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Motivation

“Basically, I have been compelled by curiosity.”

Mary Douglas Leakey

‘There is plenty of room at the bottom’, said Richard Feynman in his famous lecture in
1959, and so it is. When we go down to the nanoscale, properties change and new
phenomena appear. While most people picture metals as simple shiny materials,
downscaling their size results in new fascinating properties that arise from the coupling of
their surface electrons to the electric field of light.

These properties are already present in nature. For instance, the wings of butterflies
are composed of microstructured scales that behave as natural photonic crystals. The
stunning color of beetles is also originated from the structures present in their skin that
act as scattering centers. In fact, plasmonic structural color is a very active research field
today where structures are engineered to obtain color by changing their reflective or

diffractive properties.

Examples are found not only in nature, but also in human-made objects from ancient
times. This is the case of the colorful stained glass windows obtained thanks to colloidal
metallic nanoparticles. Yet, the physical explanation for these properties remained
unknown for a long time. It was not until the 19" century that Faraday attributed these
properties to the presence of colloidal particles and the first theoretical studies were not
published until the 20™ century, the most famous one being the Mie theory that is still
applied today to explain the plasmonic response of metallic nanoparticles (G. Mie, 1908).
However, technical difficulties in the fabrication and in the numerical methods delayed

the development of the field for over fifty years.

Today, the field of plasmonics has reached its hype with discoveries such as
extraordinary optical transmission or negative refractive index materials and applications
in a wide variety of fields such as sensing, photovoltaics or medicine. The ability to
confine light into subwavelength dimensions enables imaging below the diffraction limit.
The enhanced light-matter interaction can be used to increase the spontaneous emission

rate of quantum objects. Moreover, tailoring the resonant behavior of plasmonic
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nanostructures can be used to design plasmon rulers or perfect absorbers. Nonetheless,
these are only a few examples.

Of course, there are still some limitations; probably the most important one is dealing
with optical losses. Despite that fact, plasmonics is a field of research still full of potential
to cover several technological needs faced nowadays.
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Foreword

“How to get the best of it all? ..To struggle and to
understand - never this last without the other; such is the

law.
George Leigh Mallory

This Ph.D. thesis is devoted to the nanofabrication, simulation and optical
characterization of arrays of plasmonic nanostructures. The manuscript is divided in
three sections, each one sub-divided in several chapters.

Section I is a general introduction to the field of plasmonics. Chapter 1 summarizes
the theoretical aspects involved in the thesis. To find the physical response of plasmonic
nanostructures to light, Maxwell equations have to be solved. Hence, Maxwell’s equations
and numerical methods to solve them are discussed. The response of the structure also
depends on the optical properties of the material, and in particular, its permittivity.
Thus, a brief discussion of properties of metals and their viability for plasmonics is
presented. To conclude, the limitations of the classical theory are discussed. Chapter 2
describes different approaches to fabricate plasmonic nanostructures, addresses the
typical characterization techniques and briefly outlines some of the most extended

applications of plasmonic nanostructures nowadays.

Section II is devoted to the study of arrays of Au cylindrical nanocups. In Chapter
3, the fabrication process combining thermal nanoimprint lithography and sputtering
metallization is detailed. A trilayer stack (resist-oxide-resist) is used to overcome the high
aspect ratio limitation of nanoimprint lithography by decoupling the lithography process
from the layer that controls the height of the nanostructures. Besides, the proposed
fabrication process enables for an easy tunability of the geometry and combination of
different materials can also be combined. Moreover, the same process can be adapted to
fabricate solid structures by changing the metallization process from sputtering to
electron beam evaporation. In Chapter 4, the optical properties of Au nanocups are
analyzed. This includes both simulation and optical characterization of the
nanostructures, their tunability and possible applications, including their use as perfect
absorbers. For certain geometries, these structures present an excitation mode that
concentrates the electric field inside the cavity. As compared to the most extended

spherical cups, thanks to their symmetry, our cylindrical nanostructures allow for a
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homogeneous enhancement of the electric field within the cavity that could be of interest
to enhance the response of their possible content. This may be of interest for example for
Surface Enhanced Raman Spectroscopy, where the resonance of the structures can be
tuned to match the wavelength of the excitation laser, greatly enhancing the inefficient
Raman process and reaching even single molecule detection. Also, by using a metal-
insulator-metal configuration, dense arrays of Au cylindrical nanostructures have shown
high absorption in the visible and near infrared regions on the spectra.

Section III is dedicated to hexagonal lattices of geometrically frustrated plasmonic
arrays of nanoelements. Inspired by geometrically frustrated magnetic systems, different
geometries have been studied, all of them designed in such a way that the pitch is on the
order of the resonance wavelength and the gaps between them are small enough to allow
near-field coupling. In Chapter 5, several lattices of nanoelements are studied, all of
them presenting high absorption peaks and an extended time response due to the
frustration induced by the geometry of the array. Chapter 6 discusses the
nanofabrication and the optical characterization of these arrays. Electron beam
lithography has been used to enable an easy study of the optical response of the system
as a function of the geometric parameters of the lattices. Fourier Transform Infrared
Spectroscopy has been used to characterize the absorption of the samples, showing a very
good agreement with the simulation results. Finally, some preliminary results of the
application of these arrays as Surface Enhance Raman Spectroscopy substrates are
presented.

xiv



List of abbreviations:

AFM

EBL

EM

FDTD

FTIR

FWHM

IR

LSP

LSPR

MIM

NIL

NIR

PECVD

PML

PMMA

RIE

SEIRA

SEM

SERS

SLR

SNOM

Atomic Force Microscope

Electron beam lithography
Electromagnetic

Finite Difference Time Domain

Fourier transform interferometer

Full width at half-maximum

Infrared

Localized surface plasmon

Localized surface plasmon resonance
Metal-insulator-metal

Nanoimprint Lithography

Near Infrared

Plasma Enhanced Chemical Vapor Deposition
Perfectly-matched layer

Polymethyl methacrylate

Reactive ion etching

Surface enhanced infrared absorption
Scanning Electron Microscopy

Surface Enhanced Raman Spectroscopy
Surface Lattice Resonance

Scanning near-field optical microscopy

XV



xvi

SP

SPP

SPR

TFSF

[OAY

VIS

Surface Plasmon

Surface Plasmon Polariton
Surface plasmon resonance
Total-field scattered-field
Ultraviolet

Visible



Table of contents

SECTION 1 1
1. INtrodUCtion coeiiiiiiiiiniiiiiiii et saaas 3
1.1. INETOAUCTION L.t 3

1.2. Optical constants for metals..........ooiiii e 6

1.2.1. The Drude model .......ioiiiiiii e 7

1.3. The use of Au for plasmoniCs .........uuuierieriiiiiiiae e 8

1.4. Maxwell’s qUAIONS «.e..uueeiiii et 9

1.4.1.  The quasi-static TEZIME .......uuuiiiiiiiiiiiiiiiiine e 10

R Y T ] 4 1< Ty P 11

1.4.3. Beyond the quasi-static approximation.........ccccooeeiiiiiiiiiiinniinn. 12

1.5. Numerical methods to solve Maxwell equations ..........ccoooooviiiiiiiiii, 13

1.5.1. FDTD SimulationsS........couuiiiiiiieee e 13

1.6. Reaching quantum phenomena ..........coooieeiiiiiiiiiiii e 15

1.7. CONCIUSIONS 1ttt e e e e e eeeen e e e e e 16

1.8. REfOIeNCES v 17

2. Nanofabrication and characterization of plasmonic nanostructures......... 21
2.1, INETOAUCTION .uuiieiieieiiiiiii e e ettt e e e e e e e e et e e 21

2.2. Nanofabrication: lithographic techniques............ovvviiereeeeiiiiiiiiiieneeeeeeeenns 22
2.2.1.  Photolithography ......oooiii e e 22

2.2.2.  Direct writing techniques.........coouuiiiiiiiiiiiiiiii e, 26

2.2.3.  Soft LHthographies...........uiiiiiiiiiiiiiiii e 32

2.2.4.  Lithographies based on self-assembly........ccccccooiiiiiiiiiiiiniin, 34

2.3. Nanofabrication for plasmonics: special issues to solve.......ccccceeveeeiiienn. 37

2.4. Characterization of plasmonic Nanostriuctures .........ceeeeeeeeeiiieiiiiiaaeeeeeeeens 38

xXvii



2.4.1. Far-field characterization....ccoo i 38

2.4.2.  Near-field characterization.........ccccooeeiiiiiiiiiii e, 41

2.5. ADDHCATIONS ¢ttt et eeaeees 42
25,10 SEIISITIE ce ettt ettt e e e e eeeaaes 43

2.6. Conclusions, limitations and outlook.............cceeieiiiiiiiiiiiiiiiii 48

2.7. RETOIENCES o 49
SECTION I1 55
3. Fabrication of cylindrical nanocups by NIL and sputtering.......c.cc.ccev.... 57
3.1. IRErOdILCEION ...t e 57

3.2. Fabrication method...........oooiiiiiii e 58
.21 MOl i 59

3.2.2.  Fabrication of the sample ......ccooiiiiiiiiiiiii e 63

3.2.3. Tunability of the fabrication process. ......cccccooiiiiiiiiiiiiiiinieeeiiiiiinn. 69

3.3. Large area fabrication ... 71

3.4. Fabrication of nanocups by nanoimprinting..............coeevvviiiininneinnn. 72

3.5. CONCIUSIONS et 73

3.6. REFOIrENCES 1o eeeiiii e 74

4. The plasmonic response of AU NANOCUPS +ccvvrrereinrarersrircnsrrerersssessssssasesnss 77
4.1. INErOdILCEION ... e 7

4.1.1. Nanoshells: highly tunable plasmonic nanostructures ...........ccccc........ 7

4.1.2.  Open nanoshells: semishells, nanocaps, Nnanocups, e€tC.......cccoeeeeeeevnnn... 80

4.1.3. Our system: hollow cylindrical NnanoCups ..........coeevveiiiiiiinieeiiiiiiiiinnnn. 82

4.2. The choice of the material.............oiiiiiiiiiiiii e, 83

4.3. Tunability of the plasmonic reSPONSE ........eiiiiieiiiiiaa e 84
4.3.1.  Far-field SPeCIar ...ooivuueiiiiiie e 84

4.3.2.  Near-field TeSPOISE ....uuiiiiiiiitiiii et 85

4.4, The effect of the adhesion layer ........ccoooiiiiiiiiiiiii e 88

4.5. The effect of the substrate and the embedding medium......................... 89

xviii



4.6. Optical characterization of the NanOCUPS ........vveiiiiiiiiiiiiiiiii 90

4.7. Plasmonic perfect absorbers ..........couuuiiiiiiiiiiiiiiiiii e, 92
4.7.1.  Metamaterial perfect abSOTrDers.........cooiiiiiiiiiiiiiiiiiii e, 92

4.7.2.  Nanocups as perfect absorbers ..........ciiiiiiiiiiiiii e, 94

4.8. Possible applications of AUl NANOCUPS .....ceiivviereeiiiiieeeeiiiieeeeiiiieeee e, 95
4.8.1. Surface Enhanced Raman SpectrosCOPY.......ovveeeeiiiieiiiiiineeiiiiiieeeiiiinnee. 95

4.8.2.  Surface Plasmon Resonance Sensing............cceeeveeeeiiiiiiiiionneeeeiieeennnnnnn. 96

4.8.3.  (GAS SEIISINE. ce ittt ettt et ettt e e ettt e e et eeee e e e e e eeeeennaanas 96

4.9. Conclusions and further Work............oooiiiiiiii e 97

410, REFErENCES .cceiiiieiieie e 99
SECTION III 105
5. Geometric frustration in pasmonic Arrays ...cccceveveierircncirererararersesscasessns 107
5.1. INtrOdIICtION ..t e 107

5.2. Coupling in NANOANTENTNIAS .. .. ciiiteieiiiiiiiiar e e e e e e eeeeniaaeeeeeenes 107

5.3. Previous studies of lattices of plasmonic nanoelements......................... 108

5.4. Triangular lattice of disks ..., 110

5.5. Honeycomb lattice of Dars......ciiiiiiiiiic e, 114

5.6. Triangular lattice of asterisks.......ccoooiiiiiiiiii s 117

5.7. Conclusions and further work..........o.ooooiii i, 121

5.8. REfOIenCes . .uu e 122

6. Arrays of plasmonic nanoelements: experimental results.........c.ccceevune. 127
6.1. INETOAUCTION ..t 127

6.2. Triangular lattice of asterisks...........uviiiiiiiiiii i, 127
6.2.1.  Plasmonic response of a single nanoasterisk...........ccccccccviiiineeeriinnnnn. 128

