources we can rewrite the
wave equation (Eq. 2.22) considering that in this case, ∇⃗ · D⃗ = 0, and ε is
constant in space. We get to the central equation in electromagnetic wave
theory, known as the Helmholtz equation

∇2E⃗ − ε

c2
∂2E⃗

∂t2 = 0 (3.1)

This equation can only be solved in regions of constant ε and then adapted
through the appropriate boundary conditions.

In order to understand the generation of SPP, let us divide space into two
regions. The first one, for z > 0, dielectric, and a second one, for z < 0,
metallic, with dielectric constants ε2 and ε1, respectively, see Fig.3.1a. The
insulator and metallic character of both materials require that Re[ε1] > 0 and
Re[ε2] < 0. Note that in this section the suffixes 1 and 2 are used to denote
the dielectric function of the two media involved in the calculations. In
general εi will refer to the complex dielectric function as a whole, although,
for the sake of simplicity, a negligible imaginary part will occasionally be
assumed.

If we consider a wave propagating along the interface between these two
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materials, the x direction, for instance. We can assume an harmonic depen-
dence of the electric field of the form E⃗(r⃗, t) = E⃗(z)eiβxe−iωt, where β = Kx

is a complex parameter corresponding to the wavevector in the propagation
direction of the wave. Considering the symmetries of the problem, Eq. 3.1
can be written as follows.

∂2E⃗(z)
∂z2 + (K2

0 ε − β2)E⃗ = 0 (3.2)

A similar procedure would yield an analogous equation for the magnetic field
H⃗, thereby providing a priori two types of possible solutions for this problem.
These two sets of equations correspond to two orthogonal polarizations of
the electromagnetic wave, called TE and TM, characterized by the fact that
the only non-zero components of the electric or magnetic fields are those
along the direction transverse to the boundary plane.
It can be shown [74] that the excitation of SPP is only possible for the TM
solutions. Finally, the continuity requirements on H⃗y and D⃗z lead to

β = K0

√
ε1ε2

ε1 + ε2
(3.3)

This expression holds for metals with and without attenuation, i.e. for real
and complex ε2. In Fig. 3.1b, the corresponding dispersion relation for
the undamped limit is displayed. We recover the results from the previous
section, for the propagation of electromagnetic waves in the transparency
regime (ω > ωp), but now the diagram presents a new branch corresponding
to the excitation of SPP. There is a forbidden band for ωsp < ω < ωp that
for metals with Im[ε1] > 0 will host lossy modes as well as the rest of
the excitations. It is worth noting that the SPP curve falls under the line
corresponding to the propagation of light in free space, the so-called light line,
thus, a photon in free space will never be able to satisfy simultaneously the
frequency and wavevector conditions necessary to excite a SPP. In addition,
unlike the volume plasmons, whose excitation conditions solely rely on
the metallic slab, SPP inherently depend on both materials, since they
originate at the interface. Thus, the phase matching of an incoming photon
has to be carried out through more complex strategies such as grating
[82], prism coupling [83], or excitation via near field [84]. Despite the
apparent difficulties to excite them, SPP have been extensively studied for
their possibilities in unveiling new light matter interactions in the nanometer
scale [35].
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Fig. 3.1: (a)Schematic representation of a SPP. (b)Dispersion relation of SPP in the
free electron gas (solid blue) and the photon in free space(dashed black).
This model also includes the propagation of electromagnetic waves into
the material in the transparency regime (solid red).

At low wavevectors, typically within the infrared or lower frequency ranges,
the waves propagate over multiple wavelengths due to their propagation
constant being close to that of the light line. In this regime, the SPP exhibit
characteristics analogous to light propagating at grazing incidence. In con-
trast, for large wavevectors, these SPP attain a maximum frequency value
known as the surface plasmon frequency. In the undamped free electron gas
model, this frequency is simply

ωsp = ωp√
1 + ε2

(3.4)

As β approaches infinity, the slope of the dispersion relation, as shown in
Fig. 3.1b, tends to be zero, leading to a null group velocity. In this large
wavevector limit, a stationary oscillation with frequency ωsp is formed, which
is known as a surface plasmon.
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4Localized surface
plasmons

Having introduced SPP in the previous section, which are propagating oscil-
lations of the electron plasma coupled to a traveling electromagnetic wave
at the metal-dielectric interface, we now turn the focus upon stationary
excitations of electrons in metallic nanostructures, referred to as localized
surface plasmons, LSP. The non-propagating nature of LSP arises from the
fact that these excitations occur exclusively within nanostructures. The finite
dimensions of a nanostructure supporting such oscillations will induce a
restoring force on the electrons driven by an electromagnetic wave, similarly
to the case of volume plasmons. However, unlike volume plasmons, the
excitation of LSP modes is possible through direct illumination at the suitable
frequency. The typical energy of LSP in noble metals falls within the optical
range, leading to numerous applications based on this phenomenon. Nanos-
tructures of these metals, with dimensions ranging from tens to hundreds
of nanometers, are ideal for exciting LSP and can be utilized for enhanced
emission and sub-wavelength confinement, among other applications.

4.1 The quasi-static approximation

Let us consider the interaction of a spherical homogeneous particle of radius
a with an external electromagnetic field. Throughout most of this section
we will consider that the particle is much smaller than the wavelength of
the electromagnetic wave (a << λ0). This is called the quasi-static approxi-
mation and will allow us to consider the electric field to be uniform in the
whole volume of the particle. Once the problem is solved for the electrostatic
case, the harmonic time dependence can be added to the solution.

Without losing generality, we can consider that the particle is placed at
the origin of the coordinate system in a uniform electric field along the z
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direction, E⃗ = E0ẑ. The particle is surrounded by a medium of dielectric
constant εm, and its response is described by the complex dielectric constant
εm(ω).

In the electrostatic approach, the response of the sphere can be found by
solving the Laplace equation ∇2ϕ = 0 for the potential, from which we will
calculate the electric field using E⃗ = −∇⃗ϕ. Using Legendre’s polynomials,
together with the appropriate boundary conditions at the surface of the
sphere, we get to the following solutions inside and outside of the sphere,
respectively [85]

ϕin = − 3εm

ε + 2εm
E0r cos(θ) (4.1)

ϕout = −E0r cos(θ) + ε − εm

ε + 2εm
E0a3 cos(θ)

r2 , (4.2)

where θ is the angle between r⃗ (position of the point where ϕ is computed)
and the z axis, taking the center of the nanoparticle as the origin.

It is easy to infer that the potential in the outer region is directly the superpo-
sition of the external driving field and the field created by an electric dipole.
This is made evident if we rewrite Eq. 4.2 in terms of the dipole moment p⃗

ϕout = −E0rcos(θ) + p⃗ · r⃗

4πε0εmr3 , (4.3)

where the dipole moment is defined as

p⃗ = 4πε0εma3 ε − εm

ε + 2εm
E⃗0. (4.4)

Finally, we can rewrite the dipole moment as p⃗ = ε0εmαE⃗0, since it is is
proportional to the applied field. From this definition, we get the expression
for the polarizability α of a spherical metallic particle smaller than the
wavelength of the exciting electromagnetic wave1

α = 4πa3 ε − εm

ε + 2εm
. (4.5)

1 This expression can be generalized[86]

α =
4
3

πa3(1 + κ)
ε − εm

ε + κεm

where κ is a geometric factor that captures the predisposition of the structure to be polarized.
For the case of a sphere κ = 2, which gets us back to Eq. 4.5
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Fig. 4.1 illustrates both the absolute value and the real and imaginary
components of the polarizability. This complex quantity will diverge when
the denominator approaches zero. For instance, in the case of Au, this
divergence occurs at approximately 2.5 eV. Considering the surrounding
medium as a dielectric with negligible absorption (Im[εm] ≈ 0), the resonant
condition for α can be written, in general, as

Re[ε(ω)] = −2εm. (4.6)

For a spherical nanoparticle with a Drude dielectric function, surrounded by
air, i.e. following Eq. 2.18, the resonance in the polarizability will happen
at a frequency ω0 = ωp/

√
3. Note the strong dependence of this resonant

frequency on εm.

Fig. 4.1: (a) Module and (b) real and imaginary part of the polarizability of a
spherical nanoparticle with ϵ obtained from a Drude fit for Au in Fig. 2.1.

In order to fully comprehend the utility of the expressions developed thus
far, we will move beyond the electrostatic framework to provide a com-
plete description of the response of a sub-wavelength metallic particle sub-
jected to excitation by an electromagnetic wave. Assuming a harmonic
time dependence E⃗(r⃗, t) = E⃗0e−iωt, the induced dipole moment will be
p⃗ = ε0εmαE⃗0e−iωt. In this new scenario, it is important to note that an
oscillating dipole will radiate into the medium. To describe the response
of an oscillating electric dipole, let us write the scattering and absorption
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cross-sections as

Cscat = K4

6π
|α|2 = 8π

3 K4a6
∣∣∣∣ ε − εm

ε + 2εm

∣∣∣∣2
(4.7)

Cabs = KIm[α] = 4πKa3Im

[
ε − εm

ε + 2εm

]
. (4.8)

Details on the derivation of these expressions can be found in [87].

The first interesting feature to point out is that the efficiency of absorption
scales as a3 while in the case of scattering, the dependence goes as a6.
Hence, for small particles, absorption serves as the principal mechanism of
interaction with electromagnetic radiation. Conversely, for larger particles,
scattering will increasingly prevail.

Finally, it is useful to define a third quantity that characterizes the total inter-
action efficiency of a system with electromagnetic radiation. This interaction
occurs through two mechanisms: a change in the wave’s energy (absorption)
and a change in its momentum (scattering). The extinction is defined as
the sum of both contributions, with the extinction cross-section expressed as
follows

Cext = Cscat + Cabs. (4.9)

An important side note is that the expressions derived in Eqs.4.7 and 4.8
are not exclusive for metallic nanoparticles. If no specific dependence of ε is
assumed, they can also be valid for dielectric nanoparticles. However, the
absorption in dielectric nanoparticles, even for small sizes, will be strongly
hindered by the small imaginary part of the dielectric function. For this
reason, in most cases, dielectric nanoparticles will be assumed to only
interact with electromagnetic waves through scattering.

Thus far in this section, we have discussed the physics behind the excitation
of LSP in metallic nanostructures. Nevertheless, the assumptions adopted
throughout this discussion can readily be adapted to the case of dielectric
inclusions within metals, such as nanoholes or nanocavities.

We will begin our treatment of such systems with a spherical nanocavity
of radius a << λ0. The dielectric functions in this case will be εm for the
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nanocavity, and ε(ω) for the surrounding metal. This nanostructure can
sustain a plasmonic resonance, similar to that of a metallic sphere in a
dielectric medium. However, in this case, the resulting dipole will be aligned
antiparallel to the driving field, as evidenced by its polarizability

α = 4πa3 εm − ε

εm + 2ε
. (4.10)

Note that the only differences with Eq. 4.5 arises from the substitutions ε →
εm and εm → ε. This new polarizability leads to the resonant condition

Re[ε(ω)] = −1
2εm. (4.11)

Similarly to Eq. 4.6 this resonant condition is valid only in the quasi-static
regime, meaning that the nanocavity must be significantly smaller than the
wavelength of the exciting radiation. Non-spherical cavities will present
a polarizability with slight variations from Eq. 4.10. However, the reso-
nant condition will remain unaltered as it does not depend on geometric
parameters of the system.

It is important to note that larger particles, for which the quasi-static approx-
imation is no longer applicable, will exhibit different resonance conditions.
Generally, these conditions will be significantly influenced by the size of the
nanostructure and other geometric factors.

4.2 Beyond the quasi-static
approximation: Mie theory

We have seen that, by modelling a small particle as a point dipole, a resonant
field enhancement is predicted by considering the relation between the
polarizability of the particle and its scattering and absorption cross sections.
This model successfully describes particles up to 100 nm illuminated by light
in the optical regime. However, an accurate description of larger particles
requires a model that can appropriately describe the phase changes of the
driving field inside the particle. In addition to variations in size, an increase
in the aspect ratio leads to greater anisotropy in the particle, resulting in the
emergence of additional resonant modes. Consequently, a more complex
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description of the system becomes necessary, as illustrated schematically in
Fig. 4.2.

In 1908, Mie developed a complete description of the scattering and absorp-
tion of a spherical scatterer as an expansion of the internal and external
fields into normal modes described by vector harmonics[88]. This is known
as Mie theory.

Fig. 4.2: Schematic representations of the electric field and charge distributions for
(a) a spherical nanoparticle and (b) for a nanorod. Note that for the case
of a nanorod, two possible dipole excitations are possible. Adapted from
[89].

It is important to remark that the results of the quasi-static approximation
can be derived from Mie theory by considering only the first terms of the
Mie expansion.

The primary objective of this section is to analyze the spectral shift and
broadening of LSP in nanoparticles as their size increases. To achieve this, we
will consider the first TM mode from Mie theory and express the polarizability
of a sphere with volume V as follows [90]

αsphere =
1 − ( 1

10 )(ε + εm)x2 + O(x4)

( 1
3 + εm

ε−εm
) − 1

30 (ε + 10εm)x2 − i 4π2ε
3/2
m V

3λ0
+ O(x4)

V, (4.12)

where x = πa
λ0

, called the size parameter, describes the ratio between the
radius of the sphere and the wavelength of the driving electromagnetic field.

36 Chapter 4 Localized surface plasmons



In this section we will restrict our discussion to large particles.
In this regime, the size of the nanostructures is such that the exciting electric
field cannot be regarded as constant throughout the entire volume of the
particle with a straightforward harmonic time dependence. Instead, the
phase of the electric field will exhibit spatial variation across the system. The
spatially varying phase of the external electric field can influence the behavior
of LSP and their interactions with electromagnetic radiation, leading to what
are known as retardation effects. These effects become more pronounced as
the size of the nanostructure increases.

A comparison between Eqs. 4.5 and 4.12 reveals several additional terms in
the numerator and denominator, compared to the quasi-static regime. For
Drude and noble metals, the quadratic terms in numerator and denominator
lead to an overall shift to lower energies as the particle size increases (and
the size parameters increases as well). This can be intuitively understood by
considering that, as the particles get larger, the distance between the charges
accumulated in opposite regions of the particle also increases. Therefore,
the restoring force acting on the electrons diminishes and the frequency
of the resonance is lowered. This is experimentally shown in Fig. 4.3.
The imaginary term in the denominator accounts for radiation damping,
which refers to the decay of coherently oscillating electrons into photons. In
other words, this process effectively transforms the energy of the oscillating
electrons into radiation that exits the system. This is the main mechanism
behind the decay of the strength of the dipole resonance as the particle size
increases, and it is closely associated with the spectral broadening of the
LSP.

Eq. 4.12 describes the polarizability of a spherical metallic nanoparticle that
exceeds the size limit of the quasi-static approximation. Using Mie’s theory,
we have shown that a relation between the polarizability of the nanoparticle
and its size can be found. Likewise, the shape of the nanostructure will also
play a key role in determining its polarizability. A change in the shape of
the nanoparticle will alter the significance of different multipoles within
Mie’s expansion, thereby modifying the expression for the polarizability.
This phenomenon has been experimentally demonstrated in [92, 93, 94].
Fig. 4.4 shows a representative example of a simple spectral shift due to
shape effects. Nonetheless, the differences in spectral response based on
nanoparticle shape can manifest an arbitrarily high level of complexity.
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Fig. 4.3: (a) Scattering spectra and corresponding SEM images of single isolated
cylindrical particles of different diameters (50, 100, 150 and 200 nm). The
solid lines show scattering spectra calculated theoretically. The experimen-
tal and theoretical spectra have been normalized to the geometrical cross
section. (b) Experimental LSP position vs particle diameter as determined
by SEM analysis. The solid and dashed lines correspond to calculations
considering particles of 25 and 30 nm in thickness, respectively. Adapted
from [91].

The experimental excitation and observation of LSP, can be carried out
using a wide variety of techniques. One of the most convenient features of
LSP is their ability to directly excite electromagnetic waves, sallowing for
their observation through optical measurements of reflection or transmission
in samples that support LSP. For instance, FTIR spectroscopy has been
employed throughout this thesis to characterize LSPs in the far-field regime.
Additionally, excitation can also be induced through the impact of charged
particles, as demonstrated in EELS experiments. This method offers the
added benefit of enabling resonance mapping at the nanoscale.

4.3 Coupled localized surface plasmon
resonances

In the preceding sections, we identified the characteristic frequency for
LSP in small nanoparticles (Eq. 4.4), and showed that this frequency can
modified through changes in the size and shape of the nanoparticle. If such
particle is placed in close proximity of other nanostructures holding LSP, the
dipole induced in the second nanostructure will alter the effective electric
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Fig. 4.4: Typical optical spectroscopy measurements of individual Ag nanoparticles.
The figure shows the spectra of individual nanoparticles with different
shapes, and their high-resolution TEM images. Reproduced from [93].

field acting on the particle, thus, shifting the resonant frequency.

Within this framework, the LSP of the two interacting particles will couple,
resulting in the emergence of resonances that are not achievable for a single
particle. In this context, a proper description of the resonances in the coupled
system can no longer be given as a combination of resonant modes in a single
element; instead the couple modes must be regarded as the fundamental
basis of this new system. This concept is visually depicted in Fig. 4.5, where
it is illustrated that within the model of coupled dipoles (analogous to the
coupled harmonic oscillators), each pair of nanorods can exhibit two types
of excitations: one in which the dipoles oscillate in phase and another in
which they oscillate out-of-phase.

It is worth noting that among all the new resonant modes available, not
all of them are efficiently excited by electromagnetic radiation, since the
coupling with radiation is governed by the resulting dipole moment for each
resonance. If the charge distribution of a given resonance has no net dipole
moment, it can be considered optically dark, which means that it will not
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Fig. 4.5: Hibridization model of LSP modes in coupled nanorods. Analogously to the
case of molecular orbitals, in phase and out-of-phase dipoles are formed in
the end-to end situation (σ and σ∗) and in the side by side configuration
(π and π∗). Note that the modes labeled as σ∗ and π present no net dipole
moment, hence, they are optically dark. Reproduced from [97].

be easily excited by light. However, dark modes can normally be excited
by breaking a symmetry of the system. Changing the geometry or simply
varying the incidence angle of the exciting radiation is enough to break the
dark nature of the mode. In this context, these modes are called subradiant
modes due to their low net dipole moment [95, 96]. Consequently, the
excitation of emergent resonances in a coupled system, characterized by a
new spectral position, is frequently observed experimentally as a shift in
the peak position rather than as peak splitting, as the energy level diagram
in Fig. 4.5 might imply. While spectral splitting does occur, it is primarily
the energy modes associated with a non-zero net dipole moment (optically
bright modes) that are significantly populated.

Considering the excitations of a pair of nanoparticles, similarly to coupled
harmonic oscillators, a change in the coupling strength will affect the res-
onant frequencies of the coupled modes. The strength of the coupling can
depend on several parameters such as the shape of the nanoparticle, the
metal used, or the dielectric surrounding medium. This is exemplified in
Fig. 4.6 with experimental data corresponding to a simple system of two
neighboring Au disks.

Among the many factors controlling the spectral position of coupled LSP,
probably the interparticle distance s is one of the most relevant. It is also
experimentally easy to control and measure it, so a study of the coupling
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strength in terms of the interparticle distance offers a remarkable opportu-
nity to derive quantitative conclusions.

Fig. 4.6: (a) Scanning electron microscopy SEM image of pairs of Au nanodiscs with
an inter-particle gap of 12 nm. (b)(c) Experimental absorption spectra for
nanopairs excited by light polarized in the directions parallel and perpen-
dicular to the nanopair axis for different gap values. (d)(e)Simulations of
the position of the LSP as a function of the nanopair gap and the refractive
index of the surrounding medium. Adapted from [86, 98].

For this parameter, an approximate relation can be found [98]:

∆λ

λ0
≈ ke−s/0.2D, (4.13)
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where s is the surface-to-surface distance between particles, D is the diameter
of the particle, k is a parameter that will depend on the system and can be
determined experimentally, λ0 is the wavelength of the resonance for the
non-interacting case, and ∆λ is the shift of the resonance position.

Remarkably, the functional dependence observed exhibits a significant degree
of universality, as it does not impose any constraints on the specific details
of the interacting nanoparticles, such as their metallic composition or the
properties of the surrounding medium. All these parameters are captured
within the coefficient k, which will differ for each system. However, in all
cases, the exponential dependence with −s/(0.2D) is preserved.

The origin of the general distance-decay behavior described in Eq. 4.13 can
be attributed to two key factors that influence the strength of inter-particle
coupling: the polarizability of the particles and the distance between them.
The first parameter scales as D3, where D is a characteristic length of the
particle (see Eq. 4.5 and [98]), while the electric field created by a dipole
in the near field decays as r−3. Summarizing, the strength of the coupling,
determined by ∆λ

λ0
, must have a functional dependence on (r/D)−3.

A closer inspection of Fig. 4.6b and c demonstrates a distinctly different
behavior of the coupled system depending on the polarization of the exciting
electric field. Here, the connection between the electric field direction
and the coupling strength is evident, as the orientation of the electric field
dictates the direction from which each electric dipole arises in the particles,
thereby affecting the angle between the electric dipole and its neighboring
particle.

4.4 Surface lattice resonances

So far, we have discussed the interactions of plasmonic nanoparticles in
close proximity. A thorough description of the interactions between pairs
of nanoparticles has been given. The characteristic properties could be
expanded to clusters of a few nanoparticles. However, a fundamentally
different model is required for large arrays of nanostructures due to the long
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distances among different elements compared to the excitation wavelength.
Within this framework, the plasmonic nanoparticles will still be treated as
dipoles. Nevertheless, they will now be coupled through far-field mecha-
nisms, a phenomenon known as diffractive coupling [99, 100]. Specifically,
under particular excitation conditions, additional plasmonic modes emerge
in the system, called Surface Lattice Resonances (SLR). These are collective
and coherent excitations of all the nanoelements in an array that typically
yield very intense and spectrally narrow resonances, offering an additional
degree of freedom to control the plasmonic response of a nanostructure.

For the sake of simplicity, let us take an ordered array of N metallic
nanoparticles whose polarization can be considered to be an electric dipole
p⃗i = ε0εmαiE⃗i. The electric field acting on a particle located at the position
r⃗i will be the sum of the incident electric field and the total electric field
created by the induced dipoles in the remaining N − 1 nanoparticles within
the array. For a fixed wavelength this yields

E⃗i = E⃗0eik⃗·r⃗i −
∑
j ̸=i

Aij p⃗j , (4.14)

where E⃗0 and k⃗ are the amplitude and the wavevector of the incident wave,
respectively. Aij is the dipole interaction matrix (the negative sign in the
previous equation is simply due to a sign convention), describing the effect
of the whole dipole array. This term is explicitly written as

Aij p⃗j = eikrij

[
k2 r⃗ij × (r⃗ij × p⃗j)

r3
ij

+(1−ikrij)
r2

ij p⃗ij − 3r⃗ij(r⃗ij · p⃗j)
r5

ij

]
, (4.15)

where r⃗ij measures the position of the j dipole with respect to the i position.
For the particular case of an infinitely large array of particles with identical
polarization α, considering the electric field acting on every particle defined
by Eq. 4.14, the modulus of the total dipole moment for each particle of the
array can be written as

P = E0

1/α − S
(4.16)

where S is known as the dipole sum and is strongly related to the dipole
interaction matrix.

Moreover, under normal incident illumination, the dipole sum can be written
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as follows

S =
∑
j ̸=i

eikrij

[
(1 − ikrij(3cos2θij − 1)

r3
ij

+ k2sin2θij

rij

]
, (4.17)

where θij is the angle between rij and the direction of the electric field,
i.e. the polarization direction of the incident wave. In this thesis we will
primarily focus on the excitation of SLR under normal incidence.

The SLR will correspond to maxima of the dipole moment of the particles
of the array. Similarly to the derivation of the conditions for LSP, the
collective excitation of a plasmonic lattice depends on the generation of
large values of P . In other words, the condition for the generation of LSR is
Re[1/α] = Re[S]. Similarly to the case of LSP, the width of the resonance is
determined by Im[1/α − S].

Considering that the effective polarizability of a particle in the array is
(1/α − S)−1, for the simple case of a square lattice of nanoparticles we can
take a look of its extinction cross section (Eq. 4.9) and compare it with
the values of the terms involved in Eq. 4.16. In Fig.4.7a we can see that
SLR present a much more intense and narrow resonance, compared with
the LSP of a single nanoparticle. It is clear from Fig. 4.7b that, despite
the fact that the denominator in Eq. 4.16 vanishes for two wavelengths in
Fig. 4.7, the intensity only becomes maximum when the real part of the
denominator in Eq. 4.16 becomes zero and the imaginary part is small, since
both Im[1/α] and Im[S] have the same sign. This constitutes the fundamental
condition for the generation of SLR. In practice, a spectral overlap between
the resonant LSP frequency for the particle and the geometric diffraction
condition of a given array is required. This information is contained in 1/α

and S, respectively. It should be noted that varying the angle of incidence
will alter the diffraction condition, thereby changing the wavelength at which
SLR can be excited.

The dipole sum reaches a sharp maximum at the wavelength that satisfies
the diffraction condition because, at this precise wavelength, all dipoles in
the array oscillate coherently, leading to perfectly constructive interference.
To summarize, in general, for the excitation of a SLR, we will be able to
distinguish three main spectral regions, as shown Fig. 4.7. The first one refers
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to a broad extinction maximum corresponding to the first crossing of Re[1/α]
and Re[S]. This peak is severely broadened due to the large imaginary part
of the denominator in Eq. 4.16. The following region of interest is a
narrow region of maximum transparency, marked by near zero extinction,
corresponding to the geometric diffraction condition. At this wavelength, the
lattice behaves similarly to a system composed entirely of passive (dielectric)
particles. Subsequently, a second extinction maximum emerges. Again, we
see that for this excitation the real part of the denominator in Eq. 4.16
vanishes. However, this resonance becomes both narrower and more intense,
since the imaginary part of that denominator approaches zero too [101].

Fig. 4.7: (a) Extinction spectra for a LSP in a single nanoparticle and a SLR in an
array of nanoparticles. (b) Real and imaginary parts of the inverse of the
polarizability of the particles forming the array and the dipole sum. The
calculations have been performed assuming a square array of Ag discs
(shown in the inset) of 30 nm in thickness, 120 nm in diameter, and a
periodicity of 480 nm. The array is surrounded by a dielectric material
with no absorption and n=1.515. Adapted from [39].

SLR can also be studied from the perspective of Fano resonances. These,
almost ubiquitous resonances arise from the spectral superposition of a
narrow, well defined resonance, and a much broader resonance, considered
to be a pseudo-continuum collection of states [24]. The case of a SLR can be
tackled using this formalism by considering the narrow resonance to be the
diffraction of the array, while the role of the broad resonance is played by
the LSP of the individual nanoelements [102]. Despite the success of this
approach, in this thesis, we have adopted the dipole sum formalism due to
its direct derivation from basic interactions and its direct interpretation.
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4.4.1 Experimental considerations

As discussed in preceding sections, there are many factors that influence
the behavior of SLR, such as the size and shape of the nanoparticles that
constitute the array [103], the disorder in the array [104], the angle of
incidence [105], or the array geometry [39, 38]. Nevertheless, we will only
briefly address a few critical factors that are important for the experimental
detection of these resonances. For a more comprehensive overview, we refer
the reader to the extensive reviews that can be found in the literature, such
as [25, 106].