6.2.2.  Plasmonic response of a lattice of asterisks...........ccccoiiiiiiiiniinn, 130

6.2.3. Fabrication of the samples.........ccoiiiiiiiiiiiiiiii e, 133

6.2.4.  FTIR characterization ...........couiiiiiiiiiiiiiiiiiiiii e 136

6.2.5. Differences between simulations and experimental results ................ 137

Xix



6.2.6. Arrays of nanoasterisks as substrates for SERS...........ccccooooiiiiii, 141

6.3. Exp. results: honeycomb lattice of bars and triangular lattice of dots.. 143

6.4. Conclusions and further Work. ..o 145

6.5. RCL T CIICES .o 147
GENETral CONCIUSIONS tittiiitiiiitiieiitrereteeereereeeesneesnssessesesssesnssesssessssesnssonnsenes 149
ADPPENAIX A i e e e e 153
Al TNETOAUCTION e 153

A2, FDTD simulations in Lumerical.....coooviviiiiie s 154
A2 10 MESIING ot eeeeen 154

A.2.2. Material MOdelling............uuuuiiiiiiiiiiiiiiiiiiii 155

A.2.3. Boundary conditions..........cooooeeoiiiiiiiiiiii 156

A2 . SOULCES ettt e e e aaaan 156

A.2.5. Simulations with unpolarized light ..........cccooiiiiiiiii s 157

A.3. RTOTOIICES oo e 158
ADPPEndix B .o e 159
B.1.  Peer-reviewed publications.........cccoooiiiiiiiiiiiii e, 159

B.2. Contributions t0 SCIENtIIC EVEIITES oiuii ittt aaas 160

| R ST] I 1001 <) 1 D U PN 165

XX



SECTION 1

INTRODUCTION

Section I is a general introduction
to the field of plasmonics, including
theoretical and experimental aspects.

To find the physical response of
plasmonic nanostructures to light,
Maxwell equations have to be solved.
Hence, Maxwell’s equations and
numerical methods to solve them are
discussed. The response of the
structure will also depend on the
optical properties of the material,
and in particular, its permittivity.
Thus, a brief discussion of properties
of metals and their wviability for
plasmonics is presented.

Some of the most extended
approaches to fabricate plasmonic
nanostructures are addressed and
several characterization techniques
are commented. Finally, some
possible applications of plasmonic
nanostructures are discussed.







IChapter 1

Introduction to plasmonics

1.1. Introduction

When an electromagnetic (EM) wave reaches a metallic nanostructure, the
cloud of free electrons in the metal can support a collective oscillation. These
oscillations reach a maximum at the so-called surface plasmon resonance (SPR),
whose intensity and wavelength depend on factors such as the material, the size
and the geometry of the nanostructure, and the embedding medium.! Plasmons
give rise to effects such as strong light confinement or enhanced light-matter

interactions which are exploited for different applications.

Regarding the excitation of surface plasmons, we can distinguish two main cases
(see Figure 1.1): (i) Surface Plasmon Polaritons (SPP), which are propagating
charge oscillations bounded to the interface between a metal and a dielectric,
with an evanescent decay on both sides of the interface; and (ii) Localized
Surface Plasmons (LSP), which appear in metallic nanoparticles smaller than
the wavelength of the incident radiation and result in non-propagating
oscillations of the surface electrons in the metallic nanostructure. To be able to
excite SPP, the momentum and the frequency of the incoming wave have to

match the corresponding values for the SPP in the metallic film.

€a€m

k - - -
€d+€m

k

spp =



Chapter 1. Introduction to plasmonics

Hence, the momentum of the SPP wave is larger than that of light in free space,
resulting in a momentum mismatch that has to be overcome somehow by
coupling light and SPP modes at the interface when &4 + €, = 0.2 The three
main ways to match the missing momentum are: the coupling through a prism
by using total internal reflection, the scattering from a defect, protrusion or hole
that generates surface plasmons locally, and the use of gratings or corrugations.?
However, exciting LSP only requires frequency matching since they do not have

propagating character, making them much easier to be excited.

(a) (b)

z

Dielectric

e cloud

metallic np

Figure 1.1(a) Scheme of SPP. The electric field of the incident EM wave induces
oscillations in the charge density of the metal surface that results in an evanescent
wave called surface plasmon polariton. The amplitude of these coupled oscillations
decays exponentially in both media. (b) Scheme of LSP. When the incident electric
field impinges a metallic particle, the free electrons of the metal can oscillate
collectively giving rise to the so-called localized surface plasmons.

First studies related to plasmonics were carried out in the beginning of the
20" century, by Zenneck,* Mie,” and Sommerfeld® but most of their work was

forgotten for over fifty years due to the difficulties found at that moment to

solve the complicated equations involved without powerful computers.

Nevertheless, plasmonic nanoparticles were used much earlier. An example of
the use of plasmonic nanoparticles is the famous Lycurgus cup (Figure 1.2(a)),
whose glass parts contain colloidal Au and Ag nanoparticles. When light
penetrates from the outside, the cup appears green as a result of the strong
scattering of light by the metallic nanoparticles. However, when the light source
is located inside the cup, the object turns red due to the modified transmission
spectrum as a consequence of the absorption of light by the metallic

nanoparticles. In the Roman Empire, nanoparticles were already used as
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Chapter 1. Introduction to plasmonics

colorants and in the middle-ages, colloidal Cu, Ag and Au nanoparticles were
also used to obtain yellow and red colors in stained glass windows (Figure
1.2(b)), being Michael Faraday the first one attributing this behavior to the

presence of colloidal nanoparticles.”

However, in the last decades, thanks to advances in nanofabrication
techniques, computing resources and imaging tools, plasmonics has reappeared
with renewed strength, finding applications in very diverse fields. For example,
the ability to confine light can be used for imaging below the diffraction limit or
in integrated photonics, for instance, to improve waveguides. Besides, LSP
enable an efficient transfer of the energy from the near- to the far-field and vice
versa. Hence, inspired in the idea behind radio-wave antennas, small metallic
nanoparticles can be used as nanoantennas working at much higher frequencies.
Moreover, the enhancement of the electric field can be used to improve

processes that are not very efficient such as fluorescence,*® Raman scattering!'®

1315 reaching single-molecule detection capabilities. The

or infrared absorption,
ability to transform light into heat has also been used in photothermal cancer
therapy.!'® Also, nanostructures and nanoparticles can be tailored to exhibit
enhanced absorption or scattering for certain wavelengths, and this is applied in
many different fields, as for example to be used as the so-called plasmon rulers,
a combination of high-resolution plasmonic spectroscopy and coupled plasmonic

elements with sharp spectral features and high sensitivity, that can be used as

17
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nanometric distance rulers by measuring the changes in the spectrum,

improve the efficiency of photovoltaic cells.!*

Figure 1.2. (a) Lycurgus cup. Reprinted from britishmuseum.org
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In this Chapter, I will present a brief introduction to plasmonics,
summarizing the main theoretical aspects needed for later discussions. First, the
optical constants for metals are analyzed and a justification for the use of Au is
given. Then, a few comments on how to solve Maxwell equations for the
simplest cases and the need of numerical approximations for more sophisticated
ones are discussed. Possible quantum effects for the very small particles are also
considered. Finally, the use of the classical theory for all the problems addressed

in this dissertation is justified.

1.2. Optical constants for metals

In order to generate a SPR, a constricted gas of electrons is needed, which is
usually supplied by metals. Whereas for low frequencies these materials behave
as perfect conductors, for higher frequencies in the range of infrared (IR) or
visible light their behavior is completely different. To understand the difference
between the response for low and high frequency EM waves, one can use the
mass-and-spring model, being the restoring force the Coulomb interactions
between the electrons and the ions in the metal. For low energies, electrons can
follow the excitation of the oscillating field, but as the frequency increases, the
amplitude and the phase lag are both increased, until the amplitude reaches a

maximum that corresponds to the SPR.

As a consequence, the response of metals at optical frequencies can be

described by a complex frequency-dependent dielectric function, &(w):
e(w) = & (w) +ig(w)

and an induced polarization density P(w) that is related to the electric field
E(w) as:

P(w) = &e(w) — 1]E(w)

Ohmic absorption is proportional to the material conductivity o(w), which is

related to the imaginary part of the dielectric function through the expression:

o(w)

&(w) = e o
0
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making desirable to find materials with a low imaginary part of €(w). Besides,
Ohmic losses take place close to the surface, within the so-called penetration
depth. So keeping them as low as possible using materials with either large
(negative) real part of e(w) to reduce the penetration depth - in Au, the
penetration depth is 31 nm for a wavelength of 620 nm- or small imaginary part

to directly reduce the losses, are largely advisable.

1.2.1. The Drude model

In the range of optical frequencies, the response of metals (and other
materials such as conducting oxides or doped semiconductors) is determined by
the collective behavior of the free electron cloud, and they can be well described
by a simple free-electron model, valid for frequencies below the interband

transition, that is, the Drude model.?

In 1900, only three years after the discovery of the electron by Thomson,
Drude proposed his theory to explain the transport properties of electrons in
materials. This theory, based on considering the conductor material as a
crystalline lattice with fixed ions and a gas of non-interacting electrons that
move freely, correctly explained the Ohm law as well as the decrease of the
conductivity with temperature. However, Drude’s model has several limitations.
Sommerfeld based his theory on the same points as Drude's model but he
introduced a quantum treatment of the electron: the electron must obey Pauli’s
exclusion principle. Further corrections that took into account for the first time
the Coulomb interactions of electrons with the ions of the crystalline lattice
gave rise to energy bands and gaps where no solutions for the electronic states
are allowed. However, the Drude-Sommerfeld method is enough to explain some

of the properties of metals, and, in particular, their optical properties.

According to this model, the frequency dependence of the dielectric function
is given by the following expression:
wp Wp . Vo@p

— P me,— 24
w(w+iyy) 7 w? w3

s(w) = € —

where w, =./ne?/eym* is the plasma frequency, n and m* being the density

and the effective mass of the conduction electrons, respectively, and y, the
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electron relaxation rate (inverse of the relaxation time). &, accounts for the
contribution of the bound electrons to the polarizability and equals 1 when only

the electrons from the conduction band contribute to the dielectric function.

If we neglect the contribution of both the bound electrons and the electron
relaxation time, the expression for the dielectric function simplifies to &e(w) =
1- a)g /w?, and two cases can be distinguished. On the one hand, when w > Wy,
¢ is positive and the refractive index is given by n =+/e. On the other hand,
when w < w,, & becomes negative and the refractive index is imaginary,
meaning the EM wave cannot propagate in that medium.”! For noble metals in
the visible range, typically w < w, , which means that this model accounts for
(i) & (w)<0, implying that the conduction electrons do not oscillate in phase
with the applied field and explains the high reflectivity of metals since EM wave
cannot propagate, and (ii) not negligible &,(w), which results in energy

absorption and lossy behavior.?

When comparing experimental results of the reflection and transmission to
theory, one can conclude that the Drude-Sommerfeld model provides an
accurate description for low energy. However, when increasing energy, the
model distances from the experimental data due to the fact that it does not
account for the case where photons with high enough energy cause interband
transitions by promoting electrons from deeper valence bands to higher energy

conduction bands.

1.3. The use of Au for plasmonics

As discussed in the previous section, the requirement for a material to have
good plasmonic properties is having a dielectric function with a large negative
real part and a small imaginary part. These conditions are fulfilled by noble
metals, such as Ag, Cu and Au. The losses depicted by the imaginary part of
e(w) can be divided into intraband and interband losses. Interband transitions
are reflected as an absorption edge above which all the SPR are strongly
damped.?* Au and Cu have very similar dielectric constants: they have
interband transitions around 2.3 eV (530-550 nm) and can be treated as free
electron systems satisfying the Drude model below 2.1 eV (>600 nm), making
them interesting for the range of red light and near infrared (NIR). For Ag, the

8
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first interband transition is above 3.1 eV (<400 nm), which makes it better

than Au for the range between 450 and 550 nm."

An emerging material is Al, which has a larger negative real part of the
dielectric function, approximating better to a perfect metal, and making it
interesting for applications in the 400-600 nm wavelength range. However, the
interband transition around 800 nm hampers its application in the NIR spectral
region. Intraband losses, also known as Drude losses, in Al are high in the
NIR."

The chemical stability of these metals is also of great importance: Ag and Cu
easily corrode in ambient conditions, forming oxides and sulfides and Al
passivates forming thin AlO; layers. The tarnishing of these metals results in
an increased imaginary part of the dielectric function and a concomitant
increase in the optical losses. Consequently, Au, which combines good dielectric
properties and chemical stability, is the most extended material for systems
without protection layers and will be the material chosen for the structures

fabricated along this dissertation.'

1.4. Maxwell’s equations

To determine the plasmon resonance of particles or nanostructures, Maxwell's
equations need to be solved. Maxwell’s equations are a set of four equations that
fully describe EM phenomena. They took the name after J. C. Maxwell who
gathered together the experimental results from Gauss, Ampere, Faraday and
Coulomb, unifying electricity, optics and magnetism, and setting down the

foundation of classical electrodynamics in his famous article in 1865.%

Maxwell’s equations imply: i) electric charges generate electric fields, ii) there
are no magnetic charges, and iii) changes in the electric fields induce magnetic

fields and vice versa; and they are as follows:

<l
]
I

Gauss law: p

Gauss' law for magnetism: V-B=0
Maxwell-Faraday equation: VxE = —9B /ot
Ampere's law: VxH — aﬁ/at =7
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being D= EOE and B = uoﬁ for linear materials, where E is the electric field, H
is the magnetic field, D is the electric displacement field, B is the magnetic flux
density, p is the free charge density, f is the free current density, &, is the

permittivity of free space and p, is the permeability of free space.

1.4.1. The quasi-static regime

The interaction of a particle with an EM field can be analyzed using the
simple quasi-static approximation as long as the particle size is much smaller
than the wavelength of light in the surrounding medium. In this case, the phase
of the oscillating EM field is practically constant over the particle volume, so
that one can calculate the spatial field distribution assuming the particle to be
in an electrostatic field and add later the harmonic time dependence once the

field distributions are known.

The simplest case would be that of an homogeneous isotropic sphere of radius
a and dielectric constant &,, located at the origin of a uniform static electric
field E = EyZ, surrounded by an isotropic and non-absorbing medium of

dielectric constant &,.

In the electrostatic approach, we need to find the solution to the Laplace
equation for the potential V2¢p = 0 to calculate the electric field, E = —V¢.
Applying the boundary conditions and after some algebra (see Ref. 3 for the

details) one obtains the expressions:

3em E p
o = ————F.1rcos
Pin &+ 2em
& — Em cosf
= —E,rcosd + —2 E,a
Pout 0 & + 26y 0% 2

where ¢, describes the joint effect of the applied electric field together with
that generated by the dipole located at the particle center. This expression can

be rewritten as a function of the dipole moment p :

> >

p:r

= —Eyrcosf + —
¢out 0 47T£0€m7'3

10
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Ep—Em
Ept2em

with p = 4mege,a® E,. Hence, the applied field induces a dipole moment

inside the sphere that is proportional to the incoming electric field. If we
introduce the polarizability a defined via p = eoemafg as:

& — Em

a = 4nad
&+ 2y

we can see that the polarizability exhibits a resonance when |g, + 2&,,| reaches a
minimum, which for the case of a small or slowly changing imaginary part of g,
happens for Re[e,(w)] = —2&5. The enhancement in the polarization comes
together with an enhancement of the absorption and scattering, whose

corresponding cross-sections are given by:

2

k4 8w £, — &
C = |q|? = —k%*qf |[2—"
At em ] 3 @ &+ 2y
e e
Cops = kIm[a] = 4nka3Im | 2——
_gp + ng

with k =277T. Consequently, for small particles with a < A, the absorption

dominates over the scattering.?

All in all, nanoparticles with sizes smaller than the wavelength of the
incoming wave act as electric dipoles, that present a resonant field enhancement
due to a resonance in the polarizability for Re[e,(w)] = —2¢&p,. However, when
the size is increased, the dipole approximation can no longer be used due to the

non-negligible phase changes of the driving field over the particle volume.

1.4.2. Mie theory

Many explanations had been given throughout history to explain the different
colors that metallic particles in colloidal suspensions exhibited. However, it was
not until 1908 that Mie found a theoretical solution to the optical properties
that had been observed in metallic nanoparticles by solving Maxwell equations
in the visible regime for spherical nanoparticles with diameters much smaller
than the EM wave wavelength (below 200 nm) and neglecting particle
interactions.” The approach followed in what today is known as Mie theory

consists in expanding the internal and scattered fields into a set of normal

11



Chapter 1. Introduction to plasmonics

modes described by vector harmonics. Using this theory, the results above for
the quasi-static approximation are obtained by keeping only the first term of

the power series.

1.4.3. Beyond the quasi-static approximation

A few comments that will later be helpful to analyze the response of our
nanostructures are given hereafter referring to particles that go beyond the
dipole regime. When particles increase in size, the expansion of the first
Transverse Magnetic (TM) mode of Mie theory gives the following expression

for the polarizability of a sphere:

1-— (%) (e, + em)x? + 0(x*)
Asphere = 1 - 1 4-7'[283/2 v v
~y_&m \__1 2 _ ;I em V. 4
<3 + 5 Sm) 30 (g, + 10g,,)x2 — i R +0(x%)

where x = ma/A, is a dimensionless parameter that relates the radius of the
sphere, a, to the free space wavelength, 1, and V is the volume of the sphere.
Analyzing the new terms with respect to the quasi-static approximation, we see
a quadratic term in x in the numerator that accounts for the retardation of the
field along the particle, leading to a shift in the SPR. The quadratic term in the
denominator produces also a shift due to the retardation of the depolarization
field inside the particle. For materials that can be described by the Drude
model, this results in a redshift of the resonance with increasing size that can be
understood as a consequence of having a bigger distance between charges at
opposite interfaces of the sphere. Therefore, they are subjected to a smaller
restoring force, resulting in a lower resonance frequency. That shift also implies
that effects of interband transitions decrease as the plasmon resonance moves

away from the interband transition edge.

The quadratic term in the denominator increases the magnitude of the
polarization, decreasing the absorption due to the imaginary part of &,.
However, the third term in the denominator, which accounts for radiation
damping, acts in the opposite direction. In other words, there are two damping
mechanisms: a radiative decay process yielding the emission of photons, which

dominates for larger particles, and a non-radiative one due to absorption. The

12
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non-radiative decay is due to the creation of electron-hole pairs via either
intraband excitations within the conduction band or interband transitions from

d-bands to sp conduction bands (in noble metals).

1.5. Numerical methods to solve Maxwell equations

The exact solution to Maxwell equations can only be obtained for some easy
geometries such as spheres, spheroids, or infinitely long cylinders. However,
solving Maxwell equations for arbitrary geometries requires the use of numerical
methods. Solving 3D complex geometries has only been enabled recently, since
it requires of powerful computing resources. Some of the most common
approaches used in the field are: the discrete-dipole approximation,” the finite-
element method, the multiple multipole method, the Boundary Element

Method,”* and the finite difference time domain (FDTD).?%

1.5.1. FDTD simulations

The FDTD approach is one of the most extended numerical methods used in
plasmonics thanks to its versatility. It belongs to the so-called differential
methods. The key lies in discretizing Maxwell equations in time and space with
central difference approximations. The differential equations obtained are then
solved using leap-frog integration. Since it is a time-domain method, it allows
for broadband simulations in a single run.** This method implies few inherent
approximations and can deal with many types of problems and complex
geometries, which makes it ideal to understand the plasmonic response of

metallic nanostructures.
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Figure 1.3. Scheme of a Yee cell showing the points at which the electric and magnetic

field components are calculated.
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FDTD or Yee method, named after the applied mathematician K. S. Yee,
was first proposed in 1966, when he described the first space-grid time-domain
numerical technique to find electric and magnetic fields by solving Maxwell’s

curl equations in time domain.*

In terms of spatial calculations, space is discretized by creating a finite size
mesh divided in the so-called Yee cells (Figure 1.3). It is recommended the
spatial increments Ax, Ay and Az to be smaller than 1/20, where A denotes the
wavelength of the incident wave. The time increment should satisty the Courant

condition, given by:

1
1 1 1
\/sz + Ay? + Ay?

The electric and magnetic fields are calculated in a slightly different place as

CoAt <

shown in Figure 1.3 so they have a time shift of At/2. Therefore, the electric
and magnetic fields for the next time step are calculated solving Maxwell's curl
equations in the time domain alternatively, i.e., the magnetic field at time n +
1/2 is calculated from the magnetic field at n — 1/2 and the electric field at n
following the leap-frog algorithm described below:*!

- - — — 1
B(t) —» Bnit H) - Hmz)ae
g1 g4 ALg ez

&

ﬁn+3/2 — H’n+1/2 _ Ev’xﬁrwl

U

EO 5 HY/2 5 F1 5 |3/2 5 ...

As for the dielectric properties, the value of the permittivity is usually also

discretized in space and it is calculated in each cell as an average value.

The fields are located as shown in Figure 1.3, which helps to calculate the
curl from Maxwell equations. However, each field component is only known in a

certain region of the space inside the unit cell.

14
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Interfaces between different materials that pass through Yee cells can give
rise to staircasing effects as fields are discontinuous at those points. To improve
this, either a graded mesh, the use of conformal technology or a combination of
both approaches can be used, since finite difference methods cannot resolve

positions or layer thicknesses better than the mesh size.

Although this is a very accurate technique that can solve arbitrary
geometries giving broadband results for many types of problems, one always has
to keep in mind that the memory required for a 3D simulation is proportional to
V(A/ dx)3 and the simulation time scales as V(1/ dx)4. The discontinuous
Garlekin time-domain (DGTD) method has been proposed as an alternative to
FDTD for large scale simulations or complex geometries with curved elements.
DGTD works with unstructured meshes, which overcomes the limitations of the
rectangular mesh used in FDTD and the memory consumption is drastically
reduced. However, this comes at the expense of a more complex algorithm and a

higher initialization cost.*?

The FDTD method has been extensively studied and custom code can be
easily implemented. Along this dissertation thesis, the FDTD Solutions Package
from Lumerical has been used. For further information about the simulations,

one can refer to Appendix A.

1.6. Reaching quantum phenomena

One may wonder about the limits of the use of FDTD simulations or the

classical Maxwell equations explained in the previous sections.

Along this chapter, the excitation of particles as a consequence of an
incoming EM wave was treated as a purely classical phenomenon. In fact, this is
valid for particles with radius as small as 1 nm due to the large concentration of
conduction electrons in metals (n ~ 1023cm™3). For a small number of electrons
(N, = nV), the amount of energy gained by the electrons by interacting with the

incident photons, given by AE = Z—w, becomes significant compared to kgT. As a

consequence, the coherent electron oscillation breaks down and a quantum

mechanical treatment is necessary.® Although the plasmon-like mode in
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nanoparticles can appear for around 50 electrons, quantum confinement effects

are still present for particles containing up to 500 electrons.*

The other situation where quantum effects may not be neglected is when
particles are very close to each other and they are strongly interacting. If we
look at the changes in the spectrum when two nanospheres become closer, we
observe redshifts and an enhancement of the electric field that evolve
monotonically with decreasing gap separation. However, if the gap keeps being
reduced, at some point, electron transfer between the two nanospheres will
start. Thus, for gaps below 1 nm, the redshift saturates and the peak starts to
blueshift due to the reduced coupling between the neighboring particles as a
consequence of electron tunneling between them. Concurrently, the electric
field enhancement is reduced. Hence, the classical theory is no longer valid and

quantum mechanical theory must be used.*

The fully quantum-mechanical treatment of the optical properties is highly
complex. The most extended approach is the use of time-dependent density
functional theory but, even this being a very simplified approach, the
calculations are extremely time-consuming, making it necessary to use

supercomputers.*

1.7. Conclusions

Along this Chapter, a short introduction on the physics behind the optical
response of plasmonic nanostructures has been given. In the following Chapters,
several systems will be studied by solving Maxwell equations with the FDTD
method. The quasi-static approximation will not (in general) be valid as we will
study structures where retardation effects are already present. However, the
study of the simplest case serves us to justify why absorption dominates over
scattering for small nanoparticles and where the loosy properties of metals come

from.