Number of scatterers in the lattice:
The size of the array has proven to be a critical factor in the excitation
of SLR since the excitation of these modes relies on the coherent
excitation of all the elements in the array. Given that, for the typical
distances between particles in this regime (which are of the order of
the wavelength), the interaction between pairs of particles is small
but decays as 1/r, the effect is only noticed when a large number of
particles is involved. After a few hundreds of nanoparticles the quality
of the resonance saturates to the maximum value [107, 108], see Fig.
4.8a. A similar effect can be observed for infinite arrays and finite
width beams, as shown in [109]. Finally, it is important to note that
the coupled dipole approximation is based on the coherent excitation
of the dipoles in the array. However, experimental conditions may rely
on the use of an incoherent source, i.e. a halogen lamp. The effect of
the coherence of the source is studied in [110] and can be seen in Fig.
4.8b

Surrounding media:
The excitation of SLR is enhanced when the array of nanoelements
is situated in a homogeneous surrounding medium. However, due
to fabrication limitations, it is often the case that the substrate and
superstrate surrounding the nanoparticle array do not posess matching
refractive indices. The refractive index asymmetry severely hinders
the excitation of SLR and can even lead to their complete destruction
[111, 112], as shown in Fig. 4.9. The contrast in refractive indices
and the distance to the interface between the two media are key
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Fig. 4.8: (a) Extinction spectra shown by arrays on N particles of Ag nanodiscs of 400
nm in diameter. (b) Dipole sum calculations, and experimental detection
of SLR using both coherent and incoherent illumination, for different array
sizes. Adapted from [107, 110].

factors defining the quality of the SLR. This is because a change in the
refractive index will create reflections at the interface. The diffracted
beams, which will propagate as grazing waves along the interface, will
interfere with the dipole coupling between the nanoparticles in the
array. Hence, diffracted beams destroy the long-range coupling in the
presence of a substrate [111].

Fig. 4.9: (a) Scattering spectra for a LSP in a Au spherical nanoparticle surrounded
by glass and water. (b)SLR in a square array of nanoparticles for different
surrounding media. Glass, water and a hybrid medium (glass substrate and
water superstrate). The nanoparticle diameter is 35 nm, and the periodicity
is 500 nm. Adapted from [113].
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A lot of factors can be engineered to transform the symmetry of the sur-
rounding medium to a "soft" requirement. An array composed of larger
or more complex nanoparticles will exhibit greater resilience to vari-
ations in refractive index. The increased size of the particles reduces
the significance of reflected diffracted beams [114]. Furthermore, this
larger size facilitates the excitation of out-of-plane resonances, which
are less critically dependent on the homogeneity of the refractive index
[115].

4.5 Chiral plasmonics

Chirality is the geometric property of objects that can not be superimposed
onto their mirror image. This seemingly straightforward definition has pro-
found implications across many aspects of life, especially in biochemistry.
Many biomolecules, such as amino acids, DNA, and enzymes, exhibit chirality,
highlighting the importance of developing methods to ascertain the chirality
of molecules. Chirality is not limited to physical objects; electromagnetic
fields can also possess chiral properties [56, 116]. Given that chiral charac-
teristics can only be investigated using chiral probes, chiral electromagnetic
waves serve as an ideal means to interact with physical systems through
their chiral properties. The nature of this interaction will depend on the
handedness of both the electromagnetic wave and the system under study.
Therefore, we will begin by defining what is meant by optical chirality.

If we go back to Eq. 3.1, we can propose another solution to this equation.
Considering a wave that propagates along the z direction, we now have
E⃗(r⃗, t) = E0 J⃗ ei(kz−ωt). Where J⃗ is the Jones vector that contains the
information regarding the polarization of the wave, and E0 is the amplitude.
For linearly polarized LP light forming an angle φ with the x direction, the
Jones vector is, simply

J⃗φ
LP =

cos φ

sin φ

0

 . (4.18)

Note that this solution, despite the slightly different notation, is perfectly
compatible with all the previous derivations.
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For CP light, the Jones vector takes the form

J⃗±
CP = 1√

2

 1
± i

0

 . (4.19)

From the Jones vector for CP light we can see that there are two orthogonal
polarizations depending on whether the y component is advanced or retarded
π/2 with respect to the x component. These are, usually, referred to as RCP
and LCP. Note that the assignment of RCP or LCP to the "+" or "-" case is
arbitrary2.

4.5.1 A first approach to chiral plasmonics: the
Born-Kuhn model

In section 2.2, we have described the response of the free electron gas in
a metal as a harmonic oscillator. However, this model is fails to reproduce
the behavior of chiral systems. This is because the quasi-static case is
always considered in section 2.2, neglecting retardation effects. These play
a key role in the chiral excitation of a system, since the handedness of
both the fields and the system can only be defined taking into account the
propagation of the wave and hence, its phase change. The quasi-static
approximation is analogous to consider the plasmonic system to be two-
dimensional, preventing any chiroptical effects from arising due to reciprocity
constraints [69].

A simple approach that takes into account de-phasing effects arises from
considering two coupled electrons oscillating harmonically in orthogonal
directions under an external driving force. This is known as the Born-
Kuhn model [117]. Considering the two oscillating electrons along x and
y directions, respectively, and an electromagnetic wave propagating in the
z direction; the equations of motion for a chiral system located at r⃗ =

2 For any given chiral object, two versions of the same object, so-called enantiomers, can be
defined. Each one of these enantiomers has an opposite handedness. However, none of
them can be assigned the right or left handed label. It is ultimately due to convention.
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(xo, y0, z0) are as follows

d2ux

dt2 + γ
dux

dt
+ ω2

0ux + ω2
c uy = − e

m
E0 xei(k(z0+d/2)−ωt) (4.20)

d2uy

dt2 + γ
duy

dt
+ ω2

0uy + ω2
c ux = − e

m
E0 yei(k(z0−d/2)−ωt), (4.21)

where ux and uy are the displacement of the electrons oscillating along the
x and y directions, respectively, m is the mass of electron, γ is the damping
frequency, ω0 is the resonant frequency of the oscillator, and ωc acts as a
coupling parameter. However, a mere coupling between the two oscillators
is insufficient to create a chiral system, a phase difference in the driving field
is also required. Consequently, the two coupled oscillators are not positioned
at the same z-coordinate, as there must be a non-zero distance d between
them, as illustrated in Fig. 4.10. This model can be directly applied to
plasmonic systems, as demonstrated in [65]. Furthermore, it is applicable to
more complex geometries or smaller parts of intricate systems.

Fig. 4.10: Schematic depiction of the coupled oscillators model, in which two elec-
trons oscillate along perpendicular directions, in planes separated by a
distance d. The two orthogonal coupled modes are represented.

This description is similar to the model used to describe the coupling of
harmonic oscillators (briefly discussed for the case of coupled LSP, see Fig.
4.5). This problem is solved by finding then new base of the excitations in
the coupled system. Using the following change of variables

u± = 1√
2

(x ± y), (4.22)
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the system gets the following decoupled solutions

u± = − e

m

1
(ω2

0 ± ω2
c ) − iγω − ω2 E±ei(kz0−ωt) (4.23)

with
E± = 1√

2
(E0 xeikd/2 ± E0 ye−ikd/2). (4.24)

As intended, we obtain two uncoupled oscillators with two different energies,
determined by the coupling constant. These two normal modes are depicted
in Fig. 4.11a and consist of in-phase and out-of-phase oscillations of the
two oscillators. Note that if we assume that the system is illuminated with a
wavelength such that λ = 4d

e±ikd/2 = e±iπ/4 = 1√
2

(1 ± i). (4.25)

recovering the definition given in Eq. 4.19.

Fig. 4.11: (a) Hybridization scheme for the coupled modes. (b) Transmittance
spectra for RCP, LCP, and for linear polarization for two Au nanorods at
a distance of 120 nm forming an angle of 90◦. (c) and (d) CD and ORD
computed from the transmittance spectra in (c). Adapted from [65].
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In this framework, the polarization of a chiral system can be calculated. The
displacement of the electron cloud can be computed from 4.23, and after
averaging for all the possible orientations, the polarization of the structure
is given by the following expression for the displacement field [55]:

D⃗(ω, r⃗) = ε0εBKE⃗(ω, r⃗) + ε0Γ∇⃗ × E⃗(ω, r⃗), (4.26)

where the following definitions have been used

εBK = 1 − 2
3

ω2
p(ω2

0 − iγω − ω2)
(ω2

0 − iγω − ω2)2 − ω4
c

(4.27)

Γ = −d

3
ω2

pω2
c

(ω2
0 − iγω − ω2)2 − ω4

c

. (4.28)

This expression in the Born-Kuhn model is analogous to Eq. 2.8. Due
to the averaging process that accounts for all possible orientations, this
expression is also applicable to modeling the behavior of chiral media in
general, extending beyond plasmonic systems.

Solving the Fresnel equation for the propagation in the z direction, we find
the expression for the refractive index of the system that now will depend
on the polarization of the incident light

n2
± = n̄2 ± Γn̄, (4.29)

where n̄ = (n++n−)/2 is the average refractive index of the material and n±

is the refractive index of the material for the two orthogonal CP light modes
(Eq. 4.24).3 These expression gives us a relation between the Born-Kuhn
model and the far-field response of the system. In particular, it allows us to
understand the optical rotatory dispersion ORD and the circular dichroism
CD depicted in Fig. 4.12.

Given that any polarization of the light can be expressed in the base of CP
waves. In particular, linearly polarized light can be expressed as the sum
of "+" and "−" modes. The polarization angle will be controlled by the
phase difference between "+" and "−". From Eq. 4.29 we see that there is a

3 It can be shown that any possible polarization state can be written as a linear combination
of + and − modes. This yields that for the case of linearly polarized light the refractive
index is simply n̄ .
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Fig. 4.12: Schematic representation of (a) ORD and (b) CD.

different complex refractive index for each of the polarizations of CP light.
The consequences of this are twofold.

First, for linearly polarized light, the "+" and "−" components will experience
different phase velocities. Following their interaction with the material,
the relative phase between the two components of CP light will change,
resulting in a modification of the polarization angle of the linearly polarized
light. This effect underlies the principle of ORD. The ORD is the variation in
the polarization direction that a linearly polarized wave experiences after
interaction with the material. It can be computed using

θ = ∆n k

2 = ω

2c
Re[ Γ], (4.30)

where ∆n = n+ − n− is the difference between the two refractive indices.
By looking at Eq. 4.29 we can see that ∆n = Γ.

Second, a different complex refractive index implies a differential absorption
for each circular polarization. Moreover, the CD is defined as the difference
in absorption (or extinction) under illumination by RCP or LCP light.

CD = Abs+ − Abs− = 2ω

c
Im[ Γ]. (4.31)

Note that these two quantities are related through Kramers-Kroning relations,
since both reflect different aspects of the same phenomenon, thus containing
the same information.

The typical spectral signature of these quantities around a chiral plasmonic
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resonance is shown in Fig. 4.11. Depending on the desired application, one
or the other may be emphasized.

4.5.2 Chiral response in coupled nanostructures
and near-field chirality

The previous section presents a valuable model to understand the behavior of
physical systems with chiroptical activity. However, it is far from a complete
description. Notably, plasmonic systems are characterized by the important
role played by near field, a consequence of their small length scale. To fully
capture the potential of chiral plasmonic systems, we will focus on simple
structures whose chiroptical activity arises from the near-field interactions
within the system, often replicating properties of the molecular systems
[54].

A closer examination of the system described in the previous section reveals
that reducing the distance between the elements to 60 nm drastically changes
the system’s response, as shown in Fig. 4.13. While two peaks, corresponding
to in-phase and out-of-phase resonances, are still discernible, the spectral
splitting between them is significantly increased. Both RCP and LCP excite
these two modes, with the main distinction being the resonance intensity.
This leads to a substantial increase in chiroptical activity, as indicated by
the Circular dichroism (CD) in Fig. 4.13b, which is twice that in Fig. 4.11c.
The change in phase of the exciting radiation remains a crucial factor, as

Fig. 4.13: (a) Transmittance spectra for RCP, LCP, and for linear polarization for two
Au nanorods at a distance of 60 nm forming an angle of 90◦. (b) and (c)
CD and ORD computed from the transmittance spectra in (c). Adapted
from [65].
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it is the source of the differential response between RCP and LCP light.
However, the phase change alone is insufficient to explain the behavior in
this regime. The close proximity between the elements enables near-field
coupling between the structures, resulting in a strongly interacting system.
This strong interaction is responsible for the enhanced splitting between the
resonances.

Numerous examples of stacked pair of nanoelements can be found in the
literature, following the presented approach, from bars [62, 118], to crosses
[63], to gammadions [70], among others [64, 119]. All rely on simple cou-
pled elements whose response can be controlled by tuning the rotation angle
between them. Publications III and IV, which are discussed in the subsequent
sections, investigate a similar system by characterizing the coupling between
the elements as a function of the system’s geometrical parameters. Further
details on this topic can be found in Part III.

Now that we have proven the importance of the near field in the chiral
response of a plasmonic structure, it is worth to provide some insight into
the particularities of these near fields. Considering harmonically oscillating
electric and magnetic fields in vacuum, from Maxwell equations, we can
define the local OC as follows [55, 120]

C = −ε0ω

2 Im[E⃗∗ · B⃗], (4.32)

where E⃗∗ refers to the complex conjugate of the electric field. This expression
is only valid for a monochromatic electromagnetic field, but clearly exem-
plifies the importance of the electric and magnetic parts of the resonance,
as well as the relative phase between them. From numerical simulations,
one can compute this quantity for a variety of systems. One of the most
popular configurations, building on the system described in the previous sec-
tion, is the use of twisted stacks of plasmonic elements, as illustrated in Fig.
4.14. The highest values of OC are found in the middle plane between the
structures and for the handedness opposite to that of the system. Additional
details on this phenomenon can be found in Part III.
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Fig. 4.14: Calculation of the OC, normalized to the exciting electric field, under (a)
LCP and (b) RCP illumination at 1340 nm. Reproduced from [55].
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5Finite-difference
time-domain simulations

Analytical solutions to Maxwell’s equations can be obtained for simple ge-
ometries or systems with a high degree of symmetry. However, the solution
for the electric and magnetic fields from Maxwell’s equations for an arbitrary
structure can only be obtained through numerical methods. Due to the
interest of the community in modeling the response of complex structures, a
lot of methods have been developed to find the solutions in 1D and 2D cases.
In recent years, methods to find the solution to problems in 3D have also
been developed, such as discrete dipole approximation [121, 122], finite
elements method [123], boundary element method [124], and the FDTD
method [125, 126]. In this section, only the latter will be discussed, since
all the simulations in this thesis have been performed using this method.

FDTD was chosen, due to its simplicity and versatility. These qualities owe to
the fact that the method does not impose any conditions to the system and
does not rely on any approximations. Thus, by providing the software with
the initial state of the system and the dielectric function for all the points
in the simulation domain (i.e. the response of each point in the system to
electromagnetic fields), it simply integrates Maxwell’s equations and uses a
leap-frog algorithm to simulate the evolution of the system. Such a simplistic
approach allows for a complete description without introducing any spurious
results due to any approximations. The only uncertainties in the simulation
will be generated by the numerical precision of the calculations and the
finite-sized discretization of the system, both in time and space.

Another significant advantage of this simulation framework is that the calcu-
lations are conducted in the time domain. This naturally facilitates broad-
band simulations and the study of temporal phenomena, such as the relax-
ation of specific plasmonic resonances. This method is especially efficient
in the wave optics regime, where the features of the structure are in the
order of the wavelength used. Thus, effects like diffraction, interference,
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and coherence play a relevant role. All the simulations performed using
the FDTD method have been implemented using the commercially available
software Lumerical [127].

5.1 Working principle

The FDTD method, named after mathematician K. S. Yee, belongs to a broad
family of differential methods. Within this paradigm, Maxwell’s equations
in differential form are solved in the time domain by approximating the
derivatives as finite differences and employing a leap-frog algorithm [126].

Let us divide the simulation domain in a mesh with cells of dimensions ∆x,
∆y, and ∆z in cartesian coordinates for 3D, and a time step ∆t. Now we
can rewrite any function as:

f(x, y, z, t) → f(i∆x, j∆y, k∆z, n∆t) = f
∣∣n

ijk
(5.1)

where f
∣∣n

ijk
is the function f evaluated at the cell with indices i, j, and k at

the time step n.

For the sake of simplicity, the 1D case will be discussed in the rest of the
section. However, it is important to note that the discussions and derivations
presented here are equally valid for the 3D case. In this discrete approxi-
mation, within a 1D system, a simple Taylor expansion allows us to write
the first and second derivatives of a function in terms of the values of the
function in other cells in the mesh.

df

dx

∣∣∣∣
i

=
f

∣∣
i+1 − f

∣∣
i−1

2∆x
+ O(∆x2) (5.2)

Note that the derivatives of a function for a given cell in the mesh (or
time step) depend on the values of the function in the neighboring cells.
For a uniform mesh, this numerical approximation achieves second-order
accuracy.

With these basic elements for a finite-difference description, we can finally
try to solve Maxwell’s equations. In particular, the evolution of the electric
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Fig. 5.1: Schematic depiction of the points in space for which the components of the
electric and magnetic fields are calculated.

and magnetic fields can be computed using only the curl equations (Eqs. 2.3
and 2.4). For the 1D case, these equations are:

∂Hy

∂x
= ε

∂Ez

∂t
(5.3)

∂Ez

∂x
= −µ

∂Hy

∂t
. (5.4)

If we use Eq. 5.2, we can find the following recurrence function:

Ez

∣∣n+1
i

= Ez

∣∣n

i
+ ∆t

ε
∣∣
i
∆x

(
Hy

∣∣n+1/2
i+1/2 − Hy

∣∣n+1/2
i−/2

)
(5.5)

Hy

∣∣n+1/2
i+1/2 = Hy

∣∣n−1/2
1+1/2 + ∆t

µ
∣∣
1+1/2∆x

(
Ez

∣∣n

i+1 − Ez

∣∣n

i

)
. (5.6)

These equations serve as the basis for the FDTD method, as they enable the
computation of the electric and magnetic field components at all times from
a known initial state. An interesting consequence of the finite element ap-
proximation is that, for a given position in the mesh, the fields are computed
using the values of the fields at a different spatial and temporal positions.
Moreover, none of the field components are calculated mesh points them-
selves, but rather at the centers between them. This is shown in Eqs. 5.5
and 5.6 and seen in Fig. 5.1. An important consequence of the approxima-
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tions employed to solve Maxwell’s equations using finite differences is the
inherent introduction of numerical uncertainties. These uncertainties can
accumulate at every step of the simulation, potentially inducing spurious
results or even causing instabilities that may result in the divergence of
calculated values, ultimately resulting in the failure of the simulation. In
order to avoid these convergence issues, it is important to bear in mind the
Courant-Friedrichs-Lewy stability criterion, that in 3D reads

∆t ≤ 1

c
√

1
∆x2 + 1

∆y2 + 1
∆z2

. (5.7)

This convergence criterion is commonly applied in different algorithms [128].
In the FDTD case, it relates the spatial and temporal step sizes so that a
finer mesh will imply a smaller time step to adequately describe the system.
This will determine that, for a given simulation, the memory requirements
increase as (λ/∆x)3, while the simulation time goes as (λ/∆x)4.

5.2 Simulation elements

In conducting an FDTD simulation, numerous factors must be considered.
The subsequent section will address the basic components of a simulation
and elaborate on the most relevant types in each case. This discussion will
be framed within the context of Ansys’ Lumerical [127], the commercial
software predominantly used in the simulations presented in this thesis.

5.2.1 Sources

The source object injects light into the simulation. That is, for a given region
in space, which can be a plane or a point depending on the type of source
employed, the initial values of the electric and magnetic fields are set. For a
short number of iterations, determined by the specified pulse length for the
simulation, the electric and magnetic fields at the injection plane (or point)
will attain the required values to ensure that the desired wave propagates
throughout the simulation domain. Depending on the source type, setting
appropriate type of BC will be necessary. This will be further discussed in
the next section.
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A wide variety of source types can be implemented, ranging from plane
waves, Gaussian beams, dipole sources, or custom-made sources that can be
imported from an external file. Among all of them, the relevant sources to
the simulations presented in the thesis are the following:

Planewave:
A planewave defines a plane in which infinitely wide waves with per-
fectly parallel wavefronts are generated, see Fig. 5.2a. This source
can only be implemented under periodic boundary conditions PBC.
Planewaves are suitable for both infinite and finite systems, although
their implementation in the latter requires some additional considera-
tions, as shown in the next sources discussed. Additional precautions
should be taken if the wavefronts are not initialized with a propagation
direction parallel to the boundaries used for PBC. For these two cases,
there are additional options that will adequately change the BC. There
are three different source types, Bloch/Periodic, BFAST, and Diffractive.
In this thesis only the first two will be discussed.

The Bloch/Periodic type is ideal for normally incident waves in simula-
tions with PBC, regardless of the spectral range. For incident angles
other than normal with single frequency illumination, a Bloch/Periodic
planewave and Bloch BC should be used, while in the broadband case
BFAST planewave and BFAST BC should be set.

Total-field scattered-field (TFSF):
This source defines two regions within the simulation. The first region
is inside the source box, where a plane wave with a finite span is
generated, similar to the planewave source. The second region is the
outer area where the incident field is not considered. This configuration
effectively creates a region where the total field (both incident and
scattered) is present, and an external region where only the field
scattered by the structures exists, as illustrated in Fig. 5.2b.

This source is indicated to analyze all the quantities related to the light
scattered by a nanostructure, such as the scattering cross-section or the
angular profile of the scattered light. Note that the injection direction
of the planewave inside the total field region must be parallel to the
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Fig. 5.2: Illustrative snapshot of the simulated z-component of the electric field
(perpendicular to the plane) generated by three different sources. (a)
Planewave source with an incidence angle of 45◦ with PBC. (b) Illumination
of a Au sphere excited using a TFSF source. Note the scattered field
following a radial propagation out of the total field region. (c) Emission
of a dipole source. In this case, this is modeled after by electric dipole
oscillating in the out-of-plane direction.

region boundaries. Other angles of incidence would cause spurious
results due to the lack of proper BC inside the TFSF box.

Dipole:
This source is a point source that emits a radiation pattern that fol-
lows that of a dipole, either electric or magnetic. The electric dipole
will create a radiation pattern of an oscillation charge, see Fig. 5.2c,
whereas the magnetic dipole will have the emission of a current loop.
Note that the two dipoles will generate orthogonal polarizations of the
propagating waves in the radial direction.

5.2.2 Boundary conditions

A simulation domain must always have a finite volume, since it is impossible
to compute the evolution of Maxwell’s equations for an infinite number of
cells. Hence, the simulation domain must be finite in space. Real systems,
despite being finite in space, are generally not confined in space. For this
reason it is necessary to introduce certain conditions on the values of the
fields in the cells that form the boundaries of the simulation in order to avoid
this limitation. These conditions can be broadly classified in two categories
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depending on whether we are simulating the response of an infinite, but
periodic structure, or the response of a finite structure.

Periodic:
In the case of periodic systems, the simulation of a single unit cell is
usually the most efficient way to compute the response of an infinitely
periodic system. To achieve this, BC must be established to account
for the spatial periodicity of the system. This can be implemented by
ensuring that the components of the fields on opposite boundaries in
the same direction are equal at all time. For this purpose, two types
of BC can be used in Lumerical, Periodic and Bloch BC. Both options
implement PBC, but the latter introduces an additional phase shift
in the fields between the boundaries. This phase shift is necessary
to accurately capture the propagation of waves that are not parallel
to the boundaries. It is calculated taking into account the size of the
simulation domain in that particular direction and the wavelength
of the propagating wave. As a result, Bloch BC are suitable only for
single-frequency simulations. For broadband simulations with angled
injection the BFAST method should be selected for both the source and
the BC. See the previous "Sources" section for futher details.

Non-periodic:
If the simulation involves the study of a structure completely sur-
rounded by free space, all the radiated energy should reach the bound-
aries without reflecting back into the simulation domain. In this case,
the best option is to define the boundaries as "perfect absorbers", so
that all the energy is absorbed at the boundaries, and reflections are
avoided. However, due to the numerical approximations inherent to
the method, a sudden change of the dielectric function (as it is the
case of a finite boundary) will always create back reflections. In fact,
changing the propagating fields to a null value at the boundaries will
have the same effect as placing a slab of a perfect conductor (i.e. the
field is perfectly canceled), and therefore, it will act like a perfect
reflector [125]. In order to avoid this, in 1994 J. Berenger developed
the formalism called PML [129] based on the implementation of an
absorbing material and a smooth change in the refractive index so that
there is an impedance matching between the simulation domain and
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the absorbing material. Several improvements to this method have
been implemented since then. By default, Lumerical uses a variation
called "Stretched coordinate PML" [130]. Note that, as a general prac-
tice, PML should be placed at least half a wavelength away from any
nanostructure, to avoid their interaction with evanescent fields.

5.2.3 Meshing

FDTD simulations using Lumerical only admit a rectangular mesh, formed
by orthoedrical cells that can vary in size across the simulation domain.
The minimum cell size to accurately describe a system will vary depending
on several variables. As a rule of thumb, absorbing materials and small
features of the nanostructure will require a smaller cell size to accurately
model the response of the system. The optimal cell size will decrease as
the refractive index of the material increases. A larger refractive index will
increase the optical path, decreasing the effective wavelength of the radiation
thus requiring a smaller cell size to properly capture the oscillations of the
electric and magnetic fields in the system.

When specifying meshing for the simulation domain, three main types of
meshing algorithms can be used:

Auto non-uniform:
The software automatically generates a mesh that varies throughout
the simulation domain to keep the number of cells per wavelength
constant and correctly capture the amplitude decay of an absorbed
wave, etc. It is the default option and can be adjusted by choosing
a value in the mesh accuracy slider from 1 to 8, which will affect the
number of cells per wavelength, as described in Tab. 5.1.

Tab. 5.1: Correspondence between the value of the mesh accuracy parameter and
the number of cells per wavelength ensured by the meshing algorithm.

Mesh accuracy 1 2 3 4 5 6 7 8
Cells per wavelength 6 10 14 18 22 26 30 34

Custom non-uniform:
This feature enables the manual specification of cell sizes and allows
for the variation of this parameter based on predefined criteria.
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Uniform:
This option provides a simulation domain with uniform cell size in the
whole simulation region. This allows for a high degree of control over
the mesh of the simulation, but can result in long simulations due to
the excessive spatial resolution in some parts of the system. Note that,
if a mesh override region is defined, the changes will be applied to the
whole system.

In all cases, a mesh refinement option is available, allowing for additional
resolution (potentially sub-cell size) can be achieved. This option precisely
controls how the fields are computed at material interfaces. A detailed
list on the several mesh-refinement algorithms can be found in Lumerical’s
documentation [127].

By using the FDTD method, the spatial and temporal discretization are
strongly related to each other. For this reason, given a ∆x, ∆y, and a
∆z, the optimal time step can easily be found. In Lumerical, this can be
handled by defining the "dt stability factor". This is a quantity, usually slightly
smaller than 1, which is used to compute the time step, dt. Following the
stability criterion presented in Eq. 5.7, the time step will just be defined
as the maximum ∆t given by the stability criterion multiplied by the dt
stability factor. Note that for values of the stability factor greater than 1 the
simulation will become unstable.

Finally, the mesh can be directly defined in a small region of the system by
means of the mesh override object. This simulation element allows for the
definition of a uniform mesh within a specific simulation volume.