Moreover, the absence of quantum phenomena above 1 nm in both
nanoparticle sizes and gap distances has been fully justified enabling, therefore,

the classical treatment of our systems in the following Chapters.
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Chapter 2

Nanofabrication and characterization

of plasmonic nanostructures

2.1. Introduction

Thanks to the breakthroughs in nanofabrication, imaging tools and computer
resources, plasmonics has experienced a thrilling advance in the last decades,
yielding applications in a wide range of fields, such as sensing, nanofabrication,

medicine, energy harvesting, etc...

Nanofabrication refers to the set of procedures and methods to obtain
structures with, at least, one dimension in the nanometer scale. There are two
large categories of nanofabrication methods as classified according to the way of
nanostructuring: i) bottom-up methods, which consist in assembling molecules
or atoms through physical or chemical interactions to form bigger structures;
and ii) top-down methods, in which larger entities are downsized towards the

nanometer scale.

Among the bottom-up methods, chemical routes have been, for a long time,
the classical way to synthesize different kinds of nanoparticles with high
throughput, enabling at the same time high tunability of the particle sizes and

shapes. However, common drawbacks of all these methods are both the large
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variability of the particle shape and the broad size distribution obtained within
a single batch. Besides, in many plasmonics applications, having the particles in
ordered arrays with control of both spatial distribution and orientation is highly
convenient. Metal nanoparticles chemically synthesized can be arranged in an
ordered manner by self-assembly so that one can monitor to a certain extent the
interparticle interactions and the geometry of the ensemble. However, the
variability in the particle arrangement that one can obtain through those
particle self-assemblies is very limited as compared to that achieved by physical
lithographies that offer a plethora of possibilities to shape and organize the
nanostructures, taking advantage of the interparticle interactions to enhance the
plasmonic response. For instance, having nanostructures with sharp corners and
very small gaps between them that give rise to hotspots with large enhancement

of the electric field is highly desirable for certain applications in plasmonics.

2.2. Nanofabrication: lithographic techniques

Lithography (from the Greek ‘lithos’ (stone) and ‘graphia’ (write)) is the art
and science of producing a pattern on a substrate. These techniques, nowadays
widely applied in semiconductor manufacturing, include a wide range of
methods such as optical lithography or photolithography, electron beam
lithography, and imprint lithography. All of them share the following general
procedure: a substrate, that can be covered by a thin film, a stack of films or a
functional material, is coated with a resist layer, and then patterned either by
exposition of the resist layer (to light, electron or ion- beams) or by application

of pressure to it, and further developing and etching.!

2.2.1. Photolithography

Photolithography is a classical approach, well established in semiconductor
industry, to manufacture large areas of plasmonic nanostructure arrays

inexpensively.
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Figure 2.1 Scheme of the projection optical system and the parts where various

resolution enhancement technologies can be applied. Reprinted from Ref. 2.

The aim of this technique is to create a pattern by means of light and a mask
with the desired pattern, which are used to expose a resist layer previously
deposited on the substrate. There are three modes of photolithography: contact
printing, proximity printing, and projection printing. In the first two modes, the
mask is in close proximity to the resist in such a way that the resolution is
limited to a few micrometers. Usually, a projection optical system is used so
that the mask can be larger than the final pattern, typically four times larger
(see Figure 2.1). Then, the photoresist is exposed to an intense beam of light
that goes through the mask, yielding a chemical change in the exposed areas.
After exposition, the resist becomes soluble in the developer, in such a way that
it is selectively removed from specific areas so that the desired pattern within

the resist layer is obtained on top of the substrate.?

Whereas other lithographies struggle to face challenges such as throughput,
yield or cost, optical lithography’s main challenge is to improve its resolution,
which is limited by light diffraction. The optical resolution limit for far field

(Fraunhoffer) diffraction is given by the Rayleigh’s formula. Therefore, the
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minimum achievable linewidth, LW, and the corresponding depth of focus, DOF,

are:
LW =k, -1/NA
DOF =k, - 1/NA

where k; and k, are constants that depend on the resist, the process and the
image-formation technique, A is the exposure wavelength, and NA is the
numerical aperture of the projection lens defined as NA = nsin@, being n the
refractive index of the medium above the resist and 6 the largest angle of
converging rays subtended from the resist.!* Hence, to improve resolution, one
can either reduce the wavelength of the incident light, the parameter k or

increase the numerical aperture.

The wavelength is determined by the type of light source (see Figure 2.2).
Until the late 1980s, high-pressure Hg discharge lamps with different working
wavelengths (436 nm for the g-line, 405 nm for the h-line and 365 nm for the i-
line) were used. These ultraviolet (UV) wavelengths have been the most used
for decades in the semiconductor industry and other industries that require
patterns above 300 nm such as flat screens televisions.® Later, Hg discharge
lamps were used to reduce the wavelength to approximately 250 nm, that were
soon replaced by powerful monochromatic excimer lasers such as krypton
fluoride (248 nm) or argon fluoride (193 nm) going to deep UV wavelengths.* At
193 nm, the difficulties increased: thin transparent films or pellicles were used to
protect the photomask from particulate contamination, and new photoresists
were developed due to the increasing unacceptable photochemical darkening of
the resist for the increasingly smaller wavelengths. A significant effort was made
to further reduce the wavelength using fluorine lasers (157 nm), however, this
evolution only encountered even worse difficulties: lack of organic pellicles, slow
progress in new photoresists, availability and cost of the lenses due to the

opacity of quartz at 157 nm, etc.’
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All the efforts were then devoted to improve the resolution by increasing the
NA. In gaseous ambient, air or nitrogen, the refractive index is very close to 1,
however, a fluid with higher refractive index can be inserted between the
substrate and the lens, resulting in a higher numerical aperture. This approach
is called immersion lithography. While dry-lithography offers a maximum NA of
1, the use of ultrapure water (n=1.44 at 193 nm) allows the production with
1.35 NA capability.*® As a drawback, it is important to take into account that
the liquid should not affect the resist (i.e. swelling, dissolution..) or interact

with the lens.
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Figure 2.2 Miniaturization trend in photolithography showing the increasing
importance of high NA systems as compared to the reduced source wavelengths.
Reprinted from Ref. 1.

To further improve the minimum linewidth, the ultimate approach is to use

resolution-enhancing techniques (RETSs), such as off-axis illumination, phase-
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shifting masks, and optical proximity corrections to lower the k factors (see
Figure 2.1). For instance, k; has been reduced from approximately 0.8 to 0.4
since the 1980s. However, this comes at the expense of a dramatic increase in
the cost of the technique, in turn limiting the use of the high-resolution

photolithography to only highly demanding applications.*

To sum up, although photolithography allows for large-scale production, it
may not be the most appropriate technique for plasmonics as it is still only cost-
effective for structures over half a micron, still too big for many practical
purposes. More complex approaches, such as the combination of a 193 nm light
source with the immersion procedure, the double patterning, and the phase-
shifting can achieve resolutions below 50 nm. However, this sophisticated
method rises the price of the writing tool to be of the order of $10M, plus the
cost of the specific mask, that increases quickly as the size of the patterned

features is reduced.®

Extreme UV (EUV) lithography, using a wavelength of 13.4 nm, seems to be
promising. It is currently under development in several companies (Intel,
Globalfoundries, Samsung and TSMC)™® and starting with volume
manufacturing.® In fact, the challenges of 3-nm and 5-nm node are already being

analyzed.™

2.2.2. Direct writing techniques

It is also possible to directly draw the desired pattern onto a resist layer
instead of employing a mask for the exposition as in the case of optical
lithography. Even though a focused light beam can be used to selectively expose
a photoresist with the desired pattern, in order to achieve higher resolution,
these maskless lithographies commonly use either electron or ion beams with

shorter wavelengths.
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Direct laser writing

An emerging tool for manufacturing 3D structures of interest for photonics is
based on direct laser writing (DLW) where the laser beam is monitored focusing
it along the three dimensions to "draw" the 3D design (see Figure 2.3). A beam
of an ultra-fast laser, which is highly focused inside the volume of a transparent
material with photoreactive monomers, produces the absorption of photons,
causing a local polymerization. However, the linear absorption of the
electromagnetic radiation by the monomer for polymerization limits both the
resolution of the technique to the wavelength of light and the penetration depth
into the material due to the strong linear absorption. Multi-photon absorption

can be used as an alternative method.!*!!
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Figure 2.3 Scheme of direct laser writing (left): DLW is used in combination with
plating to pattern 3D free-standing Au helices. (right) Scanning Electron Microscopy
(SEM) micrographs showing (a) a Focused Ion Beam (FIB) cut of the structures (b)
an oblique view and (c) a top view. Adapted from Ref. 12.

Two-photon absorption (TPA) is defined as the simultaneous absorption of
two photons of identical or different frequencies to excite one molecule from its
ground state to a higher state, being those two states separated in energy by the

sum of the energies of the two photons. As it is a second-order process, its
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strength depends on the square of the light intensity, being much weaker than
the linear absorption. If the laser is focused using a lens with high NA, the TPA
will only take place nearby the focal point, in a small region that can be less
than 1 pm in size. These can be extended to more complex processes including

the absorption of more photons.!

The material used for TPA is commonly composed of a monomer or mixture
of monomers and oligomers that will form the final polymer, and a
photoiniciator that will absorb light and provide the active species for the
photopolymerization. Both the monomer and the photoiniciator have to be
transparent to the laser wavelength and the monomer must be also transparent
to the TPA wavelength, while the photoiniciator should have a high absorption

cross section for this wavelength.!’

Electron beam lithography

Proposed in 1936 for microscopy, the use of accelerated electrons of 100 KeV
offers a source of radiation of 3.9 pm in wavelength (without considering

relativistic corrections).

Electron beam lithography (EBL) was first reported in 1960 and uses the
accelerated electrons to directly write the desired pattern in an electron
sensitive resist. For positive tone resists, such as polymethyl methacrylate
(PMMA), long chain polymers are broken into smaller pieces by the action of
the beam, becoming more soluble in the developer; while in negative tone
resists, for example hydrogen silsesquioxane (HSQ), smaller polymers are cross-
linked by the action of the beam, creating larger polymer chains with reduced
solubility. After the exposure, the resist is immersed in the developer either to
dissolve the fragments, in the case of positive resist, or the non-cross-linked
molecules, for negative tone resists. Then, the pattern can be transferred to the
substrate using either an etching process or a lift-off process which consists in

metallizing the whole sample and then removing the undesired metal areas by
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dipping the sample in an appropriate solvent to dissolve the remaining
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Figure 2.4 A schematic representation of the interactions between the electron beam
and the resist layer on a substrate. Reprinted from Ref. 3.

Electrons are typically produced by thermal or field emission from a fine
filament, and they are accelerated and focused on the sample via EM lenses.
The size of the beam can be smaller than 1 nm for the most advanced setups

1315 Here, the diffraction limit is no longer a

and of a few nm for normal ones.
problem, and the resolution is limited by the lens aberrations, the quality of the
resist, the substrate, and the processing conditions (energy, dose, development
time, and temperature). The final resolution of the pattern is affected by the
dispersion of the electrons due to diverse interactions (see Figure 2.4) as well as

the collapse of the patterns due to swelling and capillary forces, or the size

inhomogeneity of the patterned features (line edge roughness)."

The electron column is in vacuum to minimize gas scattering of the beam.
However, electrostatic repulsion among electrons widens the beam, which is a
problem that worsens with higher currents and lower energies. Besides, when
electrons go inside the resist layer, they start to collide, resulting in an

additional beam broadening at lower energies and for thicker resist layers.

29



Chapter 2. Nanofabrication and characterization of plasmonic nanostructures

Moreover, electrons that reach the substrate can be backscattered giving rise to
exposure of undesired regions, causing pattern distortion and overexposure. This
so-called proximity effect can be minimized by using thin membranes as
substrates. Finally, although secondary electrons, produced by inelastic
collisions of the primary electrons, have low energy and are only short range
(some nm) so their effect can be negligible for a distance over 10 nm, they

indeed could ultimately limit the highest achievable resolution of EBL.%3

It is also worth noting that electrostatic charging may be a serious drawback
in this kind of lithography, especially for non-conductive substrates where the
charge builds-up may cause beam deflection due to the absence of a mean to
dissipate the absorbed electrons. There are several approaches to overcome this
problem. A thin metallic layer on top of the resist that can be removed via
chemical etching prior to the development process is one of the alternatives;
however, this metallic film can result in electron beam scattering that decreases
sensitivity. Another option is to coat the substrate with a thin metallic layer
that can also be used as mask for a later etching step but sometimes this layer
is not desired. Moreover, it is also possible to spin-coat a conductive polymer on
top of the resist to avoid the charging effects, which reduces the broadening of

the beam as compared to metallic layers, thus offering a better resolution.®

Depending on the resist, the equipment, and the substrate, structures of even
less than 10 nm can be obtained. The throughput is smaller than in optical
lithography but it has the advantage of not needing the use of a mask. This
type of lithography is mainly applied to the fabrication of photolithography
masks and reticles, and to prototyping. In plasmonics, EBL is a reliable
technique for manufacturing structures with small features such as metallic

nanogaps or sharp structures that lead to hotspots.

Focused ton beam

In a similar way to EBL, Focused Ion Beam (FIB) uses an ion source instead

of electrons to write the pattern. As in the case of field emission electron beams,
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loosely bound atoms are ionized by large localized electric fields and accelerated
towards the sample through electrostatic lenses that focus the beam. The larger
mass of these ions as compared to electrons leads to shorter wavelengths and
smaller scattering inside the resist film, yielding an improved resolution that can

go below 10 nm.%!

FIB can also be used for direct patterning: the ions reaching the surface can
either mill away material following a predefined pattern (ion-milling) or deposit
a metal through the ion-beam aided decomposition of a precursor gas previously

placed in the chamber.

FIB is often used in industry to repair defects or for prototyping. It is widely
used in plasmonics to drill holes or slots in continuous metal films. For instance,
sub-5 nm holes have already been obtained with this technique that has also
been used to build antennas at the apex of Scanning Near-field Optical

Microscopy (SNOM) tips.”

Dip pen lithography

Scanning Probe Lithography emerged in the late 1980s and comprises several
approaches (near field optical lithography, scanning tunneling microscopy or
atomic force microscopy), all of them having in common the use of a sharp
scanning probe to produce local modifications (heat, scratch, oxidation or
substance transfer) on a surface.”” One of the most suitable techniques for
plasmonic applications among them is dip pen nanolithography (DPN), where
an ink-coated Atomic Force Microscopy (AFM) tip is used to draw on a surface.
It can also be combined with surface chemistry to locally link metallic particles
to the substrate. Even though its main drawback is the difficulty to scale up,
parallel arrays of probes have been used to create large patterns without the

need of a mask.>61®

Other techniques such as focused ion and electron beam induced deposition

have hardly been applied to manufacture plasmonic structures in part by the
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limited availability of gas precursors, in spite of the fact that they have proven
to be useful for the preparation of complex chiral structures such as helices.!%?
Laser ablation can also be considered as a direct write technique; however, it is

again limited by diffraction making its use very limited for plasmonics.
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Figure 2.5 Scheme of DPN: a water meniscus forms between the AFM tip coated with
the molecule ink and the substrate. Reprinted from Ref. 18.

2.2.3. Soft lithographies

Soft lithographies include a variety of techniques that use organic (‘soft’)
compounds to enable replication and pattern transfer. They are based on three
steps: (a) fabricating a patterned master; (b) molding this master to generate a
patterned stamp, and (c¢) generating a replica or a 1:1 projection of the pattern
on a surface by applying the stamp. The stamp is usually manufactured by
conventional lithographic tools and can be used to produce many molds and

replicas from the same master.
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Embossing and nanoitmprinting

Nanoimprint lithography (NIL) and hot embossing are high resolution
parallel patterning methods commonly used to go beyond photolithography's
resolution limit or when e-beam throughput is not enough. The basics of these
techniques are to replicate the pattern from a stamp by mechanical contact
onto a material where one wants to create the pattern thanks to the difference
between the mechanical properties of the material and the mold. This can be
done following different approaches such as patterning a liquid by pouring it in
a mold that is later cured with UV-light, or heating a thermoplastic material
above the glass transition to pattern it and then cooling it down. These patterns
can later be transferred to the substrate or an underlying film by etching. These

techniques offer resolutions below the 20 nm and high throughput.*
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Figure 2.6 Scheme of the mechanical properties for polymers with a glass transition
temperature (T,) around 100°C for normal process conditions showing the effect of
different molecular weights (M,). Notice the drop of G at T, (thermomechanical
properties between stamp and polymer become sufficiently different for repeated
molding) and T; (temperature at which viscosity drops to the needed values for

imprint). Reprinted from Ref. 22.
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Thermal NIL uses thermoplastic materials whose viscosity changes drastically
within tens of degrees making it possible to easily change its state from solid to
viscous in a reversible manner (see Figure 2.6). Along the process, the material
is heated 60-80°C above the glass transition temperature (Ty). Then, the stamp
is pressed against the material with a pressure on the order of 20-100 Pa,
forcing the displacement of the viscous material into the cavities of the mold.
When the patterns are transferred to the thermoplastic material, the latter is
cooled down while the pressure is maintained to keep the pattern. Once below
T,, the material becomes hard again and the mold can be detached. The most
expensive part of this procedure is the fabrication of the master mold. However,

this mold can be reused a lot of times.?®2"2

Care should be taken when choosing the appropriate polymer since its
molecular weight (M) will play a key role on determining both T, and the final
mechanical properties such as the stiffness, strength, and the viscosity. A widely
used polymer both in NIL and EBL is PMMA, that can be found in different
molecular weights. For EBL, higher M,, are desirable as they produce a higher
contrast between the exposed and unexposed regions. However, shorter polymer
chains are more suitable for NIL, usually some tens of kg/mol as compared to
over 500 kg/mol for EBL. The reason for that is two-fold: firstly, shorter chains
are expected to have higher mobility to fill the cavities in the mold. Secondly,
with increasing M, there is also an increase in the dependence of viscosity with
temperature. Besides, T, (around 105°C) is low enough for shorter chains to
enable performing thermal NIL below 200°C but high enough to ensure the

endurance of the hard phase of the polymer during the etching process.??>2

2.2.4. Lithographies based on self-assembly

Whereas the previously addressed methods rely on the use of a mask or on
controlled scanning with a beam or a tip, here, a set of lithographies based on

self-assembly phenomena in different physical systems are commented.?
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Colloidal or nanosphere lithography

This is a high-throughput, cost effective and large-scale, compatible technique
that has been widely used for plasmonics, especially for Surface Enhanced
Raman Spectroscopy (SERS). This method combines the advantages of both
top-down (due to the use of structured layers) and bottom-up (due to the self-

assembly of particles) fabrication techniques.5!"%

Here, a flat substrate is coated with a suspension of monodisperse spherical
colloids, typically polystyrene or silica spheres after a chemical treatment to
enhance hydrophilicity. Upon drying by thermal or laser pulse deposition, they
self-assemble in a hexagonal-closed-packed (hcp) monolayer or bilayer called
colloidal crystal mask. This mask is used to selectively pattern the substrate by
depositing the desired material through the interstices of the ordered spheres.
Then, the mask is removed by sonication or stripping leaving an array of
ordered structures on the substrate. Annealing is sometimes used to crystallize

the sample or induce a crystallographic phase transition.!%1727:2

(a)

Figure 2.7 A modification of the typical normal metallization to obtain double triangles
is shown here.(a) Scheme of the fabrication process: 1. Nanosphere deposition; 2.
Metallization with tilt angle -®,;3. Metallization with tilt angle ®.; 4. Removal of the
spheres. (b) SEM micrograph showing the resulting structures for tilt angles -5 and 5°.
Reprinted from Ref. 29.
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Holes can also be drilled in the substrate by modifying the general process
adding etching or heating treatments. Nanorods, nanowires, nanopillars and
nanotips can also be manufactured by catalytic deposition and overlapping
structures, nanogaps and chains by the use of angleresolved nanosphere

17,28,29

lithography (see Figure 2.7).

Nanosphere lithography offers, therefore, the chance to produce nano-objects
in large ordered arrays, with a controlled density and a certain flexibility to
choose the material of both the substrate and the nanostructures, being its main

drawback the fact that the resulting pattern is limited to hexagonal lattices.!”

Block copolymers

Patterning of nanometric features can also be done using block copolymers
(BCPs), a polymer with two or more different chemical blocks strongly bonded

to each other.

Directed self-assembly of block copolymers combines a lithographic tool with
the ability of BCPs to self-assemble. Two approaches can be used to control the
orientation and alignment of the BCPs: (i) graphoepitaxy, in which a
topographical pattern (i.e. trenches or holes) is created, for example, via EBL;
and (ii) chemical epitaxy, in which chemical patterns, instead of topography,
are used to guide the assembly, based on the fact that the modified areas
present a larger affinity to one of the blocks. Then, this assemble can be used to
create nanometric patterns, for example, by selectively removing one of the
blocks via etching and transferring the patterns to an underlying material,

reaching feature sizes on the order of a few nm.?-%

Although still not very extended, some works have proved the usefulness of

BCPs in the field of plasmonics.*
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2.3. Nanofabrication for plasmonics: special issues to solve

One typical problem in plasmonic applications is related to the poor adhesion
of metals, especially to oxide substrates. Ti and Cr are common materials to
promote adhesion, which is proved by AFM measurements. However, the use of
Cr and Ti has strong effects on the plasmonic response of the nanostructures,
showing visible effects even for 1 nm thick layers.%**3 The use of Cr and Ti
oxides seems to be a better option, since the damping of the resonance is lower
and the fluorescence enhancement, when occurring, is less affected. Besides,

different groups are studying other possibilities to circumvent this problem.6=7

Dissipative loss is one of the problems to overcome, as it is even further
increased by the surface roughness that appears especially for the case of e-beam
or sputtering metallization. Metals such as Au and Ag are the most widely used

materials thanks to their small ohmic losses and their high DC conductivity.

Related to this, there is another crucial aspect: the crystallinity of the
deposited materials. While chemical synthesis can provide crystalline structures,
the films deposited by sputtering or e-beam evaporation show a granular
structure.®®® Ditlbacher et al. compared the results for a crystalline silver
nanowire synthesized by a chemical route to an analogue one manufactured by
EBL that showed surface roughness and poly-crystallinity, proving the
importance of highly crystalline structures for having large surface plasmon
propagation lengths.* To circumvent these difficulties, different approaches
have been proposed. For example, Bosman et al. used encapsulation of EBL
patterned nanostructures with HSQ to thermally anneal the sample, what gave
rise to reduced grain boundaries while shape was preserved, resulting in Q-
factors of the structures comparable to those of single crystals.* Self-assembling

chemically synthesized nanoparticles in lithographed traps is another approach,

as shown by Flauraud et al.*
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Last but not least, there is the issue of material compatibility with existing
processes such as complementary metal-oxide-semiconductor (CMOS)

technology .’

2.4. Characterization of plasmonic nanostructures

To be able to optimize their response, plasmonic nanostructures should be
characterized geometrically and optically. To perform their structural
characterization, the most spread techniques that allow for nanometer resolution
are AFM, Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM).

However, the optical characterization can be somehow challenging due to
limitations imposed by the diffraction limit. Here, some of the most widely used
techniques will be described briefly, classifying them in two big groups

depending on which optical regime they operate: far-field or near-field.

24.1. Far-field characterization

Traditional techniques based on far-field configurations consisted in analyzing
the absorption and extinction that the sample caused in the incident beam by
collecting either the transmitted or the reflected light. In these techniques, the
image of the particles or molecules appear darker than the bright background
and that is the reason why they are known as bright-field methods. However,
when a conventional bright-field microscope is applied to the study of
nanometer particles, that provoke a very small effect in the total absorbed or
reflected light, the obtained contrast is usually very small even with modern
detectors and light sources. To improve this contrast, scattered light is usually

studied with different set-ups designed to block the incident light.