5.2.4 Material parameters

The implementation of different materials in the FDTD simulations is done by
defining the optical response of the medium for each cell in the mesh. TCells
not assigned to any specific material are automatically identified as back-
ground and are assigned a predefined refractive index with no absorption.
As discussed in previous sections, the response of a material to an external
electromagnetic field is fully described by either the dielectric function or the
complex refractive index, as these two quantities are equivalent and related
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to each other through the Kramers-Kronig relations. Therefore, specifying
one of these quantities is sufficient to accurately model the material. Lumeri-
cal provides a vast database of dielectric functions and complex refractive
indices based on experimental data from the literature. Alternatively, experi-
mental data or a mathematical expresion can also be used in the simulation
to model the system’s response.

After a data set is supplied, discrete points are interpolated by fitting a
function that models the response of each material during the simulation,
following Eqs. 5.5 and 5.6. During the fitting process, various parameters
can be adjusted, including the wavelength range for fitting and the number
of coefficients used in the analysis. Especial attention should be paid to the
sign of both real and imaginary parts of the dielectric function (or complex
refractive index). Selecting the "make fit passive" option ensures that the
imaginary part of the dielectric function remains positive throughout the
fitting range, thereby preventing any gain from appearing and facilitating
convergence in the simulations.

5.2.5 Monitors

Monitors record data from simulation. Different types of monitors retrieve
different types of data from the simulation, such as the values of the electric
and magnetic field as a function of time and spatial position, or the power
transmitted through a surface as a function of the frequency. In addition
to that, raw data can be further processed to provide complex information
through analysis groups also available in the FDTD solver. The main types of
monitors are described below.

• Refractive index monitor: obtains the value of the complex refractive
index for each cell, in the specified region of the simulation.

• Time monitor: measures the electric and magnetic fields over time.

• Frequency-domain field monitor: measures the electric and magnetic
field in the frequency domain in the specified region. It can also
measure the power transmitted through a surface. Especially useful to
simulate transmission and reflection of a structure.
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An analysis group facilitates the integration of multiple monitors and enables
the combined analysis of the data collected from those monitors. Some
analysis groups are predefined, while others can be custom-created through
scripting to measure and analyze simulation data. Additionally, several
analysis groups are constructed by default.

• Cross-section: combining 6 frequency-domain monitors, this analysis
group creates a closed box and measures the power that escapes the box
for each frequency/wavelength in units of cross-section. Combining
this analysis group with a TFSF source, the absorption and scattering
cross-section of small objects can be computed.

• Far field from a closed box: computes both, the scattering cross-
section and the far field projection, giving information about the ra-
diated power in each direction. Note that, if the environment of the
scatterer is not homogeneous (i.e. there is a substrate), results may
not be reliable.

• Current charge density: Using Eq. 2.8 the current and charge density
is computed for every point in the specified region. Note that the
current density is a 3D vector with complex components and the
charge density is a complex number.
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6Nanofabrication and
characterization
techniques

6.1 Nanofabrication overview

The manufacture and characterization of systems at progressively smaller
size scales have been instrumental in the discoveries made over the last
few decades. In nanotechnology, material properties can be substantially
altered when the system size approaches a characteristic length scale. For
plasmonics, the near-field decay length at the metal-dielectric interface is
of particular interest, with typical decay lengths on the order of tens of
nanometers.

Although complete control at the nanometer scale remains elusive, substan-
tial efforts have been dedicated to the fabrication of diverse arrays of systems
incorporating metallic nanoparticles and nanopatterned arrays with various
shapes and features, consistently below 100 nm. Furthermore, thin film de-
position techniques regularly achieve homogeneous layers with thicknesses
ranging from 10 to 30 nm, often exhibiting sub-5 nm surface roughness.

The fabrication of nanostructures can be achieved through either a "bottom-
up" or a "top-down" approach. The bottom-up method relies on chemical
synthesis techniques, such as self-assembly, where structures are formed
through the controlled agglomeration of materials, effectively growing the
structure from the substrate [85, 86]. In contrast, the top-down approach
utilizes photons, electrons, or ions to define a pattern on the substrate,
which is then etched away to create the desired structure by removing
material from the top layer. This family of methods includes traditional
lithographic techniques, as well as advanced methods such as focused ion
beam lithography and nanoimprinting lithography.
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In this section, we will exclusively focus on the top-down methods used in
the fabrication of the samples presented in this thesis.

6.2 Material choice

Before beginning the discussion on the fabrication methods we should ad-
dress the issue of the material used for the nanostructures. In all cases,
regardless of the particular design, we will be dealing with metallic-dielectric
structures. Regarding the dielectric material, SiO2 was typically used due
to its easy access, chemical stability, and transparency in the optical and
near-infrared regimes. In addition, Si3N4 or Si can also be used, depending
on the thickness of the substrate and the spectral range, and they were also
occasionally used in this thesis.

The choice of metal is more restricted. An optimal plasmonic response in the
visible and near-infrared regimes favors the use of noble metals, in particular
Ag and Au that exhibit a long electron relaxation time [22, 131]. These two
metals can be approximated by a Drude metal in most of the spectral range
of interest (see Fig. 2.1). Despite the fact that Ag presents a sharper, more
intense peak at optical frequencies, Ag nanostructures degrade rapidly in
contact with air. This is mainly due to reactions involving compounds with
sulfur, present in the air [132]. For this reason, Ag nanostructures require to
be manipulated and stored in inert atmospheres or be immediately capped
in-situ with protective layers. In contrast, Au is chemically stable, making it
a perfect candidate for the fabrication of plasmonic nanostructures [22].

6.3 Electron beam lithography

Lithographic methods generally rely on the transfer of a predefined 2D
pattern from a flat surface to a thin metallic layer on a substrate. For that
purpose, they include other techniques such as different types of etching
and the deposition of thin metallic layers [133]. One of the most widely
used techniques for nano- and micro-fabrication is photolithography [134].
This method involves carving the desired pattern onto a metallic plate
known as a mask. Subsequently, light is passed through the mask onto a
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photosensitive material, thereby transferring the pattern from the mask to
the photosensitive layer. However, the resolution of this process is limited by
the diffraction of light through the mask [135]. According to classical optics,
light cannot be confined to a volume smaller than half of its wavelength
[136, 137]. Advanced strategies, together with advanced extreme ultraviolet
optical lithography equipment, have successfully extended the capabilities
of photolithography to resolutions below 10 nm [138]. However, the high
cost of this technology makes it impractical for the fabrication of sub-100
nm features in research laboratories.

Electron beam lithography (EBL) serves as a reliable, high-resolution, and
highly versatile method for the manufacture of nanostructures [139]. Al-
though it is not ideal for large-area fabrications, this technique excels in
prototyping due to its flexibility in pattern design and the high resolution it
achieves. The process involves defining patterns through the deposition of
a specific amount of charge, or dose, by the electron beam. However, the
pattern definition is typically limited by the speed at which the electron beam
can be reliably deflected and the current it carries. Despite these limitations,
EBL is particularly well-suited to create complex and precise designs with
resolutions as fine as 10 nm.

Similar to photolithography, EBL involves the transfer of a 2D pattern to a
thin layer of metal. However, unlike photolithography, this process does not
rely on shining light through a mask. Instead, it utilizes an electron beam
to alter the chemical properties of an electron-sensitive resist. The main
advantage is that the electrons used in this procedure have a wavelength
on the order of Å, similar to those used in electron microscopy. This charac-
teristic means that EBL is not limited by diffraction, enabling the definition
of nanometer patterns with high precision. A scheme of the process can be
found in Fig. 6.1 and Fig. 6.2 and is subsequently described:

Spin coating and resist choice:
For EBL the first step is to deposit a thin layer of a electron-sensitive
resist on top of the chosen substrate. This is done using a technique
called spin coating that consists in the deposition of a polymer layer,
whose thickness is controlled by a few experimental parameters[140].
A solution of the desired polymer in a volatile solvent is deposited onto
the substrate, which is placed on a spinning plate. The viscosity of
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Fig. 6.1: Steps of a typical EBL process for the fabrication of plasmonic nanostruc-
tures using a positive tone resist. (a) Resist spin coating. (b) Pattern
exposure. (c) Pattern development. (d) Adhesion layer deposition (e) Au
layer deposition. (f) Lift-off.

the solution will vary depending on the solvent and the concentration.
The thickness of the remaining layer can be accurately determined
by controlling the spinning time and angular velocity. Once a cali-
bration curve is established, increased rotation speeds can be used to
achieve thinner layers. Following the spinning process, the solvent
is evaporated by increasing the temperature, leaving a polymer layer
behind.

There are two main types of electron sensitive resists: positive and
negative tone resists. Positive tone resists are formed by polymer chains
that, when exposed to an electron beam, break apart increasing their
solubility, hence revealing the patterned areas after the development
stage (see below) as the direct transfer of the exposed design. Pos-
itive resists, such as PMMA, are used as a straightforward, safe and
reproducible tool to build sub 100 nm features [141, 142]. On the
other hand, in the negative tone resists, the polymer chains exposed to
the electron beam undergo a cross-linking process that reduces their
solubility in water, producing the opposite effect. This resists can offer
enhanced resolution, such as hydrogen silsesquioxane HSQ1 [143],
but are not efficient to define thin structures since the exposure times

1 HSQ is used in the fabrication process of the work presented in a Publication 4. However, it
is only used as a separation layer, avoiding its EBL capabilities
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Fig. 6.2: Steps of a typical EBL process for the fabrication of plasmonic nanostruc-
tures using a negative tone resist. (a) Resist spin coating. (b) Pattern
exposure. (c) Pattern development. (d) Adhesion layer deposition (e) Au
layer deposition. (f) Lift-off.

would increase significantly.

• Exposure:
The dose2 for each pixel in the design can be controlled by adjusting
parameters such as the resist thickness, beam current, dwelling time3,
and acceleration voltage, among others. Exposure calculations must
also account for the resist thickness to ensure that the patterned ge-
ometry remains constant in the vertical direction. As illustrated in Fig.
6.3, the dispersion of electrons in 500 nm of PMMA is nearly negligible
for a 100 kV case. However, Fig. 6.3c shows how the exposed profile
varies significantly with depth.

• Development:
After defining the regions of the polymer with enhanced or decreased
solubility by the electron beam, an immersion in the right solvent
allows for the removal of the sacrificial polymer. This solvent is called
the developer. The suitability of a developer will depend on the type
of polymer used in the lithography process. Following immersion in
the developer solution, the sample is treated with a stopper solution
to remove all the developer from the sample and ensure that only the

2 Relates to the amount of charge deposited per unit area in the substrate.
3 Indicates the time the beam is focused on a specific spot.
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Fig. 6.3: Simulated electron trajectories into a 500 nm layer of PMMA in a Si
substrate for (a) 15 kV and (b) 100 kV of acceleration voltage. Note
the change of scale between (a) and (b). (c) Schematic depiction of the
exposed volume for increasing acceleration voltages. Adapted from [144].
Simulations performed using [145].

desired resist is removed. The developing time is a critical parameter
to control. Insufficient developing time can result in a poorly defined
pattern, as the removal of the polymer may not be complete. Con-
versely, excessive developing time can have the opposite effect, as the
solubility of the exposed polymer, although small, is not negligible over
extended periods.

• Metallic layer deposition:
Once the negative of the desired pattern is defined in the resist layer,
the following step involves the deposition of the metallic layer. Besides
achieving a smooth and uniform deposited layer, it is crucial to consider
the directionality of the evaporation. The evaporation process should
be as vertical as possible to prevent undesired connections between the
metallic layer on top of the resist and at the bottom of the patterned
areas. Controlling the deposited thickness is also crucial to avoid these
effects. As a rule of thumb, the thickness of the polymer layer should
be approximately three times that of the desired metal layer.

Even after an ideal deposition, certain metals may exhibit poor adhe-
sion to specific substrates, such as Au on Si or glass. To enhance the
adhesion of a metallic layer to a substrate, it is often beneficial to in-
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clude a thin adhesion layer, typically 5-10 nm thick, made of materials
like Ti, Pt, or Cr [146]. This procedure, greatly enhances the repro-
ducibility of the fabrication process, but it has been proven to severely
hinder or modify the plasmonic response of the nanostructures [147].
For this reason, the structures studied in this thesis were fabricated
without any adhesion layer, whenever possible, or alternatively, using
a seed layer of Ge (less than 2 nm) [148]. This approach has been
shown to improve the adhesion of the Au layer without compromising
the plasmonic response [149].

• Lift-off:
Following the deposition of the metallic layer on the patterned resist,
the final step involves the removal of the resist to reveal the desired
pattern. This is achieved by immersing the sample in an appropriate
solvent, which dissolves the resist. The metal deposited on top of the
resist is removed along with the polymer, while the metal deposited
directly on the substrate remains intact. To ensure complete removal
of the resist, the sample and solvent are often placed in an ultrasound
bath. However, if the exposed features are too small, the solvent may
not penetrate sufficiently under the metallic layer, preventing the resist
from dissolving.

EBL is a versatile direct writing tool for the fabrication of 2D structures
that has multiple applications. In this section, we have presented a general
introduction to the technique, with special emphasis on the protocols used
to manufacture the plasmonic nanostructures that will be discussed in detail
later in Publications I and IV. Other variations of EBL include exposures with
changing profile in the vertical direction [150], or using the patterned resist
as a protection for etching process, instead of lift-off [151, 143].

6.4 Focused ion beam

Another common fabrication tool is FIB. This direct writing, top-down ap-
proach relies on the use of a highly focused ion beam in order to remove
material from the sample. While FIB equipment can be utilized for vari-
ous nanoscale manipulation techniques [152], we will concentrate on two
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specific applications: FIB milling and the use of the equipment for character-
ization purposes.

FIB milling uses a setup similar to that of an EBL system, as it also relies on
a controlled beam to pattern a surface. However, unlike EBL, the FIB beam
is more energetic due to the higher mass of the accelerated ions. Typically,
Ga ions are used, but other ion sources, such as Ge [153] or Au [154, 155]
can be employed depending on specific applications.

This energetic beam of ions is focused on a spot of a few nm in size. This
allows for carving the sample with a very high resolution, as depicted in Fig.
6.4a. A scan across the sample combined with the selective blanking of the
beam allow the FIB system to mechanically etch away the first nanometers
of the sample following a given design. Control over the acceleration voltage
and the dwelling time allows also to finely tune the depth of the etched
portion of the material [156, 152].

It is important to note that the material removed in the patterning process
is typically deposited on another region of the sample, usually at the edges
of the carved areas. This can become a problem as the amount of removed
material increases. FIB equipments incorporate a SEM system, allowing for
real-time monitoring of the patterning process.

Fig. 6.4: (a) SEM image of a honeycomb lattice fabricated by FIB milling on a 20
nm layer of Au. (b) SEM image of a honeycomb lattice fabricated by EBL.
The image of the cross-section has been obtained by carving a wide trench
in the sample using FIB and tilting the SEM stage. Note that a Pt layer has
been deposited over the sample to preserve the features during the carving
process. The scale bars are 500 nm in both cases.
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Secondly, FIB systems can be integrated with electron microscopy systems
to facilitate advanced cross-sectional imaging and characterization. By
carving a trench with the sufficient width and tilting the stage inside the
microscope chamber, a SEM image of the sample’s cross-section can be
obtained, as illustrated in Fig. 6.4b. Moreover, another trench can be carved
on the sample so that a thin lamella is produced. This ultra-thin slice of
material, usually a few nanometers thick, is electron-transparent and can
be subjected to further analysis using techniques like high-resolution TEM
[157] or additional characterizations, such as EDX spectroscopy [158, 159],
with enhanced precision. This technique usually benefits from the previous
sputtering of an inert material, such as Pt (see Fig. 6.4b) over the studied
sample in order to prevent damage to the structures in the carving process.

6.5 Characterization techniques

The ability to fully characterize the response of plasmonic nanostructures is
a crucial point in understanding light-matter interactions at the nanoscale.
The macroscopic, or far-field, characterization, consists in spectroscopic
measurements aimed to determine the proportion of the incident wave
that has interacted with the sample for each energy. Theses measurements
require a background measurement that will serve as a reference and can be
performed using table top equipments that can vary in complexity depending
on the energy range and resolution.

In contrast, the inherent small dimensions of plasmonic systems pose some
challenges regarding the microscopic, or far-field, measurements. A key
distinction between plasmonic nanostructures and other optically responsive
systems is that the features of these structures are comparable in size to the
exciting wavelength. Since the system’s response is highly dependent on the
geometry of these features, obtaining spatially-resolved information about
the spectral response of the structure becomes a critical issue.

Various techniques can provide insights into both the far-field and near-
field properties of a sample, each employing different strategies to probe
the system. In this section, we will focus on two techniques used in this
thesis to characterize the far-field and near-field responses of plasmonic
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nanostructures: FTIR for far-field characterization and EELS for near-field
characterization.

6.5.1 Fourier-transform infrared spectroscopy

The objective of all the techniques that acquire the spectral signature of a
sample is to measure the intensity transmitted or reflected by the sample
at each frequency. Measuring the desired spectrum and comparing it to
a reference spectrum (usually, the emission spectrum of the source used
to excite the system) the spectrum of the sample can be obtained. Table
top spectrometers, are able to measure reliable spectra, with a moderate
spectral resolution. They rely on using a dispersive element -e.g. some type
of diffraction grating- to project each wavelength to a selected group of
pixels in a CCD sensor. By adjusting the dispersive power of the grating, the
spectral resolution can be enhanced. However, since the number of pixels
in the CCD array remains constant, this increase in resolution is achieved
at the cost of reducing the spectral bandwidth of the measurement. This
type of set-up, although robust and accessible, lacks the ability of performing
high resolution measurements with a high spectral range. In addition, the
efficiency of the sensors decreases as the wavelength increases, loosing
potential for the infrared region.

As an alternative, FTIR spectroscopy is able to provide high resolution spectra
across a wide spectral range using interferometric techniques. The basic
configuration is very similar to a Michelson interferometer [160]. In the
basic configuration, presented in Fig. 6.5, the light coming from a broadband
source is divided by a beam-splitter. One of the resultant beams is sent to a
fixed mirror at a distance l, whereas the other goes to a movable mirror at a
distance l + d. When both beams get together again, they interact with the
sample, and the resulting signal is captured by the detector.

The signal acquired by the detector is the sum of the two identical beams
after their interaction with the sample, with the particularity that both
signals have a relative phase due to a difference in their optical paths of 2d.
The advantage of this technique lies on measuring an interferogram, which
represents the intensity of the total signal as a function of the distance d. By
analyzing the Fourier transform of the interferogram we can retrieve high
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Fig. 6.5: Conventional FTIR spectroscopy setup configured for measuring sample
transmission.

resolution spectra while maintaining a wide spectral range.

A single measurement requires for the movable mirror to travel a certain
distance. The larger the distance, the better the spectral resolution of the
measurement.

In addition to the main FTIR measurement setup, these far-field measure-
ments easily allow for the addition of a microscopy system that can be used
to select the region of interest in a microscopic scale. The magnification
is constrained by the inherent limitations of optical microscopy; neverthe-
less, this technique facilitates the measurement of structures within the
micrometer-squared µm2 range. It is important to note that the addition of
optical elements to the system introduces additional diaphragms and can
modify the illumination angle, thereby introducing additional variables into
the measurements. This is particularly significant when measuring SLR, as
discussed in Section 4.4.1.

6.5.2 Electron energy loss spectroscopy

To perform measurements with spatial resolution of tens or hundreds of
nanometers, far-field, visible and infra-red photons are no longer suitable.
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This is because propagating radiation is inherently diffraction-limited, re-
stricting its resolution to a volume of the order of half its wavelength. To
overcome this limitation, two approaches can be taken: either reducing the
wavelength of the probe by using electrons, or utilizing electromagnetic
radiation in the non-propagating near-field regime to avoid the diffraction
limit, as illustrated in Fig. 6.6.

Fig. 6.6: Atlas of spatially resolved spectroscopy techniques, organized by their spa-
tial and energy resolution. Note both the extensive energy range accessible
via EELS and its exceptional spatial resolution. Adapted from [161].

This thesis focuses on EELS as a prominent example of a technique offering
spatially resolved information about plasmonic nanostructures, given its
significance to this research. Publication II specifically presents detailed
characterization results of plasmonic near fields using EELS. For an extensive
discussion on the techniques relying on near field excitations and other meth-
ods for imaging plasmons with nanometer resolutions, numerous reviews
are available in the literature [162, 163, 164].

EELS utilizes the energy distribution of inelastically scattered electrons to
probe nanostructures. The short wavelength of high-energy electrons ensures
exceptional spatial resolution, while the technique simultaneously offers
detailed spectral information about the sample’s electronic structure. An
overview of the equipment is presented in Fig. 6.7, and the working principle
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goes as follows. The sample is positioned in a high vacuum chamber, where
a highly monochromated electron beam is directed onto the sample. The
transmitted electrons are then collected using two different detectors. A
HAADF detector, typical in high resolution TEM, while others can be collected
and sorted by their energy at an EELS spectrometer.

Fig. 6.7: Schematic depiction of the basic set-up to perform EELS measurements.
The system uses a STEM as a platform, with a secondary electrons (SE)
detector for the SEM mode, and a HAADF for the TEM mode. Integration
of a CL measurement system is also included. Reproduced from [165].

The first set of electrons is used to generate a high-resolution image of the
sample, while the second set provides the energy loss probability spectrum
for each pixel of the image. In essence, for each pixel corresponding to
a specific position on the sample, the technique can determine the EELS
probability for each energy loss value. This means that the information
collected in an EELS measurement is both spatially and spectrally resolved.
In Fig. 6.8a, the spectra for two different regions of the sample are displayed.
Fig. 6.8b shows the spatial distribution with the energy fixed. The measured
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EELS probability is found to closely match the predicted excitations, as
illustrated in Fig. 6.8c.

Additional signals, such as those from the CL detector, can be measured
to provide complementary information about the sample. The potential
integration of a CL detector is also illustrated in Fig. 6.7. EELS is a valuable

Fig. 6.8: (a)Energy loss spectra of electrons traversing two distinct points in the
sample. (b) and (c) depict the EELS signal and simulated electric fields at
energies corresponding to the spectral peaks in (a). Adapted from [166].

tool for investigating plasmonic resonances, as the electron energy loss
probability is directly proportional to the local density of states within the
plasmonic system [167]. This relationship is intimately linked to the near-
field distribution generated by surface plasmons [161].

Despite its exceptional spatial and spectral resolution, EELS requires samples
that are sufficiently thin to be electron-transparent. The technique must be
conducted under high vacuum conditions and requires highly specialized
equipment, including state-of-the-art aberration-corrected microscopes and
monochromators.
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Part II

Inverted Honeycomb Plasmonic
Lattices





Introduction

Arrays of plasmonic nanostructures are a hot topic in nanophotonics due to
their ability to excite both LSP resonances and their collective counterparts,
SLR, to achieve highly localized field enhancement and tailored optical re-
sponses. Among the myriad configurations of plasmonic arrays, inverted
designs have garnered significant attention due to their unique properties
that include sharp spectral features and relatively large out-of-plane hot
spots. These structures, defined by their two-dimensional arrangement of
nanoholes or nanoslits in a metallic thin film, provide versatile platforms for
supporting complex plasmonic modes, while ensuring compatibility with scal-
able fabrication methods, integration into planar optical systems, and they
can be easily functionalized with biomolecules for sensing applications.

This chapter presents two peer-reviewed articles delving into the unique
optical properties and applications of inverted honeycomb plasmonic lattices.
Publication I, "An Inverted Honeycomb Plasmonic Lattice as an Efficient
Refractive Index Sensor", translates these planar architectures into practical
sensing devices. Here, the inverted honeycomb lattice is embedded within a
planar heterostructure comprising a dielectric spacer and a metallic mirror,
optimizing the excitation of out-of-plane SLR. This planar configuration not
only enhances the electric field distribution within and around the lattice
but also achieves exceptional sensitivity to refractive index changes, with
figures of merit as high as 199 RIU−1. Such performance underscores the
relevance of planar plasmonic systems for chemical and biological sensing,
particularly for detecting nanoscale variations in dielectric environments.

Publication II, "Imaging of Antiferroelectric Dark Modes in an Inverted Plas-
monic Lattice", examines the excitation and mapping of bright and dark plas-
monic modes within a similar honeycomb lattice. By leveraging advanced
EELS and FDTD simulations, the study identifies numerous plasmonic reso-
nances. Furthermore, we also observe a collection of dark plasmonic modes
arising from antiferroelectric arrangements of slit polarizations across the
lattice. These modes, confined within the planar structure, exhibit vanishing
net dipole moments, minimizing radiative losses and enabling superior en-
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ergy confinement. These modes are particularly interesting due to the fact
that their periodicity is twice that of the plasmonic lattice.

Collectively, these studies underscore the transformative potential of pla-
nar inverted honeycomb plasmonic lattices as platforms for investigating
fundamental plasmonic phenomena and facilitating high-sensitivity sensing
applications. Through the integration of FDTD simulations, nanofabrication
techniques, and advanced characterization methods, they establish a com-
prehensive compendium of the optical and plasmonic responses exhibited by
such lattices.
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Abstract: We present an efficient refractive index sensor consisting of a heterostructure that contains
an Au inverted honeycomb lattice as a main sensing element. Our design aims at maximizing
the out-of-plane near-field distributions of the collective modes of the lattice mapping the sensor
surroundings. These modes are further enhanced by a patterned SiO2 layer with the same inverted
honeycomb lattice, an SiO2 spacer, and an Au mirror underneath the Au sensing layer that contribute
to achieving a high performance. The optical response of the heterostructure was studied by numer-
ical simulation. The results corresponding to one of the collective modes showed high sensitivity
values ranging from 99 to 395 nm/RIU for relatively thin layers of test materials within 50 and 200 nm.
In addition, the figure of merit of the sensor detecting slight changes of the refractive index of a water
medium at a fixed wavelength was as high as 199 RIU−1. As an experimental proof of concept, the
heterostructure was manufactured by a simple method based on electron beam lithography and the
measured optical response reproduces the simulations. This work paves the way for improving both
the sensitivity of plasmonic sensors and the signal of some enhanced surface spectroscopies.

Keywords: Au plasmonic nanostructures; inverted honeycomb lattice; surface lattice resonances;
refractive index sensor

1. Introduction

The design and manipulation of plasmonic nanostructures have rapidly become one of
the most active topics in nanophotonics over the last years. Specifically, several plasmonics-
based approaches have been applied to improve the detection limit and sensitivity of
sensing devices. Good examples of these new capabilities are the potential to prove
volumes beyond the diffraction limit [1–3] or to achieve single-molecule sensitivity [4].
Moreover, plasmonic nanostructures have contributed to largely enhancing the signal of
surface spectroscopies, such as surface-enhanced Raman scattering or plasmon-enhanced
fluorescence [5–9].

One of the most promising niches for plasmonic nanostructures is their integration in
refractive index sensors [10]. This kind of sensor benefits from the fact that the wavelengths
at which the plasmonic excitations arise depend strongly on the features of the medium
mapping the corresponding near-field distributions. However, the inherent nature of
localized surface resonances (LSRs) hinders their efficiency as sensing devices as the
evanescent electric fields excited in an LSR decrease rapidly with the distance from the
metal–dielectric interface. In this way, the regions in which the electric field is enhanced, the
so-called “hotspots”, extend only a few tens of nanometers away from the metal–dielectric
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interface and, in many cases, are confined in the space between neighboring plasmonic
elements. In contrast, inverted structures, in which dielectric holes are carved through a
continuous metallic layer, have proven to be a valid approach to tackle this issue [11] and
are known to improve the efficiency of light–matter interaction in some situations [12–16].
Unlike other realizations of inverted plasmonic structures [17–19], such as nanoholes or
nanoarrays with a more complex pattern, the heterostructure proposed in this work benefits
from the inclusion of a mirror layer. By adding this element, the device can collect all the
optical responses solely in the reflection spectrum, given the null transmission.