Dark-field microscopy

The fundamental idea behind dark field techniques relies on the fact that the
incident beam is somehow blocked and only an outer ring of illumination is left.
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The scattered light is collected to form the image while the transmitted or
reflected light is not. Nanoparticles or nanostructures appear bright in the
image against a dark background, hence the name of dark-field. Therefore,
better resolution than for bright field microscopy can be achieved thanks to the

improvement in the signal-to-noise ratio.
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Figure 2.8 Configuration of a dark-field microscope. Reprinted from Ref. 41.

This idea was first exploited by Richard Zsigmondy, who was awarded the
Nobel Prize in Chemistry in 1925 for giving the idea that led to the invention of
the ultramicroscope to characterize the aggregation of colloidal nanoparticles in

solution by analyzing the changes in the dark-field scattering spectrum.
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Nowadays, this technique is extensively used for imaging as well as for several

spectroscopies.*?

FTIR spectroscopy

Fourier transform infrared (FTIR) spectroscopy is based on the use of a
Michelson interferometer in which the coherent incident beam is split into two
equal parts by a beam splitter. One half is reflected to a fixed mirror and the
other one is transmitted to a movable mirror. The beams are later recombined
after introducing a small difference in their optical path to create an
interference pattern (see Figure 2.9). The resulting signal is called interferogram
and contains information coded at each frequency, meaning that the whole

range of frequencies is analyzed at once, resulting in really fast measurements.

An incident light beam is impinging on the sample and transmitted (or
reflected) light is collected by an optical microscope coupled to a Fourier
transform spectrometer that analyzes the difference in intensity as a function of
the mirror position (7.e., the optical path difference). Thus, the transmission or
reflection spectra normalized to a reference measurement which is usually taken
from a bare transparent substrate (e. g. glass) background for transmission, and
a mirror (Ag or Au) for reflection, are obtained through the Fourier transform

of the interferogram.

The spectral resolution is determined by the retardation of the moving mirror
within the Michelson interferometer: to double the resolution, the mirror needs

to be moved twice the original distance.***

One of the advantages that FTIR presents is its multiplex character: each
sampling contains information from all the wavelengths of the incoming light as
compared to traditional dispersive instruments where each measurement point
corresponds to a single wavelength. Another advantage is the absence of slits in
the optical path that allows more light to reach the detector improving the

signal to noise ratio.
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Figure 2.9 Schematic diagram of a Michelson interferometer configured for FTIR

spectroscopy.

2.4.2. Near-field characterization

Near-field optics uses light emerging from a subwavelength aperture or
scattered by a subwavelength metallic tip or nanoparticle that shines on an
object placed in close vicinity (<wavelength) of the subwavelength light source.
It is worth noting that light in the near-field regime has a non-propagating,
evanescent character that is associated with an electric field showing quick

exponential decay with the distance from the subwavelength source.

Near-field characterization benefits from the existence of evanescent waves at
the interfaces between the metal and the dielectric, that is, they exploit the
ability to concentrate the light in the close vicinity of the metal surface,
achieving resolutions below 100 nm. To overcome Abbe's diffraction limit,

Synge proposed in 1928 the use of the near-field regime of light for imaging.*®
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However, the implementation was not easy as it needs nm accuracy actuators
capable of moving sensors a few nm from the sample and the first use of a near-
field microscope was in 1972 by E. A. Ash and G. Nicholls who reached a
resolution better than A/60. The first optical image was recorded at IBM in
1984 by D. W. Pohl and coworkers and the first IR image came out in 1986
recorded by G. A. Massey.!”

SNOM

The most widely used probe consists in a very small optical tapered fiber in
the form of a tip which is coated on the outside with a reflective aluminum
layer. Light propagating through this tip may yield an optical resolution only
limited by both the size of the aperture on the apex of the tip (typically around
50 nm) and the distance from the sample. An image is obtained by scanning the
tip along the sample; hence the name of near-field scanning optical microscopy

or scanning near-field optical microscopy (SNOM).

The SNOM takes advantage of the evanescent electric field that exists
around the tip to produce the optical excitation of very localized areas of the
sample. These evanescent fields carry high frequency spatial information and
decay exponentially with the distance from the tip. Therefore, it is necessary to
place the sample in the near-field region of an evanescent light source and
collect the scattered light to form an image. The local probe ensures a confined

photon flux between the probe and the sample surface.

2.5. Applications

The ability of plasmonic nanostructures to confine optical energy in

subwavelength volumes has been exploited for applications like bio-sensing, 049

53,54

50-52

non-linear optics or solar energy harvesting, where the efficiency is
increased thanks to the extreme localization of the electromagnetic fields, or in
optical elements, interconnects or chips where the strong confinement offers the

possibility to obtain dense packing and reduce the size.

42



Chapter 2. Nanofabrication and characterization of plasmonic nanostructures

Localized surface plasmon resonance (LSPR) strongly depends on the
refractive index of the embedding medium. Hence, it has been used for
colorimetric plasmonic sensors. Also, the strong localization of the EM field
around metallic nanostructures, that extends into the surrounding medium
(around 30 nm) and decays exponentially (for the dipole approximation), has
been used to enhance optical processes such as plasmon-enhanced fluorescence,

surface-enhanced Raman scattering or surface-enhanced infrared spectroscopy.?’

2.5.1. Sensing

Plasmonic nanoparticles have been exploited as platforms for sensing in
different ways (analytes in environmental monitoring, homeland security,
biomedicine...). On the one hand, the fact that SPR depends strongly on the
refractive index of the embedding medium has been used in SPR sensors, where
the change in the refractive index is detected as a shift in the resonance. On the
other hand, the enhancement of the EM field is used to increase the efficiency of
optical processes, which are wusually very inefficient, for example in

spectroscopies such as Raman, fluorescence or IR.

The high sensitivity of LSPR has also been used to design the so-called
plasmonic molecular rulers, which are based on the strong dependence of the
optical response to the distance between coupled particles. This effect is applied
to measure label-free, both the size and structure of biomolecules, or to observe

binding processes in real time.*

SPR sensing

Here, the sensor is based on the frequency shift of the plasmon resonance to
act as a transducer of the sensing signal. Both SPP and LSP can be exploited.
The wavelength of the SPR peak varies linearly with the refractive index of the
surrounding medium according to the Drude model and the sensitivity, .S, of the
sensor (S = Ad,/An, where A, is the plasmon resonance wavelength and n the

refractive index of the medium) can be expressed in units of nm per Refractive
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Index Unit (RIU). To evaluate the performance of the sensor, a figure of merit,

FOM, defined as FOM = S/FWHM can be calculated, where FWHM stands for
full width at half-maximum of the SPR peak. We can find chip-based or

colloidal based sensors, that rely on the same physical principle.47

To enhance the optical response, the peak of the plasmonic element can be
overlapped to the absorption band of the chromophore that binds to the

metal. 047

This type of sensor offers label-free detection (eliminating the need of
different antibodies like in enzyme-linked immunoabsorbent assay, ELISA) and

real-time measurement of reaction kinetics to study binding events.47

Plasmon-enhanced fluorescence sensors

Plasmon-enhanced fluorescence sensors use fluorophore labels coupled with
the highly confined fields of surface plasmons (SP), an interaction that can be
engineered to enhance emitted fluorescence light allowing for improved detection

limit and shorter analysis time.

The coupling between plasmons and fluorophores can happen at the
fluorophores absorption and emission wavelengths, altering their transitions
between the ground state and the higher excited states.® The fluorophores have
long-lived excited states (nanoseconds) that radiate strongly after thermal
relaxation, while the plasmon relaxes almost instantanecously. The energy
transfer between plasmons and fluorophores is dominated by dipole-dipole
interactions and is determined by the separation distance. When the separation
is below 10 nm, the non-radiative field of one dipole can excite the surrounding
ones, phenomenon which is known as Forster resonance energy transfer

(FRET), and has an efficiency given by:

1
Ef frrer = — &

1+(R%)
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being R the separation distance and R, a factor that depends on the spectral
overlap between the donor's excited state and the acceptor's ground state

absorption.

The second enhancement possibility is through the Purcell effect: if a
radiative dipole is located within a resonant cavity, the emission intensity is
amplified on-resonance and quenched off-resonance because the cavity modifies

the local density of optical states (LDOS):*

pLpos(@)~|Ejoc(w)]?

where |E;,c(w)|? is the local electric field of the cavity normalized to the

incoming intensity.

The overlap between the plasmon and the fluorophore determines which of
the two effects is actually present and whether it leads to either enhancement or
quenching of the signal. If the plasmon overlaps with the fluorophore's
absorption, the excitation rate will be enhanced. For small metallic
nanoparticles where absorption dominates, fluorescence will be enhanced
through FRET. For larger particles which mainly behave as scattering centers,
FRET will be possible at small distances (around 10 nm) and Purcell effect at
longer distances (10-50 nm). Purcell enhancement for the plasmon's radiation is
usually negligible because the LDOS of the fluorophore is negligible. Hence, the
enhancement is primarily coming from FRET at distances of few nm. If the
plasmon overlaps with the fluorophore's emission, enhancement or quenching is
possible. If the fluorophore is within a few nm of the plasmon, the signal will be
quenched through FRET. At longer distances, an strong enhancement thanks to

Purcell effect may happen.*

Enhancement factors through this effect over 1000 have been reported.®

Surface enhanced infrared absorption (SEIRA)

Surface enhanced infrared absorption (SEIRA) and, in particular, on-

resonance SEIRA, is a key tool for detecting molecules even down to single-
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molecule detection, since most molecules have their characteristic absorption
bands in the mid-IR region of the spectrum. However, the molecular absorption
cross-sections of mid-infrared vibrations are very low (of the order of 10% cm?),
requiring large amounts of material for their effective detection. Discovered in
1980, the presence of a thin film of Ag nanoparticles with plasmonic resonances
in the visible gives rise to an enhancement by a factor of 20 of the infrared
vibrations of the molecular film beneath the nanoparticles. However, this factor
can be much bigger (approximately five orders of magnitude) when the
resonances of the plasmonic nanoparticles are engineered to match the
vibrational modes of the molecules to be detected.’” This "resonant” SEIRA was
first discovered by Neubrech et al. in 2008 and was applied to detect 50

attograms of analytes placed on a single nanoantenna.>
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Figure 2.10 (a) Characteristic IR vibrations of some molecular species. The hatched
part corresponds to the fingerprint region containing skeletal vibrations. (b,c) Resonant
SEIRA: IR vibrations of molecules located in the enhanced electromagnetic near-field of
a plasmonic nanoantenna are enhanced if the plasmon (red) is resonantly matched to
the molecular vibration (blue). Reprinted from Ref. 57.
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Surface enhanced Raman Spectroscopy (SERS)

SERS refers to the phenomenon in which the Raman scattering from
molecules is enhanced thanks to the presence of metallic structures in close
vicinity. The response is a 'fingerprint" of the vibrational spectra of every

molecule, providing a way for molecular identification.*’

The total enhancement in SERS comes from two contributions: the chemical
and the EM enhancements of the signal. The first one may imply an increase in
the rate of the conventional Raman scattering between one and two orders of
magnitude and is related to the charge transfer between the adsorbed molecules
and the metallic structures. However, the second contribution is by far the most
important one and its effect may increase the conventional Raman scattering
rate by a factor as large as 10°. This outstanding effect is associated with the

large enhancement of the electric field in the vicinity of metallic nanostructures.