In addition, our system is based on the detection of surface lattice resonances (SLRs)
in a honeycomb lattice, which implies sharper peaks associated with higher-energy modes
involving the collective excitation of all the elements in the plasmonic array [20–23]. These
modes usually present hotspots encompassing larger areas than those associated with local
excitations. Besides, the three-fold symmetry of the honeycomb lattice may hamper the
excitation of LSR in favor of SLR, making collective modes much more intense [20,21], as
will be further discussed in Section 3.2.

Overall, the heterostructure presented in this work constitutes a proof of concept for a
simple realization of a highly sensitive refractive index sensor that can be manufactured by
a relatively easy lithographic process.

2. Materials and Methods

As shown in Figure 1, the main part of the studied heterostructure is composed of
two layers of Au and SiO2 of 30 and 80 nm in thickness, respectively, where an inverted
honeycomb lattice—with a pitch of 866 nm and bar-shaped trenches of 400 nm in length
and 30 nm in width—is carved through the whole Au/SiO2 bilayer. On the bottom of the
trenches, there is an Au layer of 30 nm in thickness that shapes the direct honeycomb lattice
complementary to that at the top. Thus, the two plasmonic honeycomb lattices are placed
at an edge-to-edge distance of 50 nm. Between them, there is a sort of two-dimensional
photonic crystal that is formed by the contrast in the refractive indices of the SiO2 and the
material filling the trenches (air, water, and so on). Consequently, the interactions among
the three lattices feed back into each other because they share the same pitch and symmetry.
Specifically, one of the collective modes of the two plasmonic structures gives rise to a
spatial distribution of the near-field enhancement around the heterostructure that is well
suited for sensing applications, as discussed later. This heterostructure rests on top of a
second bilayer, composed of an SiO2 spacer and an Au mirror of 120 nm and 100 nm in
thickness, respectively, which enhances the intensity of the collective modes and ensures
that the transmission through the entire system is negligible.
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Figure 1. (a) Scheme of the heterostructure. The inset shows a schematic cross-sectional view. (b) Top
view showing the honeycomb lattice, the hexagonal Bravais lattice (dotted lines), a rectangular unit
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cells of the hexagonal lattice. The cell for the simulations is the rectangular unit cell. At the bottom
left corner of the panel, there is a schematic representation of the electric field and propagation
vectors of the incident radiation.
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The simulations presented in this work were performed using the finite-difference
time-domain (FDTD) method, implemented in the solver provided by LumericalR [24].The
method defines a simulation spatial domain, which is discretized. Then, the incident
electromagnetic field is set by defining the initial state of the system. The software solves
Maxwell’s equations to determine the evolution of the electric and magnetic fields using
a discrete time-step. This approximation, as well as the inherent mesh step necessary to
discretize the space in the simulation domain, introduce a certain error into the calculations.
However, the method allows for direct observation of the physical phenomena taking place
without imposing any further assumption on the behavior of the system.

The configuration of the simulations was as follows: a short pulse of linearly polarized
light was sent perpendicularly to the surface of the heterostructure from a source placed
above the metal (see the inset of Figure 1b). Placing different monitors in several spots,
we obtained the transmission and reflection cross sections, as well as the electric field
distribution as a function of the wavelength of the incident radiation. Owing to the
periodicity of the system, periodic boundary conditions of a rectangular unit cell of the
honeycomb lattice are used to perform the simulations (see Figure 1b). The dielectric
functions for the materials used in these simulations were obtained by fitting analytical
functions to the data from [25] for SiO2 and Au, respectively.

In the manufacturing of the samples, a bilayer made up of Au (mirror) and SiO2
(spacer) layers of 100 nm in thickness each was deposited on top of a standard Si wafer
by electron beam evaporation (ATC Orion, AJA International, Inc) and plasma enhanced
chemical vapor deposition (PECVD), respectively. A pattern of 500 µm × 500 µm in size
following the inverted honeycomb design shown in Figure 1 was exposed by electron beam
lithography (EBL) on an additional third layer of poly methyl methacrylate (950 PMMA,
MicroChem) with a thickness of 90 nm. After removing the exposed areas, the sample was
metallized with 30 nm of Au deposited by electron beam evaporation. The outcome of the
evaporation process was a 30 nm Au layer on top of the heterostructure shaping an inverted
honeycomb lattice and the complementary direct version of the same lattice on the bottom
of the trenches, as shown in Figure 1a, at an edge-to-edge distance of 60 nm. Between them,
a two-dimensional photonic crystal is formed by the contrast in the refractive indices of the
950 PMMA and the material filling the trenches. No further lift-off was necessary owing to
the design of the samples. As SiO2 and 950 PMMA have very similar refractive indices,
the optical spectra of the simulated and manufactured heterostructures may be compared
right away, even though some geometrical parameters are slightly different than in the
simulations, namely, the edge-to-edge distances between the inverted Au layer and both
the mirror (190 nm) and the direct Au structure (60 nm).

The optical characterization was carried out by a Vertex 70 Fourier transform infrared
(FTIR) spectrophotometer attached to an optical microscope (Bruker Hyperion). Experi-
ments were performed in the reflection configuration with a 4× objective and under the
illumination of unpolarized light. The measured signal of an Ag mirror was used as a
background in all the experiments.

3. Results

3.1. Optical Response of the Heterostructure

Several peaks are exhibited by the simulated reflection spectrum of this heterostructure
(see Figure 2). Nevertheless, they can be classified into only two groups depending on
either the local or collective nature of the resonances associated with them. The first group
includes the peaks located around 729 and 1789 nm, which arise from the excitation of LSR
related to local modes of the bar-shaped trenches and the Au bars in the inverted and direct
plasmonic structures, respectively. Accordingly, the near-field distributions for these modes
are mainly confined inside either the trenches through the Au layer or around the Au bars
at the bottom of the SiO2 trenches. For instance, the corresponding near-field distributions
for these two peaks show mostly dipolar excitations of the trenches perpendicular to the
polarization axis of the incoming radiation with some multipolar or dipolar polarizations
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of the tilted trenches for the peaks at 729 and 1789 nm, respectively (see Figure S1a,c,d,f in
the Supplementary Materials).
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Figure 2. Simulated reflection spectrum as a function of the wavelength of the incident radiation.
The sharp peaks at about 765 and 1107 nm correspond to the surface lattice resonance (SLR) of the
Au inverted honeycomb lattice at the air–Au and Au–SiO2 interfaces, respectively.

It is also worth noting that the positions of these two peaks can be tuned just by
adding the Au mirror and varying the edge-to-edge distance between the inverted Au
lattice and the Au mirror as there is a certain coupling with the images of these modes at
the mirror. In such a way, 200 nm was chosen for the edge-to-edge distance so that the peak
at 729 nm was blue-shifted to be on the left-hand side of the sharp peak at 765 nm, which is
the one we are intending to use for sensing applications. In a similar way, the edge-to-edge
distance between the inverted Au lattice and the direct one was optimized to be 50 nm to
reduce the overlap between the peaks at 729 and 765 nm.

In the second group of excitations shown in Figure 2, there are those with a collective
character that are associated with SLRs. The corresponding peaks are the aforementioned
one at 765 nm and the ones located about 754 and 1107 nm. These three peaks arise from
the constructive interference between the incident radiation and the collective modes of
the direct and inverted honeycomb plasmonic lattices. Considering that SLRs are excited
at the interface between the Au and the surrounding dielectric media, two SLRs should
be expected for each honeycomb lattice as both the direct and the inverted Au arrays are
in contact with two different dielectric media, namely air (above) and SiO2 (below). For a
hexagonal lattice, which is the Bravais lattice of the honeycomb array, the condition for the
excitation with perpendicular incidence of the most intense SLR is

λi = ni p cos 30, (1)

where λi is the resonant wavelength of the incident radiation, p is the pitch of the hexagonal
lattice (p = 866 nm; see Figure 1b), and ni is the effective refractive index of the dielectric
medium forming the interface with the Au layer. Taking average values of the refractive
indices of air and SiO2 as 1 and 1.45, respectively, the expected wavelengths that fulfill
Equation (1) are 750 nm and 1087 nm, respectively, in very close agreement with the
positions of the peaks found by numerical simulation.

Thus, the small peak around 754 nm is mainly related to the SLR at the interface with
the air of the direct honeycomb lattice on the bottom of the SiO2 trenches. This is supported
by both the near-field distribution shown in Figure S1b,e in the Supplementary Materials
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and the fact that this peak does not appear when the direct Au honeycomb lattice is not
present, and the trenches are carved through the whole thickness of the SiO2 layer down to
the Au mirror (see Figure S2 in the Supplementary Materials). Interestingly, in the latter
case, the peak around 729 nm remains almost unchanged, strengthening the argument that
it is only associated with local modes of the trenches in the inverted Au lattice. The second
SLR mode corresponding to the Au–SiO2 interface of the direct honeycomb lattice may be
likely overlapped with the intense peak around 1107 nm.

On the contrary, the two peaks around 765 and 1107 nm are associated with the two
SLRs at the air–Au and Au–SiO2 interfaces of the inverted honeycomb lattice, respectively.
Both peaks are very intense and relatively sharp, which makes them suitable for applica-
tions. It is also worth noting that the overlap between the two peaks at 729 and 765 nm is
somehow reduced by the coupling with the two-dimensional photonic crystal underneath
the inverted plasmonic lattice, which is beneficial for sensing purposes. As a comparison,
Figure S2 in Supplementary Materials shows the spectra for the cases of a continuous SiO2
spacer of 200 nm in thickness and the same spacer, but with trenches carved through its
entire thickness.

In addition, simulations of the near-field distributions on the heterostructure at 765
and 1107 nm reveal the formation of patterns of extended hotspots compatible with the
translational symmetry of the hexagonal lattice. For the peak at 1107 nm, there are also
some extra excitations inside the trenches of the inverted Au layer (Figure 3b) arising
from the coupling between the SLR modes of the direct and the inverted lattices through
the polarization of the regions of the trenches in between the two plasmonic lattices (see
Figure 3d). Although the two peaks show very similar near-field patterns outside the
trenches, it is interesting to note that, for the peak at 765 nm, the hotspots following the
lattice symmetry are found on top of the plasmonic Au layer, whereas in the case of the
peak at 1107 nm, the electric field enhancement takes place at the bottom interface with
the SiO2 layer (see Figure 3c,d). In both cases, the pattern of hotspots yields an out-of-
plane electric field that extends hundreds of nanometers away from the corresponding
interfaces. The corresponding distributions of the electric field enhancement spread deep
inside the air and the SiO2, respectively (see Figure 3c,d). It is precisely these out-of-plane
near-field distributions associated with the SLR of the inverted honeycomb lattice that
provide the heterostructure with strong sensing capabilities, as will be discussed in the
following subsection.
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Figure 3. Near-field distributions associated with the SLR at 765 nm (a,c) and 1107 nm (b,d). (a,b) cor-
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cross sections of the heterostructure along the dashed lines plotted in the corresponding in-plane
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→
E |/E0 stands for the normalized modulus of the electric field with

respect to the modulus of the incident radiation.



Nanomaterials 2021, 11, 1217 6 of 12

3.2. Performance of the Refractive Index Sensor

The design of the plasmonic heterostructure following a lattice with three-fold sym-
metry hampers the excitation of the LSRs that are not fully compatible with the symmetry
of a hexagonal lattice, because local modes imply polarizations with an even number of
charge poles [20,21]. For instance, the three bar-shaped elements of the honeycomb lattice
converging on each corner of the hexagons are not compatible with a simple dipolar mode
within the gap between them. This favors the excitation of the SLRs yielding more intense
absorption peaks, which in turn may improve the optical response of the system for sensing
purposes. While preserving the honeycomb design, the system presented in this work
does not follow direct realizations of a honeycomb lattice based on arrays of plasmonic
nanoelements [26–28]. Instead, it takes advantage of the inverted version of the direct
lattice. The main plasmonic structure presented here is, as opposed to a honeycomb array
of bars, a continuous layer of Au where bar-shaped trenches are carved through its full
thickness. According to Babinet’s principle, the direct and the inverted structures should
be equivalent in terms of their optical properties [14,29], showing the same excitations
at the same values of the wavelength, but the nature of the excitations is different in the
two structures. The electric dipoles formed in the direct structure are magnetic dipoles
in the corresponding inverted realization and vice versa, because the role of the charge
accumulation is played by the currents induced in the system in the complementary struc-
ture. Previous works show that, despite the similarities in the spectral behavior, inverted
structures can perform better in terms of their interaction with the surrounding medium or
an externally exciting source [7–9]. One particularly appealing characteristic of the inverted
structures is that the near-field distributions tend to spread further away compared with
the direct structure. The near-field distributions for the peaks at 765 and 1107 in Figure 3 are
good examples of this spreading. In particular, the SLR at about 765 nm exhibits hotspots
that extend out-of-plane largely away from the top Au–air interface. Then, any changes
in the properties of the surrounding medium above the heterostructure will especially
affect this excitation because the electric field is distributed in a relatively large volume
that extends up to about 400 nm from the Au–air interface (see Figure 3c,d). This allows
both to detect slight changes in the optical properties of a relatively distant region of the
medium above and to boost the sensitivity of surface enhanced spectroscopies, such as
Raman scattering.

In this work, we aim at presenting a sensing application based on the detection of small
changes in the refractive index of the medium above the heterostructure by measuring the
shift in the wavelength of the SLR at the interface with the top Au layer. More precisely,
a 50 nm layer of a test material with a given refractive index is placed on top of the
heterostructure. This layer is intended to model the adsorption on top of the heterostructure
of some biological species, such as macromolecules or viruses (with refractive index values
in the range of our test layer) or any other materials to be detected not fitting inside the
trenches because of their relatively small width (30 nm). We decided to use a thin test layer
to evidence the high sensitivity of the sensor. In Figure 4, the reflection spectra around the
two SLR peaks of the inverted plasmonic structure are depicted for values of the refractive
index of the test layer ranging from 1 to 1.45. Although the two peaks show remarkable
shifts, the one for the SLR at the top test layer–Au interface is much larger, as expected from
the corresponding near-field distributions shown in Figure 3. The fact that the near-field
enhancement for this excitation is mostly distributed outside of the heterostructure makes
its wavelength highly susceptible to changes in the surrounding medium.
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To determine the dependence of the sensitivity on the amount of test material, the 
same study was repeated for sensing layers of 100 and 200 nm in thickness, obtaining 
sensitivities of 216 and 395 nm/RIU, respectively (see Figure 5a). These results show an 
almost linear dependence of the sensor sensitivity on the thickness of the test material, at 
least in this range of relatively small thicknesses. This enables to quantify the amount of 
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wavelength of the SLR is depicted as a function of the thickness of the test layer. For a 
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Figure 4. Reflection spectra around the wavelength ranges where the SLRs corresponding to the
top (a) and bottom (b) interfaces of the Au inverted honeycomb lattice take place. The spectra were
simulated for several values within 1.1 and 1.45 of the refractive index of a test layer of 50 nm in
thickness resting on top of the heterostructure. The spectrum in Figure 2 without the test layer is
included as a reference (black line).

It is worth noting that the shift in the wavelength of this resonance follows an almost
perfectly linear dependence on the refractive index of the test layer (see Figure 5a). This
can be easily understood considering that the resonant wavelength satisfying a SLR is
linearly dependent on the effective refractive index of the dielectric medium that forms the
interface with the Au layer, as shown in Equation (1). Hence, the sensitivity of the sensor
computed from the slope of the linear dependence shown in Figure 5a is 99 nm/RIU (RIU
stands for refractive index unit), which is a very remarkable result considering the small
thickness of the test layer.
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a function of the layer thickness. The dashed line is only a guide to the eye.

To determine the dependence of the sensitivity on the amount of test material, the
same study was repeated for sensing layers of 100 and 200 nm in thickness, obtaining
sensitivities of 216 and 395 nm/RIU, respectively (see Figure 5a). These results show an
almost linear dependence of the sensor sensitivity on the thickness of the test material, at
least in this range of relatively small thicknesses. This enables to quantify the amount of
material deposited on the sensor provided its refractive index is known. In Figure 5b, the
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wavelength of the SLR is depicted as a function of the thickness of the test layer. For a
thickness larger than 400 nm (560 nm/RIU), the sensitivity significantly departs from the
linear dependence tending to a maximum value slightly greater than that of the 600 nm
layer (613 nm/RIU). Therefore, the sensitivity for test layers thicker than about 1000 nm
can be considered thickness independent.

The performance of the heterostructure as a detector of an analyte present in a water
medium was also tested. For this purpose, water was modelled by a 600 nm thick layer with
a refractive index of 1.33 that also filled the bar-shaped trenches of the inverted honeycomb
lattice. The presence of an analyte was simulated by changing the refractive index of the
medium to 1.34. To ensure high sensitivity to such small changes of the refractive index,
the variation of the intensity of the reflection peak at a given wavelength was measured,
instead of the peak shift as in the previous cases, as the simplicity in detecting a signal at a
fixed wavelength is of key importance for biosensing. The figure of merit (FOM) [30] for
this kind of measurements is defined as follows:

FOM =
dI/dn

Im
, (2)

where dI is the variation in the intensity of the reflection peak corresponding to the SLR
at the air–Au interface as a function of the wavelength, n is the refractive index of the
medium, and Im is the average of the intensities of the two spectra used in the calculation
as a function of the wavelength. Thus, the shift in the position of the SLR peak as n varies is
translated into a change of its intensity for a fixed wavelength. The computed values of the
FOM as a function of the wavelength are shown in Figure 6 together with the two spectra
used in the calculations. The maximum value of the FOM is 199 RIU−1 at a wavelength of
974 nm. This value can be compared with the sensitivity computed from Figure 4 (613 nm
RIU−1 for a test layer of 600 nm in thickness) divided by the full width at half maximum
of the peak, which is about 9 nm [31]. Finally, the minimum detectable change in the
refractive index can be estimated. For a fixed wavelength of 981 nm, for which the FOM is
maximized, there is a change of 0.48 in the reflection signal induced by a change of 0.01 RIU
in the refractive index (see Figure 6). Considering a minimum detectable variation of 0.1 in
the signal intensity, the minimum change in the refractive index that could be detectable
by the system would be 0.002 RIU. These results are a solid proof of concept for further
applications of these heterostructures for biosensing purposes.
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Figure 6. Reflection peak corresponding to the SLR at the test layer–Au interface for a test layer
of 600 nm in thickness with values of the refractive index of 1.33 (black dashed line) and 1.34 (red
dashed line). The blue solid line corresponds to the computed FOM from these two spectra using
Equation (2).
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3.3. Experimental Realization of the Heterostructure

In addition to the results of the simulations shown throughout this article, a prelim-
inary experimental realization and optical characterization of the heterostructure were
also carried out. We aimed at replicating as much as possible the design studied in the
simulations while keeping in mind the ease and potential scalability in the manufacturing
process. Hence, the parameters of the modelled system were followed, apart from the
nanostructured layer of SiO2 that was substituted by a PMMA layer with a thickness of
90 nm, giving an edge-to-edge distance between the inverted honeycomb lattice and the
Au mirror of 190 nm instead of 200 nm, as was the case of the simulations. In this way, the
PMMA layer was etched following a much more direct and easy lithographic method than
would have been necessary for the SiO2 layer, while preserving an almost equal value of
the refractive index. The final metallization of the heterostructure yielded the Au inverted
honeycomb lattice on top of the PMMA layer, but also an additional direct lattice on the
bottom of the bar-shaped trenches carved through the PMMA layer. This was the reason
the Au direct lattice was also included in the simulated model, because it is hard to avoid
its formation following a simple manufacturing process. Nevertheless, the presence of
this extra Au direct lattice does not significantly affect the collective excitations of the
inverted Au layer, as proven by the simulation of the system without the direct lattice
shown in Figure S2 in Supplementary Materials, while it hinders the excitation of the LSR
at 729 nm by partially shielding the interaction of this mode and its corresponding image
at the mirror (compare the intensity of this peak in the spectra in Figure 2 and Figure S2
in Supplementary Materials). Figure 7a shows an scanning electron microscopy (SEM)
top-view image of the final heterostructure from which the overall good quality of the
manufactured sample can be assessed.
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Figure 7. (a) SEM image of the manufactured sample. (b) Experimental (red curve) and simulated
data (black curve) corresponding to the reflection spectrum as a function of the wavelength. The
simulated curve is the same as in Figure 2 and is included here for the sake of comparison.

The optical characterization of the manufactured sample by FTIR spectroscopy showed
the excitation of the two collective modes associated with the two interfaces of the inverted
honeycomb lattice, as shown in Figure 7b. The peak corresponding to the SLR excited in the
air–Au interface was broader than that of the SLR in the Au–PMMA interface. Experimental
imperfections on the manufactured sample together with the existence of other excitations
in the vicinity of the peak around 765 nm may cause their overlap, giving rise to a single
broad peak. Nevertheless, the measured spectrum and the simulation results were in good
agreement, thus proving the experimental feasibility of this heterostructure.
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4. Discussion

The results shown in this work evidence the high performance of the presented
heterostructure based on an Au inverted honeycomb lattice for sensing purposes. Owing
to the chosen lattice pitch and because local excitations are hindered by the three-fold
symmetry of the honeycomb array, this heterostructure exhibits very intense and narrow
reflection peaks corresponding to its collective excitations at wavelengths in the near
infrared that are well suited for sensing applications. The intensity of these peaks is further
enhanced by the underneath layers within the heterostructure, namely, the patterned SiO2
layer with the inverted honeycomb lattice, the SiO2 spacer, and the Au mirror that ensures
total reflection. Among the collective excitations shown by this heterostructure, the most
suitable for sensing the refractive index of the environment is that associated with the peak
around 765 nm. This peak is particularly susceptible to changes in the nearby environment
because it arises at the top interface of the sensing Au layer, thus yielding an out-of-plane
near-field distribution that spreads up and far away from the interface. The sensitivity
associated with the shift of this peak was assessed by changing the refractive index of a
thin layer of a test material resting on top of the heterostructure. Under these conditions,
simulations showed a sensitivity of 99 nm/RIU for a layer of 50 nm in thickness with a
full width at half maximum of the peak of only 9 nm. These results become especially
relevant when compared with those of previous studies in which the refractive index
change was tested in layers of infinite thickness [32,33]. Moreover, a further large shift in
the resonant wavelength was also found for an increasing thickness of the test layer. This
yielded a rising sensitivity for thicker test layers, opening another possible application of
the studied heterostructure as a sensor of the amount of test material, provided its refractive
index is known. The sensitivity of the sensor tended to a maximum value greater than
about 613 nm/RIU for a thickness larger than about 600 nm, which is a very remarkable
performance for this kind of sensor. Finally, the sensitivity of the sensor detecting slight
changes of the refractive index at a fixed wavelength of a thick layer of a water medium
was also checked. The computed FOM at 974 nm was as high as 199 RIU−1. This value
constitutes a solid improvement over other plasmonic sensors operating in a similar fashion
that exhibit values of the FOM about one order of magnitude smaller [30,33–35].

As an experimental proof of concept, the heterostructure was manufactured by a
simple method based on EBL. The FTIR spectrophotometry measurements showed intense
and relatively narrow excitations around the wavelengths predicted by the simulations.
These results show that an easy experimental realization of this heterostructure is possible,
in a similar way to in [22], but avoiding the final lift-off process.

All in all, this work paves the way for the application of heterostructures based on
inverted plasmonic lattices with three-fold symmetry to improve the performance of a
wide range of plasmonic sensors and surface enhanced spectroscopies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11051217/s1, Figure S1: Near-field distributions for the peaks at 729, 754, and 1789 nm;
Figure S2: Reflection spectra for a heterostructure without the Au direct lattice, where the trenches
are carved through the whole thickness of the SiO2 spacer, and for a heterostructure with a solid SiO2
spacer of 200 nm in thickness with no trenches carved through it.
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Figure S1. Near-field distributions for the peaks at 729 nm (a) and (d), 754 nm (b) and (e), and 1789 

nm (c) and (f). (a), (b), and (c) correspond to in-plane views at the heights indicated by the dashed 
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(a), (b) and (c), respectively. They share a common vertical scale. |𝐸⃗ |/𝐸0 stands for the normalized 
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Figure S2. Reflection spectra for a heterostructure without the direct Au honeycomb lattice for 

the following two cases: a system with trenches carved through the whole thickness of 200 nm of 

the SiO2 layer within the top-Au and mirror layers (black solid line) and a system with no trenches 

and a continuous SiO2 layer (red solid line). The rest of the parameters are the same as those for 

the heterostructure in Figure 1. 
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ABSTRACT: Plasmonic lattice nanostructures are of techno-
logical interest because of their capacity to manipulate light
below the diffraction limit. Here, we present a detailed study of
dark and bright modes in the visible and near-infrared energy
regime of an inverted plasmonic honeycomb lattice by a
combination of Au+ focused ion beam lithography with
nanometric resolution, optical and electron spectroscopy, and
finite-difference time-domain simulations. The lattice consists
of slits carved in a gold thin film, exhibiting hotspots and a set
of bright and dark modes. We proposed that some of the dark
modes detected by electron energy-loss spectroscopy are caused
by antiferroelectric arrangements of the slit polarizations with
two times the size of the hexagonal unit cell. The plasmonic resonances take place within the 0.5−2 eV energy range,
indicating that they could be suitable for a synergistic coupling with excitons in two-dimensional transition metal
dichalcogenides materials or for designing nanoscale sensing platforms based on near-field enhancement over a metallic
surface.
KEYWORDS: plasmonic, honeycomb lattice, inverted lattice, dark modes, EELS, antiferroelectric, SLR

Localized surface plasmons (LSP) can be excited at the
interface between a metallic nanostructure and a
dielectric medium by coupling with an external

electromagnetic wave under the appropriate conditions.1 LSP
excitations create subwavelength confinement of the light in
the vicinity of the nanostructures, as well as an enhanced
intensity of such a near-field distribution.2−4 Consequently,
they have extensively been used in a wide variety of
applications involving electromagnetic radiation in the infra-
red-visible-ultraviolet range, such as nanoantennas,5 high
sensitivity spectroscopies,6,7 biomedical applications,8−10 non-
linear harmonic generation,11 ultrafast phase modulation,12

and sensors13 among others.
An additional level of complexity arises when metallic

nanostructures are organized in a periodic array. In this case,
the radiative coupling between the LSP and the diffracted
waves in the plane of the array enables the appearance of
coherent excitations of the scatterers in the lattice, known as
surface lattice resonances (SLR). Introduced by Carron and
co-workers14 and found experimentally by Hicks and co-
workers,15 the excitation of these resonances occurs near the
frequency at which the diffracted wave is radiating in the plane
of the array, that is, at the Rayleigh anomaly. Experimental

realizations of lattices of plasmonic nanostructures vary
considerably, both in design and functionality.16−18 Although
the LSP of neighboring nanoparticles can also be coupled, the
corresponding excitations are severely affected by radiative
damping. SLR, in contrast, often exhibit highly tunable, intense
and narrow resonances.19

In this work, we focus on geometrically frustrated honey-
comb lattices, which have previously been studied for its
unique plasmonic band structure and its similarities with the
behavior of graphene and other 2D materials.20−22 We
investigate the plasmonic properties of an inverted honeycomb
lattice (inverted as the nanostructure is carved in a continuous
layer). The interest for inverted structures arises, among other
applications, from further increasing the sensitivity of surface
enhanced Raman spectroscopy (SERS) to ultrasmall amounts
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of a given analyte,20,23 which is relevant for the detection of
diseases in early stages24 and traces of contaminants in
wastewater.25 According to Babinet’s principle21,22, the optical
response of a plasmonic nanostructure must be equivalent to
that of its inverted counterpart. Besides, the excitation of SLR
is perfectly possible in these type of inverted systems.20 This
enables designing inverted structures with a very similar
spectral behavior to their counterparts, in terms of the
excitation energy and spectral features of the resonances -
while corresponding to a very different near-field distribution
around the structure.22,26,27

Here we show that the manufacture of a honeycomb array of
slits fosters the formation of out-of-plane hotspots related to
the SLR that present large enhancement factors of the electric
field, even hundreds of nanometers away from the 2D array
into the surrounding medium. Such an out-of-plane electric
field enhancement is crucial for their integration in sensing and
advanced spectroscopic architectures such as refractive index
sensors.28

The implementation of any design pathway for enhanced
plasmonic nanoarchitectures requires of an understanding of
the plasmonic near-field response. A possible route to obtain a
clear picture of the plasmonic resonances supported by a
particular structure is to use electron energy loss spectroscopy
(EELS). This technique, probing the local photonic density of
states,29 allows the excitation and mapping of the local
distribution of electromagnetic modes by measuring a
spectrum of the energy loss resulting from local interactions
with the sample, thereby becoming an important tool for near-
field imaging of plasmonic optical excitations.30 When
performed in a monochromated aberration-corrected scanning
transmission electron microscope (STEM), the achieved
energy resolution of EELS can be of the order of 10 meV
while preserving sub-Å spatial resolution.31−34 A crucial
advantage of this technique is the combination of the spectral
features with their 2D projected intensity maps, allowing high
sensitivity to subtle spatial modifications.35 In the case of
studying plasmonic responses with a STEM, an acquired EELS
signal is closely related to the optical extinction spectra, and
has proven to be a useful tool for studying localized and surface
plasmon resonances of a variety of structures, including films,
pillars, and holes of varying diameters, as well as slots and
coaxial resonators,36 metallic nanostructures,37−39 nanocav-
ities,40,41 nanowires,42 surface-plasmon modes in nano-
particles,43,44 coupled nanoparticles,45 molecular excitations,46

or excitation of modes in 3D.47 In addition to the experimental
contributions, advances in EELS simulations and theoretical
modeling have also been crucial for interpretation of the
results.35,48−50

A key aspect regarding our work is the fact that, in addition
to bright modes, EELS can also reveal optically dark
modes,35,36,51−54 that is, modes with a vanishing net dipole
moment, thereby providing a full modal spectral map of a
plasmonic system. Dark modes can store electromagnetic
energy more efficiently than bright modes due to suppression
of radiative losses. This results in narrower line widths and
longer lifetimes than their radiative counterpart, making them
ideal candidates for lossless nanoscale waveguides and
subwavelength high-Q optical cavities,55 as well as enhanced
biological and chemical sensors or nanolasing applica-
tions.56−59

In this work, we focus on the excitation and mapping of the
bright and dark plasmonic resonances associated with the SLR

and LSP modes in the optical range, which was achieved
through the combination of state-of-the-art manufacturing of
the samples and the outstanding spectral and spatial resolution
of the STEM. A comprehensive spectral analysis of both the
far-field and near-field measurements from Fourier-transform
infrared spectroscopy (FTIR) and EELS, respectively, and the
good agreement with the numerical electromagnetic simu-
lations have enabled the identification of a variety of both
bright and dark modes, the latter unable to be detected using
light. Furthermore, dark modes that are be caused by
arrangements of the slit polarizations that divide the system
into two antiferroelectric sublattices have been found. These
modes present a primitive unit cell twice that of the fabricated
honeycomb lattice.

RESULTS AND DISCUSSION
The studied sample consists in a 20 nm thick continuous layer
of Au deposited on a thin (50 nm) Si3N4 membrane. The Au
layer is patterned by carving slits through the entire thickness
of the Au layer. The slits are approximately 400 nm long and
45 nm wide. They follow the arrangement of a honeycomb
lattice with a pitch of p = 906 nm. This structure can be
considered as a dielectric (air) planar honeycomb lattice
embedded in a metallic (Au) layer (see Figure 1).

The response of the structure presents a plethora of
resonances in the visible and near-infrared (NIR) ranges.
This is clear from the finite-difference time-domain (FDTD)
simulations, FTIR measurements, and the data acquired during
the EELS experiments. The corresponding spectral results are
presented in Figure 2. Prior to an in-depth discussion, it is
important to stress the differences between the three data sets
shown in Figure 2.
FDTD simulations and FTIR measurements show the

response of the system under the excitation of unpolarized
light with normal incidence onto the array. However, EELS
data rely on the energy-loss of a highly monochromatic beam
of electrons that are inelastically scattered by the system.
Therefore, FDTD simulation and FTIR data show only peaks
associated with bright modes since electromagnetic radiation
can only couple with modes exhibiting a net dipole moment.55

In contrast, the scattering of electrons in an EELS experiment
will excite all the available resonances in the structure,50,60

Figure 1. (a, b) Scanning electron microscopy images of the
manufactured sample. (c) Schematic cross-sectional view of the
studied sample.
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including not only bright modes but also dark ones (those
showing zero net dipole moment). This constitutes a key point
in understanding the differences and similarities among the
three curves shown in Figure 2. We also point out that the
peaks shown by the FDTD simulated absorption do not
exactly match the location of those on the FTIR and EELS
curves because of the imperfections of the experimental sample
due to manufacturing defects, such as slight variations in size
or vertical profile of the slits.
The lowest energy mode of the honeycomb array of slits

appears around 0.54 eV and corresponds to a relatively intense
broad peak that is clearly visible in the three spectra shown in
Figure 2. It is a dipolar mode caused by the distribution of
opposite charges round the longitudinal facing edges of each
slit, as it is disclosed by the FTDT simulations of charge
distributions shown in Figure 3b. Moreover, it is a bright mode
since the net dipole moment corresponding to the three slits
emanating from every vertex (primitive unit element of the
lattice) in Figure 3b is nonzero along the vertical direction
parallel to the polarization axis of the exciting radiation in the
FDTD simulations. Note that the charge distributions shown
in Figure 3 were obtained from an FDTD simulation with
linearly polarized light in the vertical direction. EELS
measurements and the distribution of the intensity of the
electric field for unpolarized light obtained from FDTD
simulations support the occurrence of significant values of the
electric field only in the hollow space inside the slits (Figure 3a
and c) in accordance with the major dipolar nature of the
mode in the directions perpendicular to the slits.
To get a deeper insight into the energy of the rest of the

bright modes, the values of the integral of the EELS signal
computed in several specific regions of the hexagon are shown
in Figure 4 as a function of the energy loss within 1.2 and 1.8
eV, the energy range where most of the bright modes appear.
The next bright mode can be found at about 1.41 eV in the

EELS and FTIR curves, and at 1.38 eV in the simulated
absorption (see Figure 2). At 1.41 eV, there is also a clear peak
in the light brown curve in Figure 4a (region III), as well as

some anomalies in the curves for region I in Figure 4a. Based
on the results of the EELS mapping and the FDTD simulations
for unpolarized light, the near-field distribution of this
resonance presents a diffuse hotspot around the center of
each hexagon accompanied by a multipolar excitation of the
slits (Figure 3d and f).
The charge distribution shown in Figure 3e, which was

obtained from an FDTD simulation with linearly polarized
light in the vertical direction, also indicates a multipolar
excitation of the slits. Each slit contains three parallel dipoles of
alternating sign. So, as in the case of the previous excitation at
0.54 eV, every three converging slits at each vertex has a net
dipole moment in the vertical direction. At the same time, the
inferior and superior halves of the hexagons exhibit diffuse
charges of opposite sign that contribute to the total dipole
moment of the structure in the vertical direction (Figure 3e)
and cause the central diffuse hotspot found under unpolarized
radiation (see Figure 3d and f).
The mode at 1.57 eV corresponds to the coherent excitation

of the whole lattice in a SLR. The small peak in the absorption
spectrum obtained by FDTD simulations around this energy

Figure 2. Absorption spectra obtained through (a) FDTD
simulations (blue line) and FTIR measurements (red line). (b)
EEL spectrum computed as the integral of the counts across the
whole hexagon (black line). Peaks and anomalies only present in
the EELS spectrum are associated with the excitation of dark
modes by electron scattering. EELS and FTIR measurements were
performed on the same sample. Vertical dashed lines indicate the
energy of the bright modes that are discussed in the text.

Figure 3. Left hand-side panels (a, d, g, and j) show colormaps of
the EELS signal across the sample for the four bright modes
indicated in Figure 2. The color scale bar represents the intensity
of the EELS signal. Middle panels (b, e, h, and k) depict the
calculated charge distribution on the surface of the array for the
same bright modes from the FDTD simulations under the
illumination of linearly polarized light along the vertical axis.
Blue and red colors represent negative and positive net charge
densities, respectively. The charge intensity has been multiplied by
a factor, indicated by the number on the top-right side of the
panels, for an easier comparison between resonances. Right hand-
side panels (c, f, i, and l) show simulations of the corresponding
electric field intensity under the illumination of unpolarized light.
These colormaps were obtained 10 nm above the structure.
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(blue curve in Figure 2a) is associated with the diffraction
condition of the lattice at the interface between the metal and
the air. In fact, a photon of 1.57 eV in air has a wavelength of
790 nm, which is very close to p cos30 = 785 nm, the first
diffraction condition of the lattice for normal incidence, being
p the pitch of the lattice. Interestingly, the imperfections of the
experimental sample do not affect its pitch (see Figure 1a and
b). This means that the SLR of the lattice takes place at the
same energy as the FDTD simulations and experimental
results. In this case, most of the excited charge is found to
spread inside the hexagons, relatively far from the slits forming
the array (see Figure 3h for FDTD results with linearly
polarized light). The two opposite sign charge distributions in
the upper and lower halves of each hexagon cause a large
electric field with an out-of-plane component that extends
hundreds of nanometers from the structure28 (see Figure S1 in
the Supporting Information). For unpolarized radiation with
normal incidence, the charge distribution will oscillate from the
center of the hexagon to the outer part following a kind of
breathing mode and giving rise to the EELS signal and electric-
field distribution depicted in Figure 3g and i. Moreover, the xy-

plane crosscut for the z-component of the electric field shown
in Figure S1 in the Supporting Information is also character-
istic of a breathing mode.
Besides, for this mode, the intensity of the electric field for

unpolarized light shows a central hotspot with a ring shape,
revolving around a minimum of intensity at the center of the
hexagon (see Figure 3i). It is worth noting that a central
structure like that of Figure 3i is clearly distinguishable in the
EELS colormap (Figure 3g). This qualitative interpretation of
the EELS colormap is also quantitatively confirmed by the
local maximum of the green curve in Figure 4b corresponding
to the integral of the EELS signal in region V (central ring). It
should also be noted that, in relation to this mode, a small
shoulder is shown in the red curve in Figure 4a (region I
corresponding to the vertex).
Finally, at an energy of 1.74 eV we find an excitation in the

EELS experiment (Figure 3j) with a maximum in the center of
the hexagons surrounded by an approximately hexagonal
hotspot. This central structure may appear due to an averaging
along the directions perpendicular to the edges of the hexagon
of charge distributions such that in Figure 3k for linearly
polarized light in the vertical direction. The existence of this
central structure can also be confirmed by the maxima in the
green and blue curves in Figure 4b for the EELS signal
integrated in regions V (central ring) and IV (central hotspot),
respectively. In addition, the EELS map also suggests a
multipolar excitation of the slits in agreement with the FDTD
simulation for the electric field distribution in Figure 3l.
The four modes discussed so far are bright, since they

display a net dipole moment per primitive unit cell of the
hexagonal lattice. In this respect, they can be considered
ferroelectric modes of the system, since the dipole moment per
primitive cell forms a ferroelectric lattice with the same
symmetry as that of the hexagonal array of slits.
In addition, dark modes are also excited in the structure. In

this work, we present the detection of two types of dark modes.
Depending on whether the unit cell of the charge distribution
fits into a single primitive cell of the honeycomb lattice, or it
extends outside of it, we will denote these modes as local or
extended, respectively. A first approach to understanding the
local charge distributions excited in a dark mode is to consider
the behavior of three slits converging on the same vertex
(Figure S2 in the Supporting Information) that will act as the
unit element of the lattice. Bearing in mind that we are dealing
with an inverted lattice, most of the excitation of this unit
element will take place through currents flowing around the
central vertex, giving rise to a central out-of-plane magnetic
moment.61 Therefore, by placing a perpendicular magnetic
dipole source above the vertex shared by these three slits,
several dark modes of increasing multipolar order can be
simulated as the energy increases. The lowest energy dark
mode (Figure S2a in the Supporting Information) shows a
dipolar excitation across the slits, akin to the bright mode at
0.54 eV but, in this case, all the slits are equivalent due to the
3-fold symmetry of the element, and the net dipole moment
vanishes. The other local dark modes shown by the simulations
as the energy increases follow the same overall behavior but
with multipolar excitation of the slits (see Figure S2b,c in the
Supporting Information).
Homologous dark modes can be found in the inverted

honeycomb lattice by exciting the system with an array of in-
phase magnetic dipoles situated on those vertices of the
hexagons that coincide with the Bravais lattice (see Methods

Figure 4. EEL spectra computed as the integral of the counts
across the regions of the hexagon colored in orange in the inset of
panel (a). (a) Red, purple, and light brown solid curves correspond
to the integrals of the EELS signal over regions I, II, and III,
respectively. (b) Blue and green solid curves correspond to the
integrals of the EELS signal over regions IV and V, respectively.
The total signal across the whole hexagon is also shown as the
black solid line in panel (b) for the sake of comparison. The
vertical dashed lines indicate the energy of the bright (gray lines)
and dark (black lines) modes discussed in the text.
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section). The lowest energy dark mode found by simulation is
shown in Figure S3 in the Supporting Information. However,
due to the similarity between the near-field distributions of this
mode and that of the broad bright one at 0.54 eV and the
spectral proximity of both, this excitation cannot be
distinguished in the EELS spectrum in Figure 2. The rest of
the local dark modes are presented in Figure 5, in order of
increasing energy. Figure 5b shows the average of the profile of
the EELS signal at 1.28 eV computed as the integral across the
slits, where the purple curve in Figure 4a (EELS signal from
the ends and center of the slits) exhibits a local maximum. This
profile supports the fact that most of the excitation occurs at
both ends of the slits following a quadrupolar polarization, and
is in good agreement with the simulated charge and near-field
distributions in Figure 5c,d. We point out that any quadrupolar
arrangement of the charge distribution around the slits
nonhaving 3-fold symmetry gives rise also to dark modes of
similar energies.
At 1.52 eV there are local maxima in the red (EELS signal at

the vertices of the hexagonal lattice) and purple (EELS signal
from the ends and center of the slits) curves in Figure 4a that
are associated with a dark mode with the sextupole polarization
of the slits. Accordingly, the respective EELS profile along the
slits (see Figure 5f) shows three approximately equidistant
poles. The results of the simulations using magnetic dipole
sources shown in Figure 5g,h support this interpretation.

Finally, at about 1.69 eV there are maxima in the red (EELS
signal at the vertices of the hexagonal lattice) and light brown
(EELS signal from regions of the slits that exclude their ends
and center) curves in Figure 4a that coincide with a broad
maximum in the curve for the total signal (black solid line in
Figure 4b). In accordance with the results of the simulations
with magnetic dipoles, this should be a dark mode with
octupole polarization of the slits and relatively low intensity.
However, only two poles close to the center of the slits are
shown by both the EELS color map in Figure 5i and the profile
of the EELS signal along the slits in Figure 5j. In addition,
EELS color map in Figure 5i shows a distinctive ring around
the center of the hexagon. Such an electric field pattern does
not arise from the sole excitation of charge across the slits, but
from a charge arrangement in the continuous gold layer found
in the hexagons formed by the honeycomb lattice of slits.
Therefore, this mode may result from the hybridization of the
octupole dark mode and a bright mode like that at 1.74 eV. To
simulate this mode, we have used the simultaneous excitation
of the system by an array of in-phase magnetic dipoles like in
the previous cases and a plane wave with normal incidence,
aiming at exciting both dark and bright modes. The charge
distribution depicted in Figure 5k, which was obtained for the
polarization axis of the plane wave along the vertical direction,
shows a kind of quadrupolar excitation close to the center of
the horizontal slits (those perpendicular to the polarization axis

Figure 5. Left hand-side panels (a, e, and i) show colormaps of the EELS signal across the sample for the three dark modes indicated in
Figure 4a. The color scale bar represents the intensity of the EELS signal. Panels (b, f, and j) depict the average of the profile of the EELS
signal along the slits computed integrating the counts across the slits. Panels (c, g, and k) show the simulated charge distributions of these
three dark modes. Right hand-side panels (d, h, and l) show the near field distribution for each energy computed 10 nm above the structure.
Note that for the modes arising at 1.28 and 1.52 eV an array of magnetic dipoles has been used to excite the system, whereas for the mode at
1.69 eV the system has been excited using a combination of an array of magnetic dipoles and a plane wave with normal incidence. Panel (k)
shows the charge distribution for the vertical polarization of the plane wave while panel l is the average between two orthogonal
polarizations. These colormaps were obtained 10 nm above the structure.
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of the plane wave) that is compatible with the EELS profile
shown in Figure 5j. Moreover, the near-field distribution
computed for an unpolarized plane wave in Figure 5l shows
overall features in qualitative agreement with EELS color map
in Figure 5i, including the ring around the center of the
hexagon and the two central poles in the slits.
In addition to the local dark modes discussed so far, there

are several other ways to get an extended dark mode in an
ordered lattice. For instance, the system can be divided into
two sublattices of opposite net dipole moment per primitive
unit cell, so that the net dipole moment cancels out in pairs of
two primitive cells. This implies that there is a net dipole
moment associated with each threesome of slits converging in
a vertex coincident with the Bravais lattice (unit element of the
lattice) that cancels out with the opposite net dipole moment
of a neighboring threesome of slits. Therefore, the excitation of
the slits in each of these threesomes must be nonequivalent
under the 3-fold symmetry to have a net dipole moment, like
in the bright modes.
Examples of this kind of dark modes can be simulated by

FDTD using a tailored source of radiation that excites
neighboring primitive unit cells in opposition of phase, in
such a way that they form two antiparallel ferroelectric
sublattices. An array of magnetic dipoles in phase opposition
and placed above the vertices coincident with the Bravais
lattice was the excitation source used for this purpose (see
more details in the Methods section). Thus, Figure 6a,b shows
an example of these extended dark modes at 0.68 eV where the

charge across the slits alternates along the zigzag chains, and
the remaining slits, rotated 60 degrees from the horizontal, are
less charged and show a kind of quadrupolar excitation. This
results in two antiferroelectric sublattices whose net dipole
moments (indicated by arrows in Figure 6b) per primitive cell
of the honeycomb lattice point in the direction of the zigzag
chains and are arranged antiparallel to each other, so they
cancel out in pairs of primitive cells. Note that the unit cell of
the antiferroelectric mode is indicated by the dashed black line
in Figure 6b and is two times bigger than that of the
honeycomb lattice. It is worth noting that for this kind of
extended dark modes, one of the slits of each threesome shows
a different excitation (different multipolarity and/or intensity)
than the other two, as expected. This is a distinctive feature of
these extended dark modes that can be checked in the results
of the simulations for the near-field distribution at other
energies that are shown in Figure S4 in the Supporting
Information. Consequently, there exists an almost continuous
family of extended dark modes with increasing energy, where
the differences among them come from the multipolarities of
the slits in each threesome, and/or their relative intensities of
excitation.
This kind of extended dark mode can be excited by EELS in

the experimental sample as discussed below. Previous
observations of local dark modes by EELS, among other
techniques, have been reported.36,45,62 Nevertheless, the
finding of extended (antiferroelectric) dark modes is also
reported in this work.
Between 0.6 and 1.4 eV, there are no bright modes in the

spectral response of the system, so all the peaks and anomalies
shown by the EELS signal in this range in Figure 2b could be
assigned to dark modes. To find out the nature of these dark
modes, we represent in Figure 6c the average integral of the
EELS signal as a function of energy computed separately over
two subsets of slits (those forming zigzag chains and the
remaining ones, colored in green and orange in the inset of
Figure 6c, respectively). Interestingly, the EELS signals for the
green and orange slits coincide for the bright mode at 0.54 eV,
as expected. But as the energy increases and becomes larger
than 0.6 eV, the two curves in Figure 6c start to separate and
stay that way until around 1.2 eV, from where they coincide
again within the experimental error. In this energy range (light
brown region in Figure 6c) the slits forming the zigzag chains
(shown in green in the inset of Figure 6c) are excited more
strongly than the remaining isolated slits (shown in orange in
the inset of Figure 6c), indicating that the system cannot be
excited through local dark modes, since, if that were the case,
the intensity of excitation of the slits in each threesome would
be equal. Consequently, there should be a net dipole moment
associated with each threesome of slits converging in a vertex
since the excitations of them are not equivalent under the 3-
fold symmetry, and the system may be excited through a kind
of extended dark mode, as described above. However, it is
worth noting that, in an EELS experiment with an ideal sample,
all the mode variants equivalent by symmetry (three in a
honeycomb lattice) are simultaneously excited with the same
probability, in such a way that the resulting state exhibits
always the same average intensity and multipolarity for all the
slits, even for an extended dark mode. In our case, the
imperfections in the fabrication of the sample (especially in the
oblique slits) enable a distinct excitation of the three variants
of the extended mode, yielding an average state where the
signature of an extended dark mode can be inferred by the

Figure 6. (a, b) Simulated electric field and charge distribution,
respectively, corresponding to the antiferroelectric mode at 0.68
eV. The arrows in panel (b) indicate the total electrical dipole
moments for threesomes of slits converging at points of the
Bravais lattice. The dashed lines show a primitive unit cell of the
antiferroelectric mode. (c) Average integral of the EELS signal
computed separately over the two subsets of slits (the green and
orange curves correspond to the green and orange subsets of slits
in the inset showing a unit cell of the lattice, respectively). EELS
color maps labeled with Roman numerals show some representa-
tive examples of the extended dark modes taking place in the
energy range within 0.6 and 1.22 eV.
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different excitation intensity of the three slits of each
threesome.
The EELS color maps labeled with Roman numerals i, ii, iii,

and iv in Figure 6c show some representative examples of the
excitation of the system corresponding to three local maxima
of the EELS signal in this energy range and the limit of the
energy range where extended dark modes can be excited,
respectively. The EELS color maps i and ii in Figure 6c and the
EELS profiles along the slits in Figure S4,a,b in the Supporting
Information indicate a dipolar excitation of the slits but with
stronger intensity for the slits forming zigzag chains. The
results of the simulations for the electric field and the average
profile along the slits obtained with the array of magnetic
dipoles in phase opposition (Figure S4e,f,i,j in the Supporting
Information) are in qualitative agreement, since the average of
the excitation of the three slits in a threesome has major
dipolar character. On the contrary, the EELS color maps iii and
iv in Figure 6 and the EELS profiles along the slits in Figures
S4,c,d in the Supporting Information indicate a quadrupole
excitation of the slits. The corresponding results of the
simulations for the electric field and the average profiles along
the slits (Figure S4g,h,k,l in the Supporting Information) point
toward the quadrupole character of the average excitation of
the slits. Therefore, as the energy increases from 0.6 eV, the
average polarity of the extended dark modes progressively
becomes of higher order, until the local dark mode
corresponding to quadrupole excitation with the same intensity
of all the slits in a threesome is reached at 1.28 eV.
At energies higher than about 1.7 eV, the EELS signals for

the green and orange slits in the inset of Figure 6c start to
significantly separate again, indicating the onset of a second
range of energies where antiferroelectric dark modes may be
excited, but with the intensity of the excitation of the two
subsets of slits swapped with respect to those within 0.6 and
1.2 eV.

CONCLUSIONS
This work constitutes a comprehensive study of the plasmonic
properties of an inverted honeycomb lattice of slits. The
patterning quality of the samples, together with the spectral
and spatial resolution of the EELS measurements has led to the
direct observation and mapping of bright and dark plasmonic
modes. A detailed description of the charge and near-field
distributions in the structure has been given by virtue of the
good agreement between the EELS measurements, the optical
measurements, and simulations. Some of the dark modes
found are caused by antiferroelectric arrangements of the slit
polarizations, giving rise to charge arrangements with a unit
cell two times larger than that of the original honeycomb
lattice. Additionally, plasmonic modes exhibiting hotspots far
from the discontinuities of the metallic layer are found, ranging
from 1.3 to 1.8 eV approximately.
The behavior of the inverted honeycomb plasmonic lattice is

relevant not only from a fundamental point of view. As shown
in a previous work,24 the appearance of hotspots far from the
slits that form the lattice is highly correlated with a strong out-
of-plane electric field ranging hundreds of nanometers away
from the lattice. This electric field could foster a strong
coupling of the plasmonic lattice with other materials allocated
on top of the structure. Moreover, the inverted nature of this
lattice, thanks to its large mostly planar surface, presents this
system as a platform for exploiting new synergies with 2D
materials. The exciton energies for 2D WSe2 and MoS2 on an

Au substrate, 1.75 and 1.9 eV, respectively,63 could be targeted
by easily tuning manufacturing parameters such as the pitch of
the lattice, thus changing the spectral position of the plasmonic
resonances.
Other applications include transport measurements in 2D

materials in which a local gating could be done by means of the
hotspot in the nanostructure and the introduction of localized
defects in the lattice.

METHODS
Manufacture Process. A thin Au film was deposited on a 50 nm

thick Si3N4 membrane using an ultrahigh vacuum (UHV) electron
beam evaporator. The Si3N4 membrane is 500 × 500 μm2 wide. These
types of structures are normally used as substrate for Transmission
Electron Microscopy (TEM). The square membrane windows are
centered on 200 μm thickness silicon frames.64

The measured Au film thickness was 19.4 nm with a root-mean-
square roughness of 0.3 nm as measured by atomic force microscopy
(AFM). The Au film was then patterned using a Raith Velion focused
ion beam (FIB) equipped with an Au−Ge−Si liquid metal alloy ion
source (LMAIS). A 35 keV Au+ beam, ∼5 pA ion current intensity
and ∼15 nm diameter, was used for patterning the hexagonal array of
slits. Au+ beam was chosen to avoid lateral contaminations along the
milled lines that would occur with other commonly used ion species
in FIB like Ga+. The 350 × 350 μm2 wide array was milled using 200
× 200 μm2 writing fields and applying a 3000 pC/cm linear dose of
Au+ (single loop passage, 10 nm step between ion spots, and dwell
time of 0.52 ms). This allowed for the patterning of the designed
structures through the Au film while keeping the line width in plane of
∼45 nm.
FTIR Measurements. The optical characterization was carried out

using a Vertex 70 Fourier transform infrared (FTIR) spectropho-
tometer attached to an optical microscope (Bruker Hyperion).
Experiments were performed in the reflection and transmission
configuration with 2× and 4× objectives, respectively, under
unpolarized light illumination. A shutter was used to select the signal
coming from the nanostructured area. The measured signal of the
plain Au of a non-nanostructured area of the sample was used as a
background for the reflection measurements, whereas the trans-
mission of the light in air was used for calibrating the transmission
measurements.
EELS Measurements. EEL spectra were collected using a Nion

aberration-corrected high energy resolution monochromated EELS−
STEM (Nion HERMES) operating at a 60 kV accelerating voltage,
using a convergence semiangle of 30 mrad, a collection semiangle of
20 mrad, and a beam current of ∼10 pA.52−54 The resulting energy
resolution of the spectra, measured by the full-width half-maximum
(fwhm) of the zero-loss peak was 60 meV.
FDTD Simulations. The simulations were performed using the

finite-difference time-domain (FDTD) method, implemented in the
solver provided by Lumerical.65 The computation procedure starts by
setting a 3D FDTD simulation with perfectly matched layers (PMLs)
in the z-direction, perpendicular to the plane of the lattice and
periodic boundary conditions in the other two directions, the x−y
plane. Given the initial conditions, the software solves Maxwell’s
equations to determine the Fourier components of the electric and
magnetic fields by using discrete time and spatial steps. The method
allows for a direct observation of the physical phenomena taking place
without imposing any further assumption on the behavior of the
system. We obtained the transmission and reflection spectra by
placing two monitors that compute the total power that flows through
a surface. In addition, other monitors were placed on the surface of
the sample and 10 nm above, from which we computed the charge
and the electric field distributions, respectively.