The enhancement factor of SERS (EFsgrs(Asgrs)) is given by the equation:®
EFsgrs(Asers) = |Eout(D)?||Eout (A5)?1/1Eol*

where Ey is the incoming field, E,,;(4) is the local field at the incoming
wavelength A, and E,,;(1;) the electric field at the scattered wavelength As.
Taking into account that AA=A;—A is usually much smaller than the
linewidth of the surface plasmon mode, and therefore, Eyy(1)? = E e (As)?, the

previous equation can be approximated to:

EFspps (ASERS) = |E0ut (1)4 |/|Eo |4

SERS offers the advantages of being a tool for detecting a unique spectral
signal of the analyte without interference with water, easy sample preparation,
multiplex detection with a single excitation laser, high throughput, and ease to
implement in point-of-care applications with single-molecule sensitivity. Thus, it
is a technique widely used for bioaaplications,’” and manufacturing different

substrates and plasmonic nanostructures for SERS is a very active field.*
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2.6. Conclusions, limitations and outlook

Along this chapter, some of the fabrication tools, the characterization
techniques, and the applications, in particular those related to enhanced
spectroscopies, have been covered. The thrilling development of plasmonics has
been reflected in the emergence of an innumerable variety of techniques for the
obtaining and the analyses of plasmonic nanostructures. The outlook in the field
seems promising: thanks to the applications found in very different areas,
plasmonics has attracted a lot of attention. However, realizing practical
applications ready for commercialization is still an issue. Nowadays, only a few
of companies are commercializing plasmonic products for sensing (Renishaw
Diagnostics, Cabot Corporation, Causeway Sensors...). Nevertheless, experts in
the field believe that the gap between research and industry will be soon
overcome. Photo-thermal cancer treatment is in clinical trial. Several companies
work on thermo-optical plasmonic modulators for Si photonics. Some experts
foresee that we will soon see heat-assisted magnetic recording based on the fact
that major magnetic recording companies like Seagate have already moved on
their research activity to this new field and that it could be the major success of
the field together with sensing.’” Meanwhile, efforts in this research field will
continue to grow, enabling eventually the transfer of knowledge that will make
possible the appearance on the real market of a plethora of products based on

plasmonic applications.
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In this section, the fabrication,
simulation and optical
characterization of Au cylindrical
nanocups is presented.

Inspired by the easy tunability of
the well known core-shell plasmonic
nanostructures and open shell
structures, we have gone one step
further fabricating ordered arrays of
nanocups with a key difference: its
cylindrical structure.

Simulations show that, for certain
geometries, our nanocups present an
homogeneous enhancement of the
electric field in the cavity, that is
not allowed in the most extended
spherical structures due to the lack
of symmetry.

The fabrication process, based on
a combination of nanoimprint
lithography  and  non-directional
metallization, allows for an easy
tunability of the geometric
parameters. Besides, it is low cost
and can be implemented in large
scale manufacturing.






IChapter 3

Fabrication of cylindrical nanocups

by NIL and sputtering metallization

3.1. Introduction

Gold nanocups or semishells have been the focus of interest of many studies

1'% as well as the results that

thanks to their adjustable plasmonic response,
appear due to the symmetry breaking they present as compared to complete
shells.!*® Inspired by the easy tunability of core-shell nanoparticles,” nanocups
offer the possibility to engineer their plasmonic response as a function of the

geometrical parameters, ¢.e., diameter, height and wall thickness.

Several routes have been used to fabricate cup-shaped nanostructures. Most
commonly, chemical synthesis or a combination of chemical synthesis with other
physical techniques, such as reactive ion etching (RIE) or metallization, have

2 To avoid interparticle effects,

been used to obtain hollow semi-spheres.
nanoparticles can be sparsely dispersed on the substrate, which results in a
weak response of the system. Otherwise, when nanoparticles are more densely
deposited, interparticle interactions may give rise to an uncontrolled response.
However, for certain applications, it is of vital importance to dispose the
structures ordered on a substrate to control the interactions between the
plasmonic entities. One approach is to benefit from the self-assembly of
nanoparticles. For instance, the use of polystyrene spheres allows for ordered

arrays of hollow nanocups following a hexagonally-closed-packed distribution,?
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but the geometric arrangement of the nanoparticles is limited just to that

distribution.

For a more versatile control of the lattice geometry, other methods, such as
direct write lithographies or soft lithographies can be used, being the latter a
better option to achieve cheap and large-area results, opening up the possibility

for commercialization.

In this manuscript, thermal NIL has been used to obtain hollow cylindrical
nanostructures. This technique permits a precise control of the geometric
parameters, allowing to freely design the arrangement of the structures on the
substrate. Besides, NIL is cheap, has high throughput, and in fact, is a

technique that is already implemented for mass manufacturing.

However, NIL also has some limitations. In particular, it is not easy to obtain
high-aspect ratio structures due to the difficulty of filling high-aspect ratio
cavities and the later separation of the imprinted structures from the stamp.®
To overcome these problems, we propose the use of a trilayer configuration
(resist-oxide-resist), for which the bottom resist layer, that controls the height
of the structures, is decoupled from the top layer where the NIL process is
performed. In addition, the intermediate oxide layer acts as a hard mask to etch

the bottom layer, making it possible to obtain high-aspect ratio nanostructures.

Moreover, in contrast to most of previous works which show semi-spherical
structures such as semishells, open spheres, or voids, we present cylindrical
nanostructures with a constant diameter along the height of the nanostructure.
This cylindrical symmetry becomes really handy in enabling the excitation of

uniform modes inside the cavity.

3.2. Fabrication method

Hollow cylindrical nanostructures (nanocups) were fabricated by following a
tunable cheap method that yields high throughput, permits easy changes of the
aspect ratio and offers a precise control of the nanostructure's geometry. In
particular, the arrangement of the nanostructures on the substrate provides an

easy way to control the interaction and plasmonic response of the individual
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structures and is essential for plasmonic applications. Moreover, different
materials could be combined without increasing the difficulty of the fabrication
process, to obtain, for example, multifunctional nanostructures, or combine the
plasmonic response of different materials. The method, sketched in Figure 3.1, is

based on a combination of NIL and non-directional sputtering metallization.'!

(a) (b) (c)
PMMA 75k
Sio,
PMMA 950k
Trilayer After nanoimprint lithography = Reactive ion etching
(d) (e)
B Substrate
B Bottom resist layer
Bl Silicon oxide layer
B Metal (Au)
Stam
Sputtering metallization Lift-off - P

Figure 3.1 Sketch of the fabrication procedure to obtain nanocups.

3.2.1. Mold

The fabrication of the mold is the most expensive stage; however, the mold

can be reused hundreds of times.

Molds can be classified in hard and soft molds. Hard molds are usually made
of quartz or Si, and are characterized by their rigidity, durability and the easy
way to clean them. Soft molds are made of polydimethylsiloxane (PDMS) or
plastic, which allows nanoimprinting on curved surfaces. They have, usually,
fewer defects, but the patterns are easier to deform worsening the final
resolution of the nanostructure. Hybrid molds, which are a combination of both
cases where the soft and hard parts are attached together, overcome most of the

limitations previously commented.'?

59



Chapter 3. Fabrication of nanocups by NIL and sputtering metallization

In our case, and due to the fact that the desired structures were of the order
of 350-500 nm, Si molds were fabricated by photolithography followed by an
oxidation process to reduce dimensions (see Figure 3.2). To do so, a commercial
reticle (Photronics) was designed to fabricate holes with different pitch and

diameter, ranging from 0.7 to 2.5 um pitch and 350 to 500 nm diameter.

a b c
(a) (b) LGHT (c)
(N B B
OID 620
Si substrate with OID 620 Photolithography Development
(d) (e) (f)
Reactive ion etching Oxidation process Anti-sticking layer
B Silicon Silicon oxide
B Resist OID 620 Il Anti-sticking layer of silanes
Bl Mask

Figure 3.2 Sketch of the fabrication process to obtain the molds for the thermal NIL.

Photolithography

A 600 nm layer of positive resist (OID 620) was used for the
photolithography procedure.

In positive resists, the exposed regions become soluble due to chain incision,
i.e., the irreversible breaking of the covalent bonds in the polymer, which
reduces the mean molecular weight, increasing its solubility. On the contrary, in
the case of negative-tone resists, the polymer molecules are cross-linked, forming
additional covalent bonds between chains that in turn results in an increase of
the molecular weight, reducing its solubility, and therefore the exposed area will

remain after the development.'
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Photolithography was performed with an i-line stepper (NIKON NSR 1505-
G7) whose theoretical resolution is ~350 nm. Several patterns were processed in
separate wafers to optimize the results, by adjusting the exposition time
(between 340 and 370 ms) and the offset focus (between - 0.2 and 0). In each
wafer, 52 molds of 1x1 cm? were obtained, each of which can be used for many
imprints. In this way, the fabrication of molds is also low cost, being the reticle,

the only important investment to make.

Reactive ion etching
To transfer the pattern to the Si, dry etching, in particular, RIE is used.

In dry etching, chemically reactive neutrals, like F and Cl, and ions, such as
SF.*, formed by the collision of molecules in a reactive gas (such as SFs, CiFs,
or Cly) with a cloud of energetic electrons excited by a RF field, are accelerated
under the effect of an electric field towards a target substrate. When the process

implies ion bombardment, it is called RIE.™"

ALCATEL AMS-110 DR from the IMB-CNM clean room facilities was used
to etch the samples. The RIE was performed in a three-step process. First, the
native silicon oxide layer was etched for 30 seconds using 50 sccm of C.Fs, under
a pressure of 0.3 Pa and a source and a chuck power of 1800 and 50 W,
respectively. Afterwards, a mixture of CiFs (30 sccm) as passivating agent and
SFs (20 sccm) as etching agent at a pressure of 2 Pa, and a source and a chuck

power of 220 and 20 W were used to etch the Si.

The length of the second step can be modified to adjust the height of the
obtained structures. The time can be increased up to the moment in which
resist mask completely disappears. At that time, the maximum height is
obtained, which in our case corresponds to 130 nm. Finally, to eliminate the

resist, oxygen plasma is performed.

When examining the molds in the SEM we observed some residues that were
eliminated in a stripper solution for 10 minutes followed by 10 minutes in water,

in an ultrasound bath at 60°C.
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Oxidation

When the desired dimensions for the final structures are beyond the
resolution of the stepper, one can reduce the size of the features of mold's
patterns by oxidizing them and then removing the oxide layer, being this
procedure much cheaper and faster than other alternatives such as direct

writing techniques.

Thermal oxidation of Si is done by heating the wafer up to high temperatures
(900-1200°C) in an atmosphere containing oxygen or water vapor that diffuse

through Si. Hence, oxygen combines with Si to form SiO, via:
Si + O, — Si0Os
Si + 2H,O — SiO. + 2H,

During the process, Si is consumed as the oxide grows and the oxide
expands.'* When a layer of oxide of thickness t is grown, the initial Si is reduced
by 0.46t¢, meaning that if cylinders had a diameter D, the final diameter would
be D-0.92t (see Figure 3.3).

«D

Figure 3.3 Sketch of the oxidation process. From the thickness of the grown oxide layer
(t), 46% corresponds to the actual reduced thickness of the Si layer, and 54% comes
from the expansion of the SiO. lattice with respect to that of the Si.

To do so, the BTU-Bruce diffusion furnace at the IMB-CNM clean room
facilities was used. Before the oxidation, a thorough cleaning of the molds was
performed to eliminate impurities and organic residues. The molds were put
inside the furnace at 400°C under a flow of N.. Then, the temperature was
increased up to 1000°C under a flow of 6000 sccm of N, and 1000 sccm of O»
with a ramp of 2 hours. The main oxidation process took place at 1000°C and
under a flow of 7500 sccm of O.. The duration of the oxidation process was
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adjusted depending on the desired oxide thickness. After that, the temperature
was decreased and fixed to 600°C during 1.5 hours under a flow of nitrogen and

finally reduced to 400°C.

The oxide layer growth is not a linear process: as the oxidation goes on,
oxygen must pass through a thicker oxide layer to reach the Si and the growth
rate decreases.* In our case, the maximum thickness that could be obtained was
approximately 100 nm. Hence, when more than 100 nm of oxide are required,
the SiO; layer has to be removed by wet etching before the oxidation process is

repeated (see Figure 3.4).

(@)

Figure 3.4 SEM image of (a) a cylinder of the mold after the oxidation where the
conformal layer of oxide is visible; (b) the resulting cylinder after the removal of the

oxide layer.

Functionalization

The molds were functionalized with an anti-sticking layer of silanes
(1H,1H,2H,2H-perfluo-octyltriethoxysilane, FTS13, from Sigma Aldrich) to
prevent them from sticking to the resist. First, to enhance the formation of OH-
groups, the molds were exposed to oxygen plasma. Subsequently, silanes were

deposited by vapor deposition in a nitrogen atmosphere for 1 hour.
3.2.2. Fabrication of the sample

Substrates

Substrates should be chosen according to later applications. In this thesis,

glass substrates (LH24.1 precision cover slips from Carl Roth GmbH + Co. KG)
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were chosen for their transparency in the visible and near infrared regions of the

spectrum, allowing for the later transmission measurements.