An override mesh region was defined along the structure to ensure
a correct level of detail in the description of the lattice. The cell size
used was 3.816 × 3.824 × 1 nm3 in the x-, y- and z-directions,
respectively. The dielectric functions for the materials used in these
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simulations were obtained by fitting analytical functions to the data
from refs 66 and 67 for Si3N4 and Au, respectively.

In these simulations, four different types of excitation sources were
used, depending on the targeted modes. Plane waves were the source
of excitation for all the bright modes. The plane waves were injected
at 500 nm from the structure following normal incidence and setting
periodic boundary conditions in the x−y plane for a unit cell of the
system like that of the snapshots in Figure 3. For the simulations
showing local dark modes, an array of in-phase magnetic dipoles,
perpendicular to the system plane and placed 50 nm above the
vertices of the hexagons coincident with the Bravais lattice, was the
excitation procedure. Bloch boundary conditions in the x-y directions
were set for the same unit cell than the one for the bright modes. The
hybrid mode at 1.69 eV was simulated by the simultaneous excitation
of a plane wave with normal incidence and the array of in-phase
magnetic dipoles. Finally, for the antiferroelectric dark modes, an
array of magnetic dipoles in phase opposition were placed 50 nm
above the vertices coincident with the Bravais lattice (see Figure S5 in
the Supporting Information). The simulation unit cell, as shown in
Figure S5 in the Supporting Information, was larger than in the
previous cases to enable the excitation of extended modes. Bloch
boundary condition were used in the x-y directions.
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Plasmonic Antennas with Electric, Magnetic, and Electromagnetic
Hot Spots Based on Babinet’s Principle. Phys. Rev. Appl. 2020, 13,
054045.
(23) Cetin, A. E.; Turkmen, M.; Aksu, S.; Etezadi, D.; Altug, H.
Multi-resonant compact nanoaperture with accessible large nearfields.
Appl. Phys. B: Laser Opt. 2015, 118, 29−38.
(24) Moore, T.; Moody, A.; Payne, T.; Sarabia, G.; Daniel, A.;
Sharma, B. In Vitro and In Vivo SERS Biosensing for Disease
Diagnosis. Biosensors 2018, 8, 46.
(25) Wei, H.; Hossein Abtahi, S. M.; Vikesland, P. J. Environmental
Science Plasmonic colorimetric and SERS sensors for environmental
analysis. Environ. Sci. Nano 2015, 2, 120−135.
(26) Falcone, F.; Lopetegi, T.; Laso, M. A. G.; Baena, J. D.; Bonache,
J.; Beruete, M.; Marques, R.; Martín, F.; Sorolla, M. Babinet principle
applied to the design of metasurfaces and metamaterials. Phys. Rev.
Lett. 2004, 93, 2−5.
(27) Zentgraf, T.; Meyrath, T. P.; Seidel, A.; Kaiser, S.; Giessen, H.;
Rockstuhl, C.; Lederer, F. Babinet’s principle for optical frequency
metamaterials and nanoantennas. Phys. Rev. B - Condens. Matter Mater.
Phys. 2007, 76, 4−7.
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Figure S1. Simulated electric field for the SLR at 1.57 eV. The zy plane, transversal to the 
structure, shows the strong out-of-plane electric field of a unit cell. Each one of the two 
hotspots corresponds to transversal cuts to the ring shown in Fig. 3i. z = 0 nm corresponds to 
the center of the metallic gold layer. 



 
  

Figure S2. (a, b, c) Electric field and (d, e, f) charge distributions for the dark modes with the 
lowest energies in the three slits system. The plasmonic modes have been excited by placing 
a magnetic dipole 50 nm above the vertex of the slits. 



  

Figure S3. (a) Electric field and (c) charge distributions for the simplest local dark mode. Note 
that despite the non-zero dipole moment of the slits, the net moment is zero if the whole unit 
cell is considered. This plasmonic mode has been excited by placing an array of magnetic 
dipoles 50 nm above the vertices of the hexagons coincident with the Bravais lattice. 



 
  

Figure S4. (a,b,c,d) EELS intensity profile along the slits for four energies corresponding to the range where 
antiferroelectric dark modes are detected by EELS. The green and orange curves depict the average intensity 
of the EELS signal as a function of the position for the two subsets of slits depicted in the inset. (e,f,g,h) 
Simulated intensity of the electric-field profile along a slit for each energy, computed averaging the three 
variants of the modes shown in panels (i,j,k,l). The charge intensity has been multiplied by a factor indicated 
in the top-right side of the panels for an easier comparison between resonances.  (i,j,k,l) Near-field distributions 
corresponding to one of the three variants (equivalent by three-fold symmetry) for each energy. Note that the 
energies correspond to those of the EELS color maps shown in Figure 6. 



 
 
  
 
 

 
 
 
 
 
 
 

Figure S5. Schematics of the unit cell for the simulations of the antiferroelectric modes where 
the excitation source is an array of magnetic dipoles. There are two subsets of magnetic dipoles 
(lighter and darker green circles) in phase opposition with respect to each other. Note the 
simulation region denoted by an orange rectangle. The magnetic dipoles are placed 50 nm 
above the vertices of the hexagons that are coincident with the Bravais lattice. 



Part III

Chiral Plasmonic Nanostructures





Introduction

Chirality is the fundamental geometrical property of systems that cannot be
superimposed with their mirror images. It plays a pivotal role in numerous
natural and artificial systems. In particular, chiral plasmonic structures have
garnered increasing interest due to their ability to exhibit CD)—a difference
in the optical response to left- and right-handed circularly polarized light.
This property enables a range of applications, including polarization-sensitive
detectors, chiral molecule sensing, and enhanced spectroscopies. Among
these structures, twisted stacks of planar plasmonic nanoelements, such
as triskelion-shaped monomers, offer a compelling combination of design
simplicity and tunable optical properties, making them ideal for experimental
and theoretical exploration. Moreover, the 3-fold symmetry of the triskelion
is shown to enhance the excitation of resonances presenting CD due to the
geometrical frustration of the system.

This chapter presents two articles that explore the chiroptical behavior of
twisted triskelia stacks, providing a comprehensive perspective on their
optical properties and technological potential. Publication III, "Tunable Cir-
cular Dichroism through Absorption in Coupled Optical Modes of Twisted
Triskelia Nanostructures", examines a two-layered system of stacked planar
triskelia using FDTD simulations. These chiral nanoelements, character-
ized by their threefold rotational symmetry, exhibit tunable CD through
the careful manipulation of the relative twist angle and vertical separation
between the layers. The study demonstrates that interaction-driven op-
tical modes within the triskelia stack are responsible for high CD values,
reaching up to 60% in the visible and near-infrared range. This behavior
arises from the coupling between plasmonic modes localized within each
layer, which generates helicity-dependent near-field interactions and reso-
nance enhancement. These findings underline the potential of triskelion
stacks for helicity-sensitive applications, including polarization-dependent
spectroscopy and single-photon polarization control.

Publication IV, "Dichroism of Coupled Multipolar Plasmonic Modes in Twisted
Triskelion Stacks", extends the exploration of these systems by investigating

119



their multipolar nature. This work investigates the spectral and intensity
shifts of multipolar modes as a function of the twist angle, using a com-
bination of FTIR spectroscopy and FDTD simulations. The results reveal
that the coupling between stacked triskelia gives rise to hybrid plasmonic
modes with strong handedness-dependent optical responses. In particular,
the low-energy multipolar modes exhibit significant dephasing between the
two triskelia layers, enabling large and tunable CD in the near-infrared re-
gion. Furthermore, the integration of these stacks into triangular plasmonic
arrays demonstrates their ability to generate SLR, further amplifying their
chiral optical response and paving the way for advanced photonic devices
with a high spectral selectivity.

Collectively, these studies offer a comprehensive examination of twisted
triskelion stacks as versatile and tunable platforms for chiroptical applica-
tions, emphasizing the understanding of the coupling between multipolar
plasmonic modes. This chapter aims to present a simple yet realistic model
for understanding chiral stacked systems, highlighting the advantages of
employing a threefold geometry.
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Tunable circular dichroism 
through absorption in coupled 
optical modes of twisted triskelia 
nanostructures
Javier Rodríguez‑Álvarez1,2*, Antonio García‑Martín3, Arantxa Fraile Rodríguez1,2, 
Xavier Batlle1,2 & Amílcar Labarta1,2

We present a system consisting of two stacked chiral plasmonic nanoelements, so-called triskelia, 
that exhibits a high degree of circular dichroism. The optical modes arising from the interactions 
between the two elements are the main responsible for the dichroic signal. Their excitation in the 
absorption cross section is favored when the circular polarization of the light is opposite to the helicity 
of the system, so that an intense near-field distribution with 3D character is excited between the 
two triskelia, which in turn causes the dichroic response. Therefore, the stacking, in itself, provides a 
simple way to tune both the value of the circular dichroism, up to 60%, and its spectral distribution in 
the visible and near infrared range. We show how these interaction-driven modes can be controlled by 
finely tuning the distance and the relative twist angle between the triskelia, yielding maximum values 
of the dichroism at 20° and 100° for left- and right-handed circularly polarized light, respectively. 
Despite the three-fold symmetry of the elements, these two situations are not completely equivalent 
since the interplay between the handedness of the stack and the chirality of each single element 
breaks the symmetry between clockwise and anticlockwise rotation angles around 0°. This reveals the 
occurrence of clear helicity-dependent resonances. The proposed structure can be thus finely tuned 
to tailor the dichroic signal for applications at will, such as highly efficient helicity-sensitive surface 
spectroscopies or single-photon polarization detectors, among others.

Chiral structures play a key role in the working mechanism of a wide variety of biological processes and bio-
chemical interactions, and thus hold promise for several technological applications. The term “chiral” refers to 
structures which are not superimposable with their mirror image. Therefore, any chiral structure can be found 
in two different handedness formed of the same building blocks. One of the most relevant properties of chiral 
structures is that the two versions of the system react differently under the illumination of left-handed (LCP) 
and right-handed (RCP) circularly polarized light. This chiroptical activity has been extensively used in many 
fields, such as chemistry1,2, pharmaceuticals3, and optics4,5. For a given chiroptical system, the differences in the 
signal of the optical functions f  of the system under the two circular polarizations is usually named circular 
dichroism (CD) and can be quantified by the dimensionless figure of merit (FOM)

where f  stands for any of the studied optical cross-sections (CS), namely, the absorption, scattering, and the 
extinction, recorded under either LCP or RCP light. Although there are other alternatives, Eq. (1) is a common 
definition in the literature6,7 to ascertain the significance of any dichroism present in the spectra of the optical 
functions of a system.

Due to the versatility of plasmonic metamaterials, several plasmonic chiral systems have been proposed in 
the last years in response to a growing interest in the experimental realization of such chiral nanostructures. 
The approaches to their manufacture comprehend the realization of three-dimensional (3D) structures8, the 
manipulation of nanoparticle assemblies9,10 or the stacking of pseudo-planar structures11,12, among others. Even 

(1)CDf =
fLCP − fRCP

fLCP + fRCP
,
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though planar structures can be easily manufactured by standard lithography processes13, in the recent years, 
3D plasmonic structures have gained interest because of their enhanced chiral response and simple tunability, 
compared to their 2D counterparts14–16. Despite the good performance of 3D structures, their manufacture can 
be highly demanding and limited by practically attainable feature sizes and complex manufacturing procedures, 
especially if a strong CD in the visible range is desired. To address this issue, stacked 2D nanostructures made 
of simple elements following a multilayered design can fill in the gap as they have shown to exhibit broadband 
dichroic signals12,17–24. Although the twice exposure of the pattern with high alignment precision during nano-
fabrication makes stacked 2D nanostructures also challenging, they might be easier to manufacture when based 
on simple designs than 3D structures. Thus, stacked 2D structures can be broadly found in many applications 
related to nanophotonics25–27. Despite their apparent simple design, complex interactions among the plasmonic 
nanoelements acting as basic building blocks of these structures enable to manipulate light in a highly efficient 
way. For instance, the optical response of the system can be tuned by simply controlling the spatial arrangement 
of the building blocks in the structure.

Unlike previous realizations of stacked structures12,28, the plasmonic nanoelements used as building block in 
this work has a handedness such that they are optically active in nature. This yields to the arising of additional 
resonances driven by the interaction between the two elements. Consequently, the CD of the structure can be 
controlled by the in-plane relative rotation angle (twist angle) between the basic elements with respect to the 
handedness of the element itself together with the distance between the elements. We therefore present a system 
consisting of two stacked chiral plasmonic nanoelements with three-fold rotational symmetry, so-called triskelia, 
providing a high degree of CD in the visible to near-infrared range that could be easily tuned in a manufactur-
ing process.

System and numerical methods
Numerical simulations.  The simulations presented hereafter have been performed using a commercial 
Finite Difference Time Domain (FDTD) method providing a robust and reliable solver for Maxwell’s equations 
(Lumerical29). We use an impinging plane wave along the z-axis (perpendicular to the surface of the triskelia) of 
unit amplitude everywhere. The simulation cell is large enough (1.2 μm × 1.2 μm × 4 μm) to ensure that perfectly 
absorbing boundary conditions exert a negligible effect on the electromagnetic fields obtained. We employ a par-
allelepiped mesh in the nanostructures and near field region of 1.5 nm × 1.5 nm × 1 nm, dx-dy-dz, respectively, 
growing uniformly in dz up to a maximum of 25 nm out of the nearfield close to the simulation boundaries, so 
that convergence (to the best of our numerical capabilities) is attained. The total and scattered fields are then 
collected to give rise to the nearfield intensity color maps and the cross-sections. All fields are normalized to the 
amplitude of the impinging plane wave.

Design of the triskelia stacking.  Prior to the design of more complex chiral structures, it is convenient 
to choose a planar monomer showing some dichroism in its optical response that can be appropriate as building 
block of 3D chiral systems. We have chosen a monomer made up of three elements emanating from a center with 
three-fold rotational symmetry so that its electric polarization is not fully compatible with an even number of 
poles30,31. This introduces a certain geometric frustration that favors the formation of more complex polar distri-
butions, which in turn may make the structure more prone to show dichroism under circularly polarized illumi-
nations. In addition, the three elements of the monomer are bent at their midpoint forming the same clockwise 
angle so that the three-fold rotational symmetry is preserved while not presenting any mirror plane parallel to 
the rotation axis. Figure 1a depicts the design of the monomer used in this work as the primary source of planar 
CD. It has been named “triskelion” in view of its resemblance to the artistic motif and the three-legged clathrin 
molecule32. Interestingly, any planar structure embedded in a homogeneous dielectric medium, even fulfilling 
the stated properties, is not truly chiral because of reciprocity and the existence of an inherent symmetry mirror 
plane33–35, and although significant CD signals can be exhibited by both the absorption and the scattering CS, 
they cancel out when the total extinction is considered. One way to induce true 3D chirality in a planar structure 

Figure 1.   (a) Schematic top view of one triskelion showing the values of the main in-plane geometrical 
parameters. The thickness of the triskelion was set to 30 nm. (b) 3D-view showing the parallel stacking of the 
two triskelia in the system. The edge-to-edge distance d between the two triskelia is also depicted. Note that the 
triskelion on top of the stack is twisted 30° anticlockwise with respect to the bottom one.
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is just to put it on a dielectric substrate, so that both sides of the structure are not equivalent35,36. Nevertheless, in 
this work we propose a 3D arrangement of two of these planar motifs in a homogeneous medium that consists of 
a stack of two parallel interacting triskelia separated by an edge-to-edge distance d (Fig. 1b) aiming to improve 
both the tunability and the intensity of the dichroic signal. This design is somehow similar to those in Refs.28,37, 
where the monomers have no in-plane mirror symmetry, but here we take advantage as well from the interac-
tions between the electric polarizations of monomers with three-fold rotational symmetry. Additionally, the 
parallel stacking provides a simple platform to study the CD of the system as a function of both the edge-to-edge 
distance between the two triskelia and the twist angle φ with respect to each other (the twist angle refers to the 
relative in-plane rotation between elements). It is worth stressing that these two geometric parameters could be 
easily tuned in a manufacture process. The material chosen for the study of the optical response of the system 
is gold owing to its well-known plasmonic properties and chemical inertness38,39. Numerical simulations of the 
absorption and scattering CS for a single triskelion with 30 nm in thickness show that the corresponding CD 
signals are maximized (not shown) when all the angles in Fig. 1a are kept equal to 120°.

Results and discussion
Optical responses of the single triskelion vs the stacking.  A priori, the planar nature of a single tris-
kelion in combination with reciprocity33,35 is known to prevent any CD in the total optical extinction. However, 
as shown in Fig. 2a,b, neither the absorption nor the scattering holds this suppression by themselves. A close 
look at Fig. 2a,b reveals different signals for RCP and LCP light both in the absorption and scattering channels, 
predominantly around the peak at 710 nm, whereas the CD perfectly vanishes in the extinction CS (Fig. 2c) since 
a planar triskelion embedded in a uniform dielectric medium is not a truly chiral structure33. However, when 
triskelia are set to form a non-planar structure, the optical properties of the whole system are expected to change 
drastically, enabling the existence of CD in the extinction CS.

As an example, Fig. 2d,e show the absorption and scattering CS for a triskelion stack with and edge-to-edge 
distance of 30 nm and anticlockwise 30° twist angle between the top and bottom triskelia (see Fig. 1b). Similar 
peaks around 710 and 1000 nm than those for a single triskelion can be identified in the absorption and scatter-
ing CS under both RCP and LCP illuminations. Nevertheless, the absorption CS under LCP light also exhibits 
two extra peaks, which are redshifted with respect to those around 710 and 1000 nm and are the main cause of 
CD in the extinction CS since they have no counterparts in any of the scattering CS for the two light polariza-
tions (see Fig. 2d–f). Therefore, the interaction between the electric polarizations of the two triskelia under LCP 
illumination is causing these two extra excitation modes in the absorption CS that are in turn responsible for 
the CD in the extinction CS.

Tuning interactions: relative in‑plane angle between the triskelia.  As shown earlier in Fig. 2d–f, 
the optical response of the system can be tuned by changing the twist angle φ between the two triskelia in the 
stack. This will effectively modify the distance between the legs of the two triskelia, as well as induce a “sense of 
turn”13,35. In fact, when ϕ = 0 (or an integer multiple of 120°, as a single triskelion has three-fold rotational sym-
metry), from the point of view of the CD the system can be regarded as equivalent to the planar case of a single 

Figure 2.   (a) Absorption, (b) scattering, and (c) extinction cross-sections under LCP (blue solid line) and 
RCP (red solid line) light for a single triskelion (see Fig. 1a). (d) Absorption, (e) scattering, and (f) extinction 
CS under LCP (blue solid line) and RCP (red solid line) light for a double triskelion system forming an 
anticlockwise 30° twist angle and at an edge-to-edge distance d = 30 nm (see Fig. 1b).
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element irrespective of the edge-to-edge distance between the two triskelia since no additional helicity is associ-
ated with the 3D stacking, as also shown in Ref.37. Therefore, for those twist angles, the system only displays some 
differences in the absorption and scattering CS mostly around the peak at 710 nm and smaller around 1000 nm 
but not in the extinction CS as in the case of a single triskelion (see Fig. S1 in the Supplementary Information) 
since this parallel stack does not modify the planar nature of each triskelion. Thus, the CS are very much like 
those of a single triskelion in Fig. 2a,b, but with some important distinctions. First, the scattering CS is almost 
twice as intense as for the single triskelion, whereas the absorption CS remains equally intense. Second, there are 
two extra peaks (resonances) in the absorption CS caused by the interaction between the two triskelia, one barely 
noticeable around 850 nm and another one more visible around 1250 nm that appear under both LCP and RCP 
light with the same intensities so that they do not contribute to the CD in agreement with the no 3D helicity of 
the stack for this special value of the angle. As will be discussed later, the spectral positions of these two extra 
peaks depend on the distance between the triskelia as they are driven by interactions.

Figure 3a–f shows the absorption, scattering, and extinction CS, for both LCP and RCP incidence, as a func-
tion of anticlockwise φ (see Fig. 1), for an edge-to-edge distance of 30 nm, together with their respective FOM 
for the CD of the three CS (Fig. 3g–i). By varying φ, the spectra of all CS display the two main excitations at ca. 
710 and 1000 nm (already shown by a single triskelion) that are always present under both circular polarizations 
and, more importantly, the emergence of two extra excitations with intensities which vary greatly as a function of 
the handedness of the circular polarization. For instance, it is found that the extra excitations in the absorption, 
which are clearly visible under LCP incidence at an anticlockwise φ ≤ 60° (see Fig. 3a and Fig. 2d for the case of 
30°), are then predominant under RCP illumination for 60° < φ < 120° anticlockwise (see Fig. 3d and Fig. S1 in 
the Supplementary Information for φ = 90°). Maximum values for the CD in the extinction CS can be found for 
φ = 20° (and φ = 100°) for the excitation around 1000 nm, reaching CD values up to 60%. High values of the CD 
can also be found in a broad range of parameters around the maximal value. In addition, remarkable CD values 
are also shown at the resonance in the vicinity of 710 nm. For twist angles of 30° and 90° we can observe a sharp 
increase in the CD. These results show that our structure presents values of the CD perfectly comparable to those 
of the state of the art, even outperforming similar works7,40.

Since the range of anticlockwise twist angles within 0° and 60° is almost optically equivalent to that of the 
clockwise ones starting from 120°12,41,42 (for instance, the optical response for 110° clockwise should be equivalent 
to that of 10° anticlockwise), these results put forward the occurrence of clear helicity-dependent excitations 
(chiral resonances) that are manifested as enhanced absorption peaks. We would like to point out the interest-
ing features associated with two special angles. These are the aforementioned highly symmetric case of φ = 0° 
that shows no CD (despite being driven by near-field interactions) and that of φ = 60°, which shows a peculiar 

Figure 3.   Absorption, scattering, and extinction CS for LCP (a–c), and RCP (d–f), illuminations, respectively, 
as a function of the twist angle φ for a fixed edge-to-edge distance of 30 nm. FOM defined in Eq. (1) for the CD 
of the absorption (g), scattering (h), and extinction (i) as a function of the twist angle.
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behavior since the only element that breaks perfect symmetry is the bending angle at the midpoint of the legs 
of each triskelion.

Interesting enough is the case of φ = 60°, where the CD in the extinction CS vanishes (see Fig. S1 in the Sup-
plementary Information and Fig. 3g–i), similarly to Ref.20. This angle represents a highly symmetric arrangement 
of the triskelia in the stack, for which symmetric dispersions (with opposite sign) of the main excitations in the 
absorption and the scattering CS occur when φ is increased or decreased from 60°. These symmetric disper-
sions of the absorption (Fig. 3a,d) and the scattering (Fig. 3b,e) are equal under LCP and RCP, while only some 
differences are exhibited by the intensities of the peaks for the two polarizations. However, those differences 
yield CD signals almost canceling each other out in the extinction CS (Fig. 3i) because of the opposite sign of 
the two contributions. In fact, the only noticeable differences between the CS for the triskelion stack at φ = 60° 
and those for the single triskelion are the intensities of the signals since the two extra excitations are not present 
in the spectra of the latter (see Fig. S1 in the Supplementary Information). It is also worth noting that 60° is the 
angle for which the distance between equivalent points in the legs of the two triskelia is maximum for a fixed 
value of the edge-to-edge distance such that the interaction among the legs of the two triskelia in the stack is 
minimum. Besides, this distance is equal for both clockwise and anticlockwise screw rotation through the stack, 
so no dependence of the excitation on the handedness of the light can be expected.

The incomplete complementarity of the double triskelion structure comes from the bending angle at the 
midpoints of the legs of each triskelion. Perfect complementarity would be achieved if the sign of the bending 
angle of the legs were fully reversed12, and thus LCP and RCP spectra could be interchanged for anticlockwise 
and clockwise in-plane angles within 0–60° and 120–60°, respectively. In terms of the CS spectra, the incomplete-
ness arises from the fact that the extra excitations are also discernible in the scattering CS (Fig. 3b,e) for twist 
angles within 120–60°, although the contribution of the absorption to the CD in the extinction is still much more 
prominent. A clear example of the lack of perfect complementarity is set by the comparison of the scattering CS 
for 30° and 90° shown in Fig. 2d and Fig. S1 in the Supplementary Information, respectively. One of the extra 
excitations is perfectly discernible on the right-hand side of the peak around 1000 nm for 90° whereas it is not 
present at all for 30°.

Regarding the spectral dependence of the excitations on φ, the peaks arising from the single triskelion 
(denoted as main peaks) and those owing to the interactions between the two triskelia in the stack (so-called 
extra excitations) must be analyzed separately. Both kinds of excitations, exhibit spectral shifts of the corre-
sponding CS as a function of φ, as expected for interacting systems (Fig. 3a–f). The main peaks are redshifted 
for 0° < φ < 60° or for 60° < φ < 120° owing to the symmetry around the 60° case. In contrast, the extra peaks 
evolve in a complementary fashion: they are blueshifted for angles 0° < φ < 60° or 60° < φ < 120°.

Concerning the CD spectra, most of the interest lies in the contributions from the extra excitations. Despite 
being non-negligible for the main peaks, remarkable values are only obtained for the extra ones. Increasing the 
twist angle from 0°, for which the extra peaks have the same intensities under LCP and RCP illuminations and 
there is no contribution to the CD in the extinction cross-section (Fig. S1 in the Supplementary Information), 
the extra peaks under RCP light rapidly decrease and vanish above about φ = 10°, while their intensities monoto-
nously increase for LCP light (see Fig. S1 in the Supplementary Information for φ = 10° and Fig. 3 for 30°). An 
almost complementary behavior of these extra peaks under the two circular polarizations is found within 120° 
and 60° (see Fig. 3a–f). The contributions of the extra peaks to the CD spectra are redshifted from the highly 
symmetric angle of 60°, having opposite sign depending on the circular polarization of the light at which the 
corresponding extra excitations appear, as depicted in Fig. 3g–i. It must be pointed out that the high values of 
the CD in the scattering CS in the long wavelength range are mostly due to the intrinsically low values of the 
scattering CS for both polarizations.

Tuning interactions: edge‑to‑edge distance.  As mentioned above, the other important geometrical 
parameter influencing the mutual interactions between the triskelia is the vertical separation (edge-to-edge dis-
tance) between them. In Sect. "Optical responses of the single triskelion vs the stacking", it was mentioned that 
the interaction between the two triskelia in the stack causes the emergence of extra peaks in the spectra of the 
CS. Some are only visible under the proper circular polarization of the impinging light. In Fig. 4, we show the 
absorption, scattering, and extinction CS for both LCP and RCP light, and the corresponding FOM for the CD, 
as a function of the edge-to-edge distance between the two triskelia upon a fixed anticlockwise twist angle φ = 
30°. For this value, the extra peaks in the absorption CS are solely present under LCP illumination (Fig. 4a, d), 
as expected from the prior discussion in Sect. "Optical responses of the single triskelion vs the stacking". These 
extra excitations are blueshifted while the main excitations are redshifted as the distanceOptical responses of 
the single triskelion vs the stacking between the triskelia increases, tending to overlap and resulting in only 
two peaks as the interaction between the two triskelia decreases. Therefore, at a sufficiently large edge-to-edge 
distance the positions of the peaks coincide with those of a single triskelion but almost doubling the intensi-
ties. In contrast, the scattering CS does not exhibit any extra excitations (Fig. 4b,e) for either of the two circular 
polarizations. Nevertheless, there is an underlying effect arising from the interaction between the triskelia that 
causes the redshift of the main excitations as the separation between the triskelia increases. Consequently, the 
main features shown by the extinction CS (see Fig. 4c,f) as the edge-to-edge distance increases are driven by 
those of the absorption CS. Similar dependencies of the main and extra excitations on the edge-to-edge distance 
are found at 0° (not shown), but with the extra excitations appearing under both circular polarizations and larger 
values of the splitting between the main and extra excitations due to the lower twist angle.

A quick inspection of the CD of the absorption and scattering CS (Fig. 4g,h) reveals that the CD in the extinc-
tion signal arises mainly due to the two extra excitations found in the absorption CS under LCP light only (see 
Fig. 4i). In addition, and as discussed before, there are also small differences between the intensities of the two 
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main excitations under LCP and RCP illuminations that yield some dichroism in the absorption and scattering 
CS as well, but almost cancelling each other out in the CD of the extinction CS due to the opposite sign of these 
two contributions as they are associated with less interacting modes of the two triskelia in the stack that are 
similar to those of a single triskelion. Thus, the extra excitations present in the absorption under LCP light give 
rise to a distinctive CD in the absorption CS without counterpart in the scattering CS that in turn causes most 
of the CD in the extinction CS.

Finally, it is worth stressing that the study of the optical response as a function of the twist angle φ in Sect. 6 
was performed at an edge-to-edge distance of 30 nm. At this value of the distance, there is a certain overlap in 
the absorption between the LCP extra excitations and the main ones (see Fig. 4a). It happens in such a way that 
the absolute difference between the LCP and RCP signals is large around the excitations, while the CD in the 
extinction CS is still high enough, as shown in Fig. 4i. Besides, 30 nm is the midpoint of the range within about 
10 and 50 nm for which the CD associated with the extra peaks is maximum.

Near‑field distributions of the modulus of the electric field.  The near-field distributions of the 
modulus of the electric field (intensity) in the vicinity (2 nm above) of each triskelion are shown in Fig. 5 and 
Fig. S2 in the Supplementary Information. The edge-to-edge distance between the two triskelia is 30 nm and the 
twist angles φ are 30° and 60° (Fig. 5), and 0° and 90° (Fig. S2 in the Supplementary Information), respectively. 
The excitation of the extra resonances causing the CD in the extinction discussed in the previous section can 
now be easily correlated with the near-field distribution around the triskelia in each case. For instance, when the 
angle is 30°, the two triskelia display high intensity of the electric field around the metal for LCP illumination, 
corresponding to the excitation of the extra modes. It is also possible to observe the signature of the top tris-
kelion on the plane of the bottom one as a blurry electric-field distribution resembling the spatial arrangement 
of the triskelion on top. On the contrary, under RCP illumination the overall electric response of the system is 
several times smaller since no extra resonances are excited for this polarization. Interestingly, the system shows a 
higher degree of optical activity under incident light with opposite polarization to the helicity of the structure, as 
previously reported in the literature43. The electric-field distributions are similar for 90° (see Fig. S2 in the Sup-
plementary Information) but swapping the images corresponding to LCP and RCP light with respect to the 30° 
case, similarly to Ref7 always showing the highest near-field activity in the case in which the helicity of the stack 
is opposite to that of the incident light.

Alternatively, when considering the configurations yielding no CD at all (60° and 0° in Fig. 5 and Fig. S2 in 
the Supplementary Information, respectively), the intensity distributions are almost indistinguishable for the two 

Figure 4.   Absorption, scattering, and extinction CS for LCP (a–c), and RCP (d–f), illuminations, respectively, 
as a function of the edge-to-edge distance for a fixed twist angle φ = 30°. FOM defined in Eq. (1) for the CD of 
the absorption (g), scattering (h), and extinction (i) as a function of the edge-to-edge distance.



7

Vol.:(0123456789)

Scientific Reports |           (2022) 12:26  | https://doi.org/10.1038/s41598-021-03908-2

www.nature.com/scientificreports/

light polarizations. The case for 0° is like that of a single element because the two triskelia are parallelly aligned 
so that there is no chirality associated with the screw-like arrangement of the elements. In addition, the top 
element has a shadowing effect of the impinging radiation over the bottom one, hampering its excitation (more 
evident for the 0° case in Fig. S2 in the Supplementary Information). Even though there is no CD for 60° in any 
of the three studied optical functions, the intensity distributions look qualitatively different from those for 0° 
because the two triskelia display almost the same excitation regardless of the light polarization (see Fig. 5). It is 
worth stressing that for twist angles smaller than 60° the stack is more active under LCP illumination, whereas 
for angles higher than 60° the converse applies. Therefore, for 60° the system cannot show any differences on its 
excitation under either LCP or RCP light due to symmetry reasons.

A deeper insight into the differences in the activity of the stack under LCP and RCP light for the extra excita-
tions around 760 and 1100 nm (those mainly driven by interactions) can be gained by the near-field distributions 
of the modulus of the electric field in the middle plane between the two triskelia for d = 30 nm and φ = 30° (see 
Fig. 6). As shown in Fig. 6b,d, under LCP light (opposite to the helicity of the stack), there is high intensity of 
the electric field between the two triskelia for both extra modes caused by the strong interactions between them, 
so that the near-field distributions have high 3D character and can be considered as excitations of the stack as a 
whole. Consequently, they give rise to CD in the extinction CS according to their true 3D nature. On the contrary, 
the stack under RCP light (see Fig. 6a,c) shows much lower activity in between the two triskelia as the excitations 
correspond to more independent modes of the two triskelia (more planar character), and, consequently, they do 
not significantly contribute to the CD in the extinction CS.

All things considered, following the results presented in previous sections, the study of the near-field distri-
butions in the system reveals big differences in the intensity of the evanescent field under the two polarizations 
of light, providing a further proof of its chiral response.

Conclusions
To summarize, the CD in the extinction CS exhibited by the twisted stack of triskelia is determined by the 
arrangement of the two elements. The extra resonances yielding the dichroic signal mostly appear in the absorp-
tion CS and are not intrinsic to a single triskelion. Most of the previous work found in the literature exploits 
and manipulates resonances already shown by the single element used to build the chiral structure. On the 
contrary, our work shows that the excitations responsible for the CD in the extinction CS are arising from the 
interaction between the two triskelia and are not present in the single triskelion case. Moreover, they are clearly 
interaction-driven since they show strong tunability by adjusting both the distance between the elements and 
their twist angle.

In addition, the helicity of the system strongly favors the excitation of the extra resonances under the illumi-
nation of one of the circular polarizations only (that opposite to the helicity of the structure) yielding near-field 
distributions between the two triskelia with 3D character that cause strong CD in the extinction CS. Special cases 
are those for 0° and 120°, for which the extra resonances show the same intensity for both RCP and LCP light 
(no helicity of the stack) and their contributions cancel each other in the extinction CS. As the angle increases/
decreases from these values, the intensity for one polarization raises while rapidly vanishes for the opposite 
polarization. Thus, at an angle of 10◦ (110°) the extra resonances are only noticeable for one of the polarizations.

Finally, we have shown that by finely tuning the relative distance between the two triskelia and the twist angle 
of the structure, total control over the CD in the extinction can be achieved, obtaining tunable values up to 60% 

Figure 5.   Near-field distributions of the square modulus of the electric field normalized to that of the incident 
light under RCP and LCP illumination at a wavelength of 1100 nm for twist angles φ of 30° and 60°.
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in the visible to near-infrared range. The simplicity with which these parameters can be manipulated and finely 
defined through successive lithographic and thin film deposition processes makes our design of special interest 
for the realization of more reliable and efficient chiral plasmonic nanostructures.

This work constitutes a solid contribution to the polarization-dependent manipulation of light and holds 
promise for applications such as highly efficient helicity-sensitive surface spectroscopies or single-photon polari-
zation detectors.
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Figure S1. Absorption, scattering and extinction cross-sections under LCP (blue solid line) and RCP (red solid line) light for 
a double triskelia system forming an anticlockwise in-plane angle of 0°, 10°, 60° and 90° and at an edge-to-edge distance 
𝑑 =	30 nm (see Fig. 1(b)).  

 



 

  

Figure S2. Near-field distributions of the square modulus of the electric field normalized to that of the incident light under 
RCP and LCP illumination for in-plane angles of 0° and 90°, at a wavelength of 1100 nm. 

 

 

Figure S3. Near-field distributions of the square modulus of the electric field normalized to that of the incident light under 
RCP and LCP illumination for in-plane angles of 30° and 60°, at a wavelength of 1000 nm. 

 

 



 
 

Figure S4. Near-field distributions of the square modulus of the electric field normalized to that of the incident light under 
RCP and LCP illumination for in-plane angles of 30° and 60°, at a wavelength of 760 nm. 

 

 

Figure S5. Near-field distributions of the square modulus of the electric field normalized to that of the incident light under 
RCP and LCP illumination for in-plane angles of 30° and 60°, at a wavelength of 710 nm. 
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simulations were employed to characterize the spectral features 
of the modes. Remarkably, in contrast to previous results in other 
stacked nanostructures, the system’s response exhibits a behav-
ior analogous to that of two interacting dipoles only at small an-
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for a triangular array of such stacked elements show a sharp 
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- Introduction 

Chirality	 is	 an	 intrinsic	geometrical	property	of	objects	 that	
cannot	be	 superimposed	with	 their	mirror	 image.	This	pro-
perty	gives	rise	to	two	distinct	realizations,	termed	enantio-
mers,	 which	 exhibit	 opposite	 handedness.	 Although	 often	
overlooked,	chirality	plays	a	crucial	role	in	numerous	critical	
phenomena,	 particularly	 in	 the	 field	 of	 biochemistry.	 The	
handedness	of	biological	molecules	such	as	amino	acids,	DNA	
or	enzymes,	for	instance,	has	been	demonstrated	to	be	of	par-
amount	importance	in	elucidating	their	properties	[1],	[2].	A	
remarkable	 example	 is	 limonene,	 where	 one	 enantiomer	 is	
responsible	 for	 the	 characteristic	 fragrance	 of	 citrus	 fruits,	
while	its	counterpart	contributes	significantly	to	the	scent	of	
numerous	coniferous	and	broadleaved	trees	[G].	

Chirality	 is	not	 limited	 to	physical	objects	but	 can	also	be	a	
property	of	 fields,	as	 is	 the	case	with	 left-handed	(LCP)	and	
right-handed	 (RCP)	 circularly	 polarized	 light	 [M],	 [N].	 Light	
with	a	specific	handedness	serves	as	a	valuable	probe	for	chi-
ral	media,	since	light-matter	interaction	can	be	dictated	by	the	
handedness	of	both	entities	[O],	[P],	when	present.	Such	chi-
roptical	 activity	 is	 commonly	quantified	 through	 the	optical	
functions	𝑓	of	the	system	under	the	two	circular	polarizations	
by	means	of	the	circular	dichroism	(CD)	that	can	be	defined	
as:	

𝐶𝐷! =
!!"#"!$"#
!!"#"!$"#

 ,                ($) 

where	 𝑓	 stands	 for	 any	 of	 the	 optical	 cross-sections	 (CS),	
namely,	 the	 absorption,	 scattering,	 and	 extinction,	 under	
either	RCP	or	LCP	illumination.		

The	chiral	interaction	in	naturally	occurring	systems	is	typi-
cally	of	low	magnitude,	presenting	substantial	challenges	for	
detection	and	quantification.	Consequently,	engineered	chiral	
plasmonic	structures	have	gained	relevance	because	of	their	
enhanced	 light-matter	 interaction	associated	with	 large	val-
ues	of	the	near	fields,	showing	enhancements	of	the	chiral	sig-
nal	of	several	orders	of	magnitude	[T]–[VV].	Furthermore,	their	
integration	 into	hybrid	nanostructures	promises	active	con-
trol	of	chirality	[VX].		
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Nowadays,	 strategies	 to	 fabricate	 chiral	 nanostructures	 are	
very	diverse.	However,	due	to	the	inherent	difficulty	to	manu-
facture	 GD	 structures	 using	 conventional	 nanofabrication	
techniques,	early	approaches	were	based	on	planar	plasmonic	
structures	[VG]–[VP].	These	planar	configurations	typically	ex-
hibited	 limited	 chiroptical	 activity	 due	 to	 their	 two-dimen-
sional	nature,	as	truly	planar	structures	cannot	manifest	chi-
roptical	 activity	 without	 violating	 system	 reciprocity	 [VT].	
Consequently,	the	observed	chiroptical	activity	in	many	such	
structures	was	primarily	attributed	to	their	interaction	with	
the	substrate,	effectively	breaking	the	planar	approximation	
[VM],	[VO],	[VZ].	Alternative	designs	have	relied	on	the	interac-
tion	between	two	modes	through	the	excitation	of	Fano	reso-
nances	[X[],	[XV].	While	these	systems	present	circular	dichro-
ism	(CD)	in	the	absorption	and	the	scattering	cross	sections	
(CS),	the	opposite	sign	of	those	contributions	result	in	mutual	
cancellation.	As	a	result,	 the	extinction	CS	remains	polariza-
tion-independent,	again	in	accordance	with	reciprocity	prin-
ciples	[XX].		

Further	developments	in	nanofabrication	technology	have	en-
abled	 the	 realization	 of	 diverse	 GD	 nanostructures	 showing	
large	 values	 of	 CD,	 such	 as	 spirals	 [XG],	 helicoidal	 arrange-
ments	 [XM],	 [XN],	 and	various	stacked	planar	nanostructures	
ranging	from	nanorods	[XO],	crosses	[XP],	split	ring	resonators	
[XT],	[XZ],	and	gammadions	[G[],	[GV],	among	others.		

In	this	work,	we	present	a	twisted	stack	formed	by	two	iden-
tical	planar	nanostructures,	called	triskelia,	which	are	charac-
terized	by	their	inherent	XD	chirality	and	threefold	rotational	
symmetry.	 In	contrast	 to	previously	 reported	systems	 [XM]–
[XZ],	 the	monomers	of	 the	stack	exhibit	 intrinsic	 chiroptical	
activity.	Furthermore,	 their	 threefold	 symmetry	hinders	 the	
excitation	 of	 simple	 modes	 with	 an	 even	 number	 of	 poles	
while	 promoting	 the	 mixing	 of	 higher-order	 multipolar	
modes.	As	elucidated	in	our	previous	work	[GX],	the	small	dis-
tance	between	the	stack	elements	facilitates	strong	inter-ele-
ment	interactions,	resulting	in	the	emergence	of	handedness-
dependent	 resonances	 in	 the	 near	 infrared	 spectral	 region.	
This	configuration	gives	rise	to	pronounced	CD	which	can	be	
modulated	by	adjusting	the	twist	angle	between	the	stacked	
elements.	Here,	we	investigate	the	nature	of	those	resonances	
as	a	function	of	the	twist	angle	between	the	two	stacked	struc-
tures,	demonstrating	that	higher-order	multipolar	modes	play	
a	crucial	role	in	the	excitation	of	the	structure	under	circularly	
polarized	 illumination.	Our	study	 is	based	on	Fourier	 trans-
form	infrared	spectroscopy	(FTIR)	measurements	and	finite	
difference	time	domain	(FDTD)	simulations.	

3 Triskelion stack 

The	motif	constituting	the	building	block	of	the	stack,	the	tris-
kelion,	is	designed	as	three	identical	gold	elements	extending	
from	a	common	central	point,	with	each	element	oriented	at	
VX[°	intervals.	These	elements	exhibit	a	clockwise	bend	of	VX[°	
at	 their	 respective	 midpoints,	 thereby	 preserving	 threefold	
rotational	symmetry	while	eliminating	mirror	planes	parallel	
to	the	axis	of	rotation	(see	Fig.	Va).	 	This	geometric	arrange-
ment	confers	XD	chirality	to	the	triskelion	structure.	The	spe-
cific	 dimensions	 and	 geometry	 of	 the	 studied	monomer	 are	
shown	in	Fig.	Va.		The	thickness	of	the	planar	structure	was	set	
to	G[	nm.	The	final	GD	structure	consisted	of	a	twisted	stack	of	
two	 coupled	 plasmonic	 triskelia,	 a	 schematic	 of	 which	 is	
shown	in	Fig.	Vb,	where	the	twist	angle	α	is	defined	so	that	the	
stack	has	right-handed	chirality	whenever	α	<	O[°.	Note	that	
the	chirality	of	the	stack	is	the	opposite	(left-handed)	for	α	>	
O[°	due	to	the	threefold	symmetry	of	the	monomer.	α	=	O[°	is	
a	 symmetrical	 configuration	without	 a	 distinct	 handedness.	

Samples	 with	 various	 twist	 angles	 were	 manufactured	
through	 sequential	 processes	 by	 electron	 beam	 lithography	
(EBL),	all	of	them	with	a	separation	between	the	two	stacked	
elements	 of	 about	 X[	 nm.	 Additional	 information	 regarding	
the	manufacturing	process	is	shown	in	the	Methods	section.	
Some	examples	of	the	manufactured	stacks	are	shown	in	Fig.	
Vc.	The	cross-sectional	image	in	Fig.	Vd	indicates	good	parallel-
ism	and	consistent	separation	between	the	two	triskelia.	To	
preserve	optical	equivalence	across	all	interfaces	of	the	struc-
ture,	the	stack	was	embedded	in	a	homogeneous	medium	with	
a	refractive	index	of	n=V.MX.	Larger	areas	of	some	samples	are	
shown	in	Fig.	Ve	and	f,	illustrating	the	uniformity	of	the	stacks.			

6 Results and discussion 

The	structure	exhibits	two	plasmonic	resonances	within	the	
wavelength	range	of	VV[[	and	VO[[	nm.		Both,	FTIR	measure-
ments	 and	 simulations	 reveal	 two	 extinction	 peaks	 in	 this	
range,	which	undergo	remarkable	spectral	shifts	and	intensity	
as	the	twist	angle	is	modified.	This	is	illustrated	in	Fig.	Xa	and	
b,	 where	 the	 intensity	 of	 the	 peaks,	 particularly	 the	 one	 at	
lower	energy,	 is	 severely	 affected	by	 the	handedness	of	 the	
circular	 polarization	 of	 the	 incident	 radiation.	 As	 a	 result,	
these	 handedness-dependent	 resonances	 yield	 large	 CD,	 as	
shown	in	Fig.	Xc	and	d.	It	is	worth	noting	that,	while	the	stud-
ied	excitations	are	of	multipolar	character	and	not	as	intense	
as	the	primary	dipolar	excitations	(far	in	the	infrared	range,	
around	X[[[-G[[[	nm,	for	this	structure),	there	is	a	general	
qualitative	 agreement	 between	 the	 experimental	 and	
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Fig. &: (a) Diagram of a triskelion displaying the dimensions of the 
studied case. (b) Schematic depiction of the stack indicating the twist 
angle α, the vertical separation in the manufactured samples is ?@ nm 
approximately. (c) Scanning Electron Microscopy (SEM) top-view im-
ages of some of the fabricated nanostructures. (d)  Cross-section SEM 
image of one of the samples. Scale bars are F@@ nm in length. (e) and 
(f) correspond to SEM images showing the spatial arrangement of the 
fabricated array of stacked triskelia. Note that the fabricated array 
has a pitch of H?@@ nm.   
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simulated	curves	in	Fig.	X,	 including	the	opposite	sign	of	the	
CD	observed	for	the	G[°	and	Z[°	cases.	

Moreover,	owing	to	the	threefold	symmetry	of	the	triskelion,	
both	 the	 spectral	 shifts	 and	 intensity	 variations	 are	 almost	
symmetric	around	O[°	when	the	handedness	of	the	light	po-
larization	is	exchanged.	Thus,	the	spectra	for	G[°	and	Z[°	un-
der	LCP	and	RCP	light,	respectively,	appear	remarkably	simi-
lar	(see	Fig.	Xa	and	b).	The	differences	in	the	relative	intensity	

of	the	peaks	at	these	two	angles	can	be	attributed	to	the	right-
ward	 bending	 of	 the	 triskelion	 branches,	 which	 breaks	 the	
symmetry	when	switching	the	light	polarization	between	the	
G[°	and	Z[°	configurations.	This	also	accounts	for	the	minor	
differences	observed	in	the	spectra	under	LCP	and	RCP	light	
at	O[°,	resulting	in	CD	that	is	not	strictly	null,	contrary	to	what	
would	be	expected	solely	from	the	threefold	symmetry	of	the	
triskelion.	
The	typical	approach	to	describing	the	optical	response	of	a	
chiral	medium	would	be	to	consider	a	simple	and	straightfor-
ward	 framework:	 the	 Born-Kuhn	 model	 [GG]–[GN].	 This	 ap-
proximation	supposes	two	interacting	electrons	oscillating	in	
orthogonal	directions	in	parallel	planes	separated	a	distance	
d.	The	coupling	between	the	two	particles	results	in	two	new	

eigenstates	 of	 the	 coupled	 oscillators	 system.	 This	 model	
yields	results	analogous	to	those	of	the	hybridization	of	two	
plasmonic	modes	[GO],	[GP]	and	was	experimentally	shown	to	
be	valid	for	plasmonic	systems	[GT].	However,	in	prior	studies,	
𝑑	was	of	the	order	of	the	excitation	wavelength,	while	in	the	
present	work,		𝑑~$%	nm.	As	a	result,	the	phase	shift	of	the	in-
cident	radiation	between	the	two	monomers	is	rather	small,	
weakening	the	chiral	response.	At	the	same	time,	since	the	in-
teraction	between	 plasmonic	 elements	 is	mediated	 by	 their	
near	fields,	the	close	proximity	between	the	two	monomers	in	
our	 study	 significantly	 enhances	 their	 coupling	 [XO].	 Conse-
quently,	a	model	based	on	the	phase	shift	alone,	such	as	the	
Born-Kuhn	model,	cannot	account	for	the	optical	response	of	
the	 triskelion	 stack.	 We	 propose	 instead	 an	 interpretation	
based	on	the	hybridization	of	the	plasmonic	modes	of	individ-
ual	triskelia.	As	shown	in	the	charge	distributions	snapshots	
of	the	triskelia	in	Fig.	G,	the	complexity	of	the	motif	gives	rise	
to	 multipolar	 excitations,	 especially	 fostered	 by	 geometric	
frustration;	specifically,	the	threefold	symmetry	of	the	triskel-
ion	 does	 not	 effectively	 accommodate	 an	 even	 number	 of	
poles,	 which	 are	 typically	 associated	 with	 simple	 dipole	 or	
multipolar	modes.	These	plasmonic	resonances,	in	turn,	inter-
act	with	those	of	the	second	triskelion	in	the	stack	resulting	in	
a	 plethora	 of	 hybrid	 modes	 that	 deviate	 from	 the	 ideal	 in-
phase/anti-phase	 excitations	 often	 considered	 in	 previous	
works	involving	two	interacting	dipoles	[VO],	[XZ].		Moreover,	
the	geometry	of	the	system	changes	with	the	twist	angle,	fa-
voring	 the	 excitation	 of	 low-energy	 resonances	 displaying	
variable	dephasing	between	the	polarizations	of	the	two	tri-
skelia.	This	is	clear	in	Fig.	Gc	and	Fig.	SV	in	the	Supplementary	
Information,	where	charge	distributions	and	computed	dipole	
moments	for	the	two	components	of	the	stack	as	a	function	of	
α	for	the	high-	and	low-energy	modes	are	shown.	Thus,	while	
the	high-energy	mode	maintains	the	two	electric	dipole	mo-
ments	relatively	in-phase	as	α	changes,	the	low	energy	mode	
exhibits	 a	 variable	 dephasing	 between	 the	 polarizations	 of	
both	triskelia	in	the	stack.	Only	at	very	small	angles,	the	low-
energy	mode	is	sufficiently	close	to	the	anti-phase	polar	con-
figuration	(see	Fig.	Ga,	Fig.	Gc	and	Fig.	SV	in	the	Supplementary	
Information).	 Around	 G[°,	 the	 polarizations	 of	 the	 two	 tri-
skelia	become	perpendicular	in	the	low-energy	mode	(see	Fig.	
Gb,	Fig.	Gc	and	Fig.	SV	in	the	Supplementary	Information).	As	
the	angle	α	further	increases,	the	polarizations	corresponding	
to	 the	 low-	 and	 high-energy	modes	 begin	 to	 resemble	 each	
other	more	closely	(see	Fig.	Gc	and	Fig.	SV	in	the	Supplemen-
tary	 Information).	 This	 observation	 indicates	 that,	 although	
only	two	peaks	are	detected	for	any	value	of	α,	the	features	of	
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Fig. (: Simulated charge distributions for facing triskelion interfaces for twist angles @° (a) and J@° (b). Simulations at different angles correspond to 
arbitrary values of the phase of the incoming illumination. Panel (c) presents the phase difference in the orientations of the electric dipole moment of the 
top and bottom triskelia for each twist angle.  All the information displayed shares a common scale. Note that a single polarization is presented for the 
case of @° since the response is identical for both LCP and RCP. The geometry of the illumination is indicated by the vertical gray arrows and corresponds 
to that of the FTIR measurements. 
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Fig. ): (a) Simulated and (b) measured extinction spectra for different 
twist angles under LCP (solid line) and RCP (dashed line) illumination. 
The baselines of the spectra are shifted arbitrarily for clarity. (c) Sim-
ulated and (d) experimental CD extracted from the data in panels (a) 
and (b), respectively, using Eq. (H). 
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the	low-energy	mode	excited	in	each	case	are	significantly	dif-
ferent.		

These	findings	suggest	that	the	chiroptical	activity	in	the	stack	
arises	from	the	dependence	of	the	excitation	intensity	of	these	
modes	 on	 the	 light-handedness,	 in	 accordance	 with	 previ-
ously	reported	results	 [XO],	 [XP],	 [GX].	However,	 in	 this	case,	
the	resonances	yielding	CD	are	not	sufficiently	explained	by	
the	 simplistic	 model	 involving	 the	 splitting	 of	 a	 triskelion	
mode	 into	 anti-phase	 and	 in-phase	 modes	 of	 the	 stack.	 In-
stead,	 they	 are	 better	 characterized	 by	 the	 excitation	 of	 an	
out-of-phase	mode	that	is	highly	sensitive	to	the	geometry	of	
the	stack	at	each	angle	α,	in	conjunction	with	the	in-phase	ex-
citation.	This	continuous	shift	of	 the	dephasing	between	the	
dipole	moments	of	the	monomers	in	the	stack	is	shown	in	Fig.	
G	and	Fig.	SV	in	the	Supplementary	Information,	for	angles	be-
tween	[°	and	O[°.	In	addition,	the	small	net	dipole	moment	of	
the	out-of-phase,	 low-energy	resonances	agree	with	the	fact	
that	CD	is	typically	associated	with	the	selective	excitation	of	
modes	exhibiting	poor	scattering	[GX].		

In	Fig.	M,	the	spectral	response	of	the	stack	as	a	function	of	α	is	
shown	in	colormaps	obtained	from	FTIR	and	FDTD	simulated	
data.	Remarkably	qualitative	agreement	between	both	sets	of	
colormaps	is	found.	Two	Lorentzian	functions,	corresponding	
to	the	low-	and	high-	energy	resonances,	were	fitted	to	both	
the	experimental	and	simulated	spectra,	with	the	position	of	
some	of	these	peaks	also	displayed	for	comparison	in	Fig.	M.	
The	details	of	the	fitting	are	presented	in	Fig.	SX	in	the	Supple-
mentary	Information.		