Another approach applied along these pages is the use of a metal-insulator-
metal stack. This is a widely used technique in plasmonics that consists of an
optically thick metallic layer and a dielectric spacer on top of which the
structures are fabricated. This scheme is used either to couple the propagating
modes in the metallic layer to the localized modes in the structures or to reflect

light and enhance the response by coherent interference.’ >

The fabrication process requires a thorough cleaning of the substrates as any
dust particle or impurity will affect the final quality of the sample. Therefore,
substrates were cleaned in an ultrasonic bath at 40°C for 10 minutes in acetone,
followed by 10 minutes in isopropanol and dried with a nitrogen gun. To
complete the cleaning process and improve the subsequent spin-coating, the
substrate was also subjected to oxygen plasma at 500 W in TEPLA for 5

minutes.

Trilayer stack

One of the limitations of nanoimprint lithography is the aspect ratio,
especially during the demolding.!” To overcome this limitation, a trilayer stack
can be used.” The trilayer is composed by a bottom resist layer, which will
determine the height of our nanostructures, a thin oxide layer, than will act as a
hard mask during the etching, and a top resist layer where the patterning of the
sample is performed. Consequently, the height of the structures is no longer

linked to the imprinting step and better results can be achieved.
Bottom layer

A wide variety of resists can be used, in principle, being the desired thickness
the key parameter to choose the most suitable one. For the samples presented
here, PMMA 950K A7 (Microchem) was used since our objective was to spin-
coat layers of resist around 400-600 nm. Several values of speed were used to
obtain structures of different heights. In some cases, the resist was diluted in

anisole to reduce the thickness of the layer.
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Thin oxide layer as hard mask

A layer of silicon oxide was used as a hard mask. This layer is deposited by
Plasma Enhanced Chemical Vapor Deposition (PECVD) (Oxford 800Plus).

PECVD is a chemical vapor deposition technique (CVD) whose working
principle relies on the controlled reaction of a precursor gas that results in the
deposition of the reacted species on a heated substrate. In the case of PECVD,
not only thermal energy but also an RF-induced glow discharge is used to
provoke the reaction. Usually, a carrier gas is used, most commonly N», to allow
the substrate to remain at a lower temperature than in the case of CVD. The
glow-discharge, generated by an RF-field, creates free electrons with enough
energy to dissociate the reactant gases to form the solid film on the substrate.
PECVD allows for low deposition temperature, good dielectric properties, low

mechanical stress and good conformal step coverage.”

Here, SiO; is deposited by reacting 25 sccm of silane (SiHi) with 1000 scem of
nitrous oxide (N-O), using N, as a carrier, 955 sccm. The process is performed
on the substrate with the top layer of resist, and hence, care must be taken to
keep the temperature low. Therefore, the process is performed at 150°C with an

RF power of 100 W and a pressure of 1000 mTorr.

This layer has to be thick enough to endure the etching process. However,
the thicker it is, the more material will be deposited during metallization and
the more clogging of the cavities one will have. So, it will be harder to properly

metalize those cavities.

Top layer

The top resist layer is the place where the patterning process is carried out.
Thus, the resolution achievable with a specific resist is a key point. Mr-I PMMA
75k (Micro Resist Technology) has been used. The thickness of the resist layer
has to be fixed according to the height of the structures of the mold in order to

reduce as much as possible the residual layer after the imprinting of the mold.

As explained before, the fact that the patterning process only affects the top

layer means that one could, in principle, spin-coat a bottom layer as thick as
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desired to obtain high aspect ratio nanostructures as the bottom layer does not
affect the patterning layer at all. However, this fabrication method has still

some limitations that will be discussed later.

Nanoimprint lithography (NIL)

To create the patterns by thermal NIL; the sample has to be heated above
the glass transition temperature (T,) of the resist (114°C for PMMA, depending
on the commercial brand®’) to make it flow; usually 50 to 80 K above T,. In our
case, the sample is heated up to 180°C and kept for 2 minutes at constant
temperature to achieve thermal stability. Then a pressure of 40 bar is applied
during 5 minutes to ensure the resist fills all the cavities of the mold.
Afterwards, the sample is cooled down below T, before demolding (at 80-90°C)
so that the resist becomes hard enough and the patterns remain with the

minimum possible distortion.

Reactive ion etching

This is probably the most delicate step of the fabrication process and it

requires high precision in adjusting the times. It is composed of two steps.

The first step is used to etch the residual layer left after the NIL process
(that is, the resist that remains in the holes we wanted to make) and the oxide
layer. The top resist layer acts as a hard mask to etch the oxide. This is done
using 50 sccm of CiFs, a pressure of 0.6 Pa and a source and chuck power of 450
and 50 W, respectively. The duration of the process has been varied for different
top layer thickness, oxide thickness or mold height from 50 seconds to 1 minute
30 seconds. Also, in case the residual layer is too thick, oxygen plasma can be

applied for some seconds to reduce it before etching the oxide layer.

Secondly, the bottom layer is etched until the desired undercut is obtained
(oxygen plasma produces an isotropic etch in the PMMA) while the oxide acts
as a hard mask. The parameters used for this step were: 15 sccm of O, a source
power of 200 W, a chuck power of 15 W, a pressure of 0.1 Pa and various times

depending on the thickness of the bottom layer and the desired undercut. Both
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procedures have been carried out in the DRIE AMS-110 from the IMB-CNM

clean room.

Besides, same results have been obtained using Oxford 80Plus in the
Laboratori d'Ambient Controlat of Universitat Autonoma de Barcelona where a
mixture of O, and CHF3 is used for the first step and O plasma is also used for

the second step obtaining equivalent results to those from the AMS-110.

Figure 3.5 Scheme (left column) and SEM images (right column) of the etching process.
(a) and (b) correspond to the first step of the reactive ion etching, where the SiO. layer
is etched. (¢) and (d) show the final etch, where the bottom resist layer is etched while
the Si0Os layer acts as a mask.

Metallization process

Depending on the type of metallization, different structures can be obtained.
When using electron beam evaporation, as it is a directional method, solid
structures such as nanocones or nanodots can be obtained.!’ However, we have

focused our work in hollow structures, which are obtained by non-directional
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sputtering metallization. Also a combination of both directional and

unidirectional deposition with the same or different materials could be done.

Metallization of the structures has also been performed in two setups: the
home-made equipment from our group in the Physics Faculty of the University

of Barcelona and the 903 MRC (Materials Research Corporation) at the IMB-

CNM clean room.

For plasmonics, the most extended materials are Ag and Au. In this case, Au

was chosen due to its inertness and the easy functionalization with thiols.

We used a model to compute the thickness of the lateral walls of our
nanostructures as a function of the thickness of the deposited material, the
thickness of the bottom layer, the diameter of the hole in the oxide layer and
the undercut. This calculation is carried out assuming that the material is
homogeneously distributed throughout the cavity.!! Results showed that the
latter assumption is only valid for certain values of the parameters. By
analyzing the results as a function of both the Ar pressure and the power, we
concluded that for high pressures and low powers the assumption was

successfully fulfilled.!

This is another key aspect of the fabrication method. One has to keep in
mind that very thin walls are indeed a problem for the later lift-off process but
thick walls could be a problem as well if gold from the cavity and gold from the
top layer became contacted, since the lift-off would be impossible in that case.
That can be overcome by tuning the undercut monitoring the etching time.

This necessarily yields a larger diameter of the final nanostructures.

Although Au is the most used material for plasmonics thanks to its
plasmonic properties, inertness and easy functionalization, it is adhered poorly
to glass and Si, and the use of an adhesion layer is broadly used. Metals such as
Ti or Cr or metal oxides such as TiO; or Cr.0; are widely used as adhesion
promoters. However, it has been reported that this adhesion layer may worsen
the properties of the nanostructures.”? In the present work, a 5 nm thick Ti
layer was deposited, (even though one should keep in mind that the final

amount of Ti in the structures would be much less). However, we also
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fabricated some samples without the adhesion layer to check the actual

attenuation on the plasmonic response that it caused.

Figure 3.6. Scheme (a) and SEM image (b) of the sputtering metallization. (b) shows
the results after metallizing the sample with 5 nm of Ti and 100 nm of Au.

Lift-off

For the lift off, samples were dipped in an acetone bath at 40°C for 5
minutes. Then, ultrasounds were applied until the lift-off was completed

(normally less than a minute).

(a)

Figure 3.7. Scheme (a) and SEM image (b) of the resulting structures after the lift-off
process.

3.2.3. Tunability of the fabrication process.

This fabrication route enables us for an easy tunability of the geometry (see
Figure 3.8). For instance, the height of the nanostructures can be modified just

by changing the thickness of the bottom layer. Besides, the thickness of the
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deposited material will determine both the wall and base thicknesses of the
nanostructures. And finally, the diameter of the nanostructures can be tuned to

a certain extent by modifying the time of the second step in the RIE.

Figure 3.8. Top (left) and side (right) views of cup shaped nanostructures with different
geometries. The scale bars correspond to 200 nm.
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Moreover, this technique allows combining different materials, which could be
deposited by sputtering without breaking the vacuum to obtain multi-layered
nanocups. Also, a combination of sputtering and electron beam evaporation
could be used to fill the nanocup with another material by metallizing first with
sputtering and carrying out a subsequent metallization by electron beam

evaporation.!!

3.3. Large area fabrication

Presented as one of the alternatives for the next generation lithographies, one
of the main drawbacks of nanoimprint is the relatively large amount of
imperfections and defects that are transferred from the mold by direct contact
to the resist.* However, in plasmonics or, at least, in our particular case, the
amount of defects is not as crucial as for semiconductor device fabrication, since

we are only interested in the overall response of the system.

Aside from that, the use of nanoimprint lithography enables scalable
production for commercial applications. For instance, the molds used for the
fabrication of the samples in this work were 1x1 cm? in effective area, proving
the validity and homogeneity of the process to pattern large areas. The machine
used for the preparation of our samples allows patterning 4-inch wafers.

Moreover, there are other approaches available for larger areas.

Step and flash UV imprint lithography uses a small template that is
replicated along the substrate, reducing the cost of fabricating a large-scale
stamp. The resist is locally deposited in the substrate, only in the region that
will be immediately printed, to avoid the exposure of the surrounding resist.
Then the template is aligned with the substrate, it contacts the resist, and light
is aligned to cure the resist. Once the resist is cured, the template is moved to
the next field and the process is repeated.*® There are also some companies that
work with the thermal version, but the resist needs to cool down before moving
the template to the next area, making it a slower process. However, there are
some concerns related to throughput, template cost, overlay or defectiveness.*
Roller based NIL, and in particular roll to roll NIL where nanopatterns are

replicated from a master roll to a substrate roll, shows promising results for
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commercial applications. Similar to step and flash NIL, the patters from a small
master roll can be transferred to large areas by repeating the roll to roll NIL

process.*3

3.4. Fabrication of nanocups by soft nanoimprinting

The nanocups have also been fabricated by soft nanoimprinting with a hard
PDMS mold onto an SU8 photoresist (2000.5 Microchem) in collaboration with
Dr. A. Mihi’s group in the Institut de Ciéncia de Materials de Barcelona
(ICMAB). In this case, the molds had a pitch of 400, 500 and 600 nm, and the
patterns were cylinders of 300 nm. Here, the residual layer after the imprinting
was much thicker so the first RIE step was increased to 3 minutes. Structures of
different heights were fabricated (from 300 to 600 nm) so the etching time of
the bottom resist layer was modified accordingly between 2 and 3 minutes.

Using these molds, very dense arrays of nanocups were fabricated (see Figure
3.9).

1S,
w95 O~ 0, Ogar

Figure 3.9. Side (left) and upper (right) views of the arrays of nanocups fabricated by

soft nanoimprinting.
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3.5. Conclusions

In this chapter, a detailed description of the fabrication process of hollow
cylindrical nanostructures with tunable aspect ratio has been presented. This
method, that combines NIL and a hard mask concept, together with non-
directional metallization, overcomes the high-aspect ratio limitations of NIL and
other limitations that other methods present such as low throughput or lack of
control of the arrangement of the structures on the substrate. As a matter of
fact, arrays of 1x1 cm? have been fabricated and the fabrication of high-aspect
ratio nanostructures has also been demonstrated. This process could be adapted

as well to other soft-lithographies as shown for soft imprinting.

Besides, the use of photolithography in combination with an oxidation
process enabled us to fabricate