For	angles	between	[°	and	O[°,	the	structure	favors	the	exci-
tation	 of	 the	 out-of-phase,	 low-energy	 mode	 for	 the	 light-
handedness	opposite	to	that	of	the	stack,	i.e.		LCP	 since	 the	
chirality	of	the	stack	is	right-handed.	Consequently,	 the	out-
of-phase	mode	is	most	efficiently	excited	by	circular	polariza-
tion	that	induces	the	greatest	change	in	the	relative	orienta-
tion	of	the	electric	field	with	respect	to	the	lower	and	upper	
triskelia	(note	that	illumination	is	from	bottom	to	top).	In	con-
trast,	RCP	light	will	excite	both	triskelia	similarly	due	to	the	
minimal	phase	shift	of	the	light	across	d,	thereby	favoring	the	
in-phase	mode	 and	 significantly	 hindering	 the	 out-of-phase	

resonance.	 At	 O[°,	 the	 excitation	 features	 of	 the	 system	are	
quite	 similar	 under	 both	 circular	 polarizations	 of	 the	 light,	
with	only	slight	variations	arising	from	the	rightward	bending	
of	the	triskelion	branches.	Despite	this	minor	splitting	at	this	
angle,	the	intensity	of	the	low-energy	resonance	is	nearly	neg-
ligible,	as	shown	in	Fig.	SX	of	the	Supplementary	Information,	
resulting	in	a	single	prominent	peak	in	the	extinction	spectra.	
For	angles	greater	than	O[°,	symmetric	optical	responses	are	
observed	with	respect	to	those	for	α	<	O[°	under	reversed	cir-
cular	polarizations,	except	for	small	differences	in	the	inten-
sity	of	the	low-energy	mode.	This	slight	asymmetry	is	owed	to	
the	fact	that	the	triskelion	is	a	chiral	object	in	XD,	thus	slightly	
altering	the	expected	symmetric	response	around	O[°	due	to	
its	inherent	threefold	symmetry.		

Finally,	 it	 is	 important	 to	 highlight	 that	 arranging	 these	
twisted	triskelion	stacks	in	a	triangular	array	with	an	appro-
priate	pitch	(see	Fig.	Ve	and	f	for	details)	can	enhance	the	exci-
tation	of	a	surface	lattice	resonance	(SLR).	The	intensity	of	this	
resonance	strongly	depends	on	the	handedness	of	the	circular	
polarization	of	the	light	and	the	twist	angle,	resulting	in	very	
large	dichroism	for	angles	larger	than	V[°.	These	results	were	
obtained	from	numerical	simulation	of	a	lattice	embedded	in	
a	medium	of	n	=	V.N,	where	each	element	consisted	of	a	twisted	
stack	with	N[	nm	in	separation	between	the	two	monomers	
and	a	twist	angle	range	of	[°	≤	α	≤	G[°.	Fig.	N	shows	the	simu-
lated	extinction	CS	under	RCP	an	LCP	light	at	four	selected	val-
ues	 of	 α,	with	 a	 fixed	pitch	 of	 VX[[	nm.	At	 this	 pitch,	 a	 SLR	
emerges	as	a	sharp	peak	with	a	Fano	profile	located	around	
VNN[	nm,	precisely	in	the	region	where	anti-phase	excitations	
of	the	triskelion	stack	become	energetically	favorable	(as	seen	
in	the	case	for	α	=	[°	in	Fig.	N).	Therefore,	the	Fano	resonance	
originates	 from	 the	hybridization	of	 the	SLR	mode	with	 the	
anti-phase	plasmonic	excitation	of	the	stack,	where	the	sharp	
and	intense	peak	of	the	resonance	corresponds	to	the	coher-
ent	excitation	of	the	anti-phase	mode	across	the	lattice	of	tris-
kelion	 stacks	 through	 absorption	of	 the	 incoming	 radiation.	
Consequently,	 the	 cooperative	 interaction	 among	 the	 near	
fields	created	by	the	elements	in	the	lattice,	due	to	the	geomet-
rical	resonance	condition,	amplifies	the	excitation	of	the	anti-
phase	mode	 in	every	stack	(which	would	otherwise	be	very	
weak),	 leading	 to	 a	 large	 energy	absorption.	This	 excitation	
occurs	with	much	greater	efficiency	when	illuminated	by	light	
that	matches	the	handedness	of	the	stack	(LCP	in	this	case),	as	

Fig. *: Colormaps depicting the experimental ((a), (c)) and simulated 
((b), (d)) extinction spectra for twist angles between @° and H?@° for 
both RCP ((a), (b)) and LCP ((c), (d)). Empty circles highlight the spectral 
position of the two Lorentzian peaks fitted to both the experimental 
and simulated data. Dashed lines are guidelines to the eye. 
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with a pitch of H?@@ nm, embedded in a homogeneous medium of 
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the array under RCP and LCP illumination is presented for different 
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incoming	radiation	with	the	handedness	of	the	stack	favors	a	
larger	polarization	of	the	first	triskelion.	This,	in	turn,	induces	
a	 larger	 anti-phase	 polarization	 in	 the	 second	 triskelion	
through	near-field	interactions.	It	is	important	to	note	that	in-
phase	modes	cannot	be	excited	in	this	range	of	relatively	low	
energies.	Under	circular	polarization	with	opposite	handed-
ness	to	that	of	 the	stack	(RCP	in	this	case),	polarizations	 in-
duced	in	both	triskelia	within	each	stack	are	reduced,	leading	
to	lower	absorption	associated	with	the	lattice	resonance.	As	
a	result,	 the	spectra	 in	Fig.	N	exhibit	 large	differences	 in	 the	
intensity	of	the	SLR	modes	under	RCP	and	LCP	illumination,	
resulting	in	high	values	of	dichroism,	except	at	α	=	[°	where	
the	stack	lacks	chirality.	

We	 attempted	 to	 experimentally	 reproduce	 these	 results	
using	 samples	 like	 those	 shown	 in	 Fig.	 Ve	 and	 f	 but	 were	
unsuccessful.	This	may	be	attributed	 to	 the	narrow	spectral	
width	 of	 the	 SLR,	 inadequate	 perpendicular	 illumination	 of	
the	 samples	 due	 to	 the	 numerical	 apertures	 of	 the	 optical	
systems	used	for	light	focusing,	or	insufficient	patterned	areas	
on	 the	 fabricated	 samples,	 which	 could	 lead	 to	 finite-size	
broadening	effects.		

7 Conclusions	

We	have	presented	a	comprehensive	study	of	the	chiroptical	
response	 of	 a	 twisted	 stack	 of	 triskelion	 nanostructures,	
emphasizing	 the	 detailed	 characterization	 of	 two	 coupled	
multipolar	modes	 in	 the	 near-infrared	 region.	 Our	 findings,	
supported	 by	 FTIR	 measurements	 and	 FDTD	 simulations,	
demonstrate	that	both	the	spectral	position	and	intensity	of	
the	resonances	can	be	precisely	tuned	by	adjusting	the	angle	
between	 the	 two	 elements	 in	 the	 stack.	 The	 three-fold	
symmetry	 of	 the	 elements	 promotes	 complex	 multipolar	
excitations	which	are	 incompatible	with	an	even	number	of	
pairs	of	 equal	poles	with	opposite	 sign.	 In	particular,	under	
illumination	 with	 an	 opposite	 handedness	 to	 that	 of	 the	
structure,	 two	 multipolar	 resonances	 are	 observed;	
conversely,	 illumination	 with	 light	 that	 matches	 the	
handedness	 of	 the	 structure	 reveals	 only	 the	 peak	
corresponding	 to	 the	 high-energy	 excitation.	 This	 results	 in	
large	dichroism	in	the	extinction	CS	of	the	system,	except	in	
the	particularly	symmetric	cases	at	twist	angles	of	[°	and	O[°.	

Our	findings	show	that	the	high-energy	mode	originates	from	
an	in-phase	excitation	of	the	two	triskelia	under	both	RCP	and	
LCP	illumination.	In	contrast,	the	low-energy	mode,	which	is	
enhanced	by	illumination	under	opposite	handedness	to	that	
of	 the	 stack,	 corresponds	 to	 the	 excitation	 of	 the	 two	
monomers	 with	 a	 specific	 phase	 difference	 between	 their	
instantaneous	 polarizations.	 Thus,	 contrary	 to	 previous	
works,	we	demonstrate	that	anti-phase	oscillations	occur	only	
at	 small	 twist	 angles;	 for	 angles	 greater	 than	 VN°,	 the	
polarizations	 of	 the	 two	 monomers	 progressively	 align	 in	
phase	as	α	increases	towards	O[°.	This	draws	a	significantly	
more	 complex	 scenario	 depending	 on	 the	 twist	 angle,	
diverging	 from	the	descriptions	provided	by	 the	Born-Kuhn	
model	 or	 the	 hybridization	 of	 two	 equivalent	 plasmonic	
resonances	 producing	 simple	 in	 phase-	 and	 antiphase-
coupled	modes	of	the	stack.		

Finally,	simulations	indicate	that	arranging	such	a	chiral	stack	
in	 a	 plasmonic	 triangular	 lattice	 leads	 to	 the	 selective	
excitation	of	a	SLR	depending	on	the	 light	handedness.	This	
configuration	 enables	 high	 CD	 values	 within	 a	 narrow	
wavelength	range,	that	can	be	tuned	by	the	pitch	of	the	lattice	
and	the	geometry	of	the	stack.	

8 Methods	

!.# Sample	fabrication	

The	 samples	were	 fabricated	 by	 consecutive	EBL,	 following	
the	 steps	 depicted	 in	 Fig.	 SG	 in	 the	 Supplementary	 Infor-
mation.		The	samples	were	lithographed	on	a	Si	substrate	(XN[	
µm	thick)	coated	with	a	SiO!	layer	on	both	sides	(V.T	µm	thick,	
deposited	 by	wet	 thermal	 oxidation).	 The	 first	 EBL	 process	
aimed	at	defining	the	alignment	markers,	which	consisted	of	
Au	squares	of	V[[xV[[	nm!	and	T[	nm	in	thickness	using	an	
adhesion	layer	of	V[	nm	of	Cr.	The	thickness	of	these	markers	
has	proven	to	be	critical	for	their	correct	detection,	and	there-
fore,	alignment	of	the	EBL	system	for	further	lithography	pro-
cesses.		The	second	step	was	to	cover	the	markers	with	hydro-
gen	 silsesquioxane	 (HSQ)	 in	 solution	 in	 methyl	 isobutyl	
ketone	(MIBK),	commercially	labelled	as	FOx	(flowable	oxide)	
[GZ],	 [M[].	This	diluted	polymer	was	deposited	through	spin	
coating,	pre-baked	at	T[	°C	for	M	minutes	and	then	annealed	
at	M[[	°C	for	a	minimum	of	V	hour.	This	produced	a	homoge-
neous	layer	of	SiO!	of	G[[	nm	in	thickness	approximately	fol-
lowing	a	cost-effective	and	controllable	protocol.	

Subsequently,	an	additional	EBL	step	was	carried	out	to	pat-
tern	the	first	layer	of	triskelia,	using	the	alignment	markers	as	
a	reference.	Following	the	corresponding	exposure	and	devel-
opment,	G[	nm	of	Au	was	deposited	on	top	of	a	X	nm	adhesion	
layer	of	Ge,	which	has	been	shown	to	better	preserve	the	plas-
monic	properties	of	noble	metal	nanostructures	compared	to	
other	common	materials,	such	as	Cr	or	Ti	[MV].	After	complet-
ing	 the	 lift-off	 process,	 another	 layer	 of	HSQ	was	deposited	
and	then	annealed,	with	this	 layer	having	a	 thickness	of	ap-
proximately	N[	nm.	

Finally,	the	third	and	final	EBL	step	was	performed.	A	second	
layer	of	twisted	triskelia	was	patterned,	ensuring	that	the	cen-
ters	of	the	triskelia	in	both	layers	were	aligned,	using	the	same	
alignment	markers	 and	parameters	 as	 in	 the	previous	 step.	
Following	this	complex	process,	the	two	layers	of	twisted	tri-
skelia,	separated	by	X[	nm,	were	embedded	in	SiO!.	Interest-
ingly,	 despite	 the	 substrate	 consisting	 of	 a	 relatively	 thick	
layer	of	Si,	the	transparency	of	the	entire	double-oxidized	Si	
wafer	 is	 approximately	 N[%,	 particularly	 for	 wavelengths	
larger	than	VVN[	nm	(see	Fig.	SM	in	the	Supplementary	Infor-
mation).		

EBL	was	performed	using	a	Raith/Vistec	EBPG	N[[[Plus	with	
a	 Gaussian-shaped	 beam,	 offering	 a	maximum	writing	 field	
size	of	V[XM×V[XM	μm²	and	high	beam	stepping	frequencies	of	
up	to	VXN	MHz,	and	operating	at	V[[	keV	acceleration	and	with	
an	overlay	precision	around	X[	nm	for	larger	write	fields	and	
V[	nm	for	smaller	ones	(V[[×V[[	μm²).		The	metallization	was	
performed	using	physical	vapor	deposition	(PVD)	by	evapo-
rating	the	target	using	an	electron	gun.		

).+ FDTD simulations 

The	FDTD	simulations	presented	in	this	work	were	performed	
using	the	commercial	software	provided	by	Lumerical	[MX].	All	
simulations	were	performed	using	a	XxXxX	nm"	cell	size	set-
ting	a	homogeneous	background	refractive	index	of	V.MX	with-
out	absorption	to	better	reproduce	the	optical	properties	of	
annealed	HSQ.	The	optical	coefficients	for	Au	were	obtained	
from	 [MG].	 The	 circularly	 polarized	 illumination	 was	 intro-
duced	 using	 linearly	 polarized	 plane	 waves	 by	 setting	 two	
sources	with	orthogonal	polarization	angles	and	a	p/X	phase	
difference	between	them.	Two	types	of	simulations	were	per-
formed,	 those	 featuring	single	 stacked	elements,	 and	others	
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where	the	response	of	an	infinite	triangular	lattice	of	stacked	
elements	was	simulated.		

The	 former	 relies	 on	 the	 use	 of	 total-field	 scattered-field	
(TFSF)	 sources	 and	 perfect	 absorbing	 boundary	 conditions.	
Absorption	and	scattering	CS	data	were	collected	since	only	
one	element	was	being	simulated.	For	these	simulations	the	
extinction	CS	was	the	sum	of	absorption	and	scattering	CS.	The	
second	 type	 of	 simulations	 require	 the	 use	 of	 plane	 wave	
sources	 and	 periodic	 boundary	 conditions	 at	 the	 in-plane	
boundaries.	In	this	case,	reflection	and	transmission	through	
the	 structure	were	measured.	 The	 extinction	 in	 this	 frame-
work	was	assigned	to	be	V	-	T,	where	T	stands	for	the	trans-
mission	CS.	It	is	worth	noting	that	the	reflection	of	the	struc-
ture	was	very	small	compared	to	the	extinction	signal.	

).6 FTIR measurements 

Bruker	 Vertex	 P[V	 Spectrophotometer	 with	 a	 microscope	
Hyperion	X[[[	was	used	 to	measure	 the	extinction	 spectra.	
Transmission	 through	 the	 sample	 was	 measured	 using	 Mx	
magnification	in	order	to	minimize	the	numerical	aperture	of	
the	system	and	to	optimize	normal	incidence.	
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o S1. Electric dipole moment for both triskelia for the high- and low-energy 
resonances for several twist angles. 

o S2. Lorentzian fitting of the measured and spectra for several twist angles. 

o S3. EBL lithography steps involved in the fabrication of the structures. 

o S4. Calculated transmission of the substrate. 



 
 
Fig. S1: Real part of the electric dipole moment computed for each of the two 
triskelia in the stack at an arbitrary phase of the incoming light. Data extracted from 
FDTD simulations for 0º, 15º, 30º, 45º, and 60º for wavelengths of interest under 
RCP and LCP. Note that for the 0º case, only RCP is represented since the structure 
is not chiral. 
 
 

 



 
 

 
Fig. S2: Simulated (top row) and measured data (bottom row) fitted by the sum of 
two Lorentzian curves for several twist angles under RCP illumination. 
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Fig. S3: Schematic representation of the necessary steps in the double lithography 
process used in the fabrication of the samples. 
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Fig. S4: Calculations of the transmission of the double oxidized Si substrate as a 
function of the wavelength. The transparency is almost 50% for wavelengths 
greater than 1200 nm. The calculation takes into account the energy lost by 
reflections in all the interphases of the substrate as well as the absorption of the Si 
layer, using the optical constants for Si in the literature [1]. 
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Discussion

This section aims to summarize and discuss the main findings presented
in publications I to IV, which encompass the main findings of the research
presented in this thesis on two distinct yet interrelated classes of plasmonic
nanostructures.

On the one hand, the two articles delving into inverted plasmonic honeycomb
lattices study a rich variety of bright and dark plasmonic modes. With a
special emphasis on both SLR, due to their potential sensing applications,
and extended antiferroelectric dark modes, due to their novelty in such
plasmonic structures. On the other hand, the works on stacked, twisted
plasmonic triskelion nanostructures study the control of chiroptical activity
through tuning of plasmonic coupling between the two elements in the
stack through near-field interactions. Although the underlying physical
phenomena differ in detail, both classes of structures rely on a precise
manipulation of geometry and plasmonic interactions to tailor their optical
responses.

Publication I focuses on the integration of an inverted plasmonic lattice into
a heterostructure designed for refractive index sensing. Here, the plasmonic
lattice is combined with additional elements such as a SiO2 spacer, and
an underlying Au mirror to maximize the out-of-plane near-field enhance-
ment. FDTD simulations show that the heterostructure supports SLR at both
the Au–SiO2 and the air–Au interfaces, manifesting as sharp spectral peaks
whose positions are highly sensitive to changes in the refractive index of
the surrounding medium. Moreover, the near-field distributions associated
with these resonances extend hundreds of nanometers into the surrounding
environment providing an enlarged interaction volume for analyte molecules,
thereby improving the sensor’s performance. The device exhibits high sensi-
tivity, ranging from approximately 99 to 395 nm/RIU, and a notable figure
of merit, up to 199 RIU−1, underscoring the effectiveness of the inverted
lattice design as a refractive index sensor.

Complementing these findings, Publication II provides an in-depth analysis
of the plasmonic modes arising in an similar inverted honeycomb array.
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By combining high-resolution EELS, FTIR, and FDTD simulations, several
plasmonic resonances are characterized in the visible and near-infrared
spectral ranges. The study successfully characterizes both bright and dark
modes, using far- and near-field techniques. Notably, it also identifies a class
of dark modes that rely on the excitation of antiferroelectric chains of slits in
the honeycomb lattices, giving rise to complex excitations that present a unit
cell with twice the area than that of the underlying lattice. These extended
modes, arising from the out-of-phase excitation of adjacent chains of slits,
have not been reported previously in the literature and constitute a prime
example of plasmonic modes that present a larger periodicity than that of
the plasmonic lattice.

On the topic of twisted triskelion, Publication III investigates a system com-
posed of two stacked, chiral plasmonic elements, called triskelia through
FDTD simulations. This work constitutes a first approach to this system.
For this reason, simulations are used to study a simple standalone stack.
Our results indicate that by controlling the twist angle and the separation
between the triskelia, a significant CD can be achieved, attaining maximum
values of up to 60% under optimal conditions. This is due to the interaction-
based resonant modes arising in the stacked structure. In particular, due
to a plasmonic resonance around 1100 nm that is preferentially excited by
light with opposite handedness to that of the stacked system, producing a
strong dichroism in the absorption cross-section. In addition, simulations
indicate a distinct three-dimensional near-field distribution associated with
the plasmonic modes displaying CD. The intensity of this near field also
depends on the handedness of the exciting light. Similarly to the spectral
response, the details on this near-field distribution strongly depend on the
handedness of the light, the energy of the resonance and can be controlled
through the geometric parameters of the structure.

Based on the results from the simulations, Publication IV aims to provide
experimental evidence on the behavior of stacked twisted trikelion nanos-
tructures. Owing to a state-of-the-art nanofabrication process by EBL and
through a combination of FTIR spectroscopy and numerical simulations with
realistic parameters, the study characterizes the effect of the twist angle
between the triskelion layers on the plasmonic response of the structure. At
small twist angles, the system behaves analogously to a pair of interacting
dipoles, originating two hybrid modes with oscillating charges in phase and
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out of phase, respectively. However, as the angle increases, the dipolar modes
disapear in favor of more complex charge distributions as the relative phase
difference between the charge oscillations in both structures also changes.
This transition is accompanied by a pronounced change in the CD exhibited
by the structure, with maximum dichroism observed at 20° approximately,
where the hybridization of the modes and the chirality of the stack are both
optimal. The results underscore the importance of plasmonic coupling to
the generation of enhanced chiroptical response in stacked systems, and
they highlight the feasibility of engineering plasmonic responses through
controlled nanofabrication. In addition, simulations presented in this works
indicate the presence of chiral SLR that can be selectively excited under CP
illumination.

Both classes of plasmonic systems —namely, the inverted honeycomb lattices
and the stacked triskelion nanostructures— exemplify how rigorous simu-
lation and its analysis can be employed to tailor plasmonic resonances for
specific applications. Moreover, thanks to a precise nanofabrication process,
often requiring the development of new protocols, the simulated structures
can be characterized. Furthermore, the combined use of advanced experi-
mental techniques, such as EELS, FTIR, and electron beam lithography, with
FDTD simulations has been crucial for unraveling the complex interplay be-
tween geometry, mode coupling, and optical response in these systems.This
integrated approach not only validates the theoretical predictions but also
provides practical guidelines for the design of next-generation plasmonic
devices for innovative applications in sensing, optical communication, and
beyond.

The discussed results successfully achieve the objectives of this thesis, which
delves into the study of plasmonic lattices and stacked plasmonic systems
with 3-fold symmetry using a methodology that combines FDTD simulations,
innovative nanofabrication processes, and far- and near-field characterization
of the fabricated samples.
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Conclusions

This thesis has been devoted to the study of interacting plasmonic nanos-
tructures that exhibit an enhanced optical response due to the interactions
of simple elements and the inherent geometric frustration in the system.
The most relevant contributions obtained through the design, simulations,
fabrication and characterization of such structures are listed below.

Inverted honeycomb lattices

• Our work shows the promising performance of inverted plasmonic ar-
rays, in particular following a honeycomb lattice, for sensing purposes.
Due to the chosen pitch for the arrays and the layers of SiO2 and Au
underneath it, these structures are able to hold a collective SLR with
an exceptionally intense and narrow reflection dip around 765 nm,
despite the expected total reflection granted by the Au layer.

• The spectral signature of these inverted honeycomb lattices and their
sensitivity to changes in the surrounding medium make them partic-
ularly suitable for sensing purposes. As a refractive index sensor, the
proposed structure achieved a sensitivity of 99 nm/RIU for a layer
of changing refractive index of 50 nm in thickness, reaching high
sensitivity values even for small analyte thickness.

• For an infinite analyte thickness, the calculated sensitivity was 613
nm/RIU, yielding a figure of merit of 199 RIU−1, which constitutes an
improvement of an order of magnitude over other similar plasmonic
nanosensors.

• From a fundamental perspective, plasmonic resonances in inverted
honeycomb arrays have been studied by FDTD simulations and EELS,
resulting in significant success in characterizing both bright and dark
LSP within the structure. This characterization is achieved through
the strong agreement between the charge and near-field distributions
obtained from FDTD simulations and the EELS maps.
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• Additional dark modes have also been reported. These resonances
consist of an antiferroelectric polarization of chains of neighboring
slits throughout the sample. The periodicity of these modes does not
match that of the honeycomb lattice, as the unit cell of these periodic
excitations of the lattice has twice the area.

• Both systems further strengthened the technical capabilities of nanofab-
rication techniques, the first employs an unconventional EBL process,
that eliminates the lift-off step, while the second utilizes a FIB milling
with Au ions to pattern a 20 nm layer of Au over a 50 nm Si3N4

membrane.

Stacked triskelia nanostructures

• We have shown that the stacked structure studied is capable of achiev-
ing large CD due to coupled modes between the building blocks of
the stack. These building blocks, called triskelia, present an inherent
3-fold symmetry and are chiral in 2D.

• We demonstrate that, by changing the distance between the triskelia
and their relative rotation angle, called "twist angle", both the spectral
position and intensity can be precisely tuned.

• FDTD simulations indicate that the two pairs of resonances arise from
this interaction in the visible (around to 800 nm) and NIR (around
1100 nm)range. The chiroptical response primarily originates from the
lower-energy resonance in each pair of resonance. The dichroism arises
mainly in the absorption CS, as these resonances present a negligible
scattering signal.

• The chiroptically active resonances studied in Publication III are easily
understood when considered in relation to their non-chiral counter-
parts. The model presented in Publication IV, considers two multipolar
excitations arising on each triskelion that are coupled due to the close
proximity of both elements, around 20 nm in the fabricated systems.
These two hybrid modes exhibit in-phase and out-of-phase excitations
of the net dipolar moments in each triskelion.
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• As the twist angle changes, the mode arising at lower energy is only
detected under illumination with the opposite handedness to that of the
structure, corresponding to the out-of-phase mode. This phenomenon
is the origin of the strong dichroism present in the system, except in
the specific cases of 0°and 60°.

• Contrary to previous works, we show that as the twist angle increases
from 0°to 60°, the out-of-phase mode exhibits a decreasing phase
difference between the two polarizations that progressively transitions
from the anti-phase case for angles under 15°to the in-phase case at
60°.

After presenting the main results of this thesis, it is worth discussing the
open questions to be addressed by future research. While this thesis has
highlighted the potential of inverted honeycomb plasmonic lattices as a
sensing platform, future research should focus on their integration as a
functional sensing devices. Efficient functionalization of the structure and
optical readout of changes in the reflection signal are critical issues to tackle
in order to achieve a functional device based on the principles explored in
this work. The sensing capabilities of the structure could be expanded to
include enhanced spectroscopies that would benefit from the intense and
out-of-plane hotspots detected in the structure such as surface-enhanced
Raman spectroscopy or surface enhanced IR absorption.

The fabrication of such structures should also be streamlined. EBL is an
excellent technique for prototyping purposes due to its versatility. However,
the iterative process required for calibrating a sensing platform would benefit
from other nanofabrication techniques such as nanoimprinting lithography.

Fundamental research conducted using EELS has proven to be a valuable
tool to characterize inverted honeycomb structures from a fundament per-
spective. Future characterization processes should involve surface-sensitive
techniques that do not require the sample to be transparent to electrons,
or necessitate that measurements be carried out in a vacuum chamber,
such as photoemission electron microscopy or scanning near-field optical
microscopy.

Regarding the stacked triskelion nanostructures, the remarkable versatility of
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the structure enables its application as a filter or polarizer in a spectral range
relevant to telecommunications. The main promise of these system lies in
their integration in a plasmonic lattice that would excite a SLR in absorption
only under the illumination of LCP or RCP, depending on the design. In
order to achieve this response, the long-range order of the fabricated sample
is crucial. Conductive oxides, such as indium tin oxide, simultaneously offer
low absorption, while being conductive enough to avoid charging effects in
the EBL process. These charging effects, together with beam astigmatism
and stitching defects, severely hinder the long-range translation symmetry
of the samples, undermining the possibility of achieving a chiral SLR.
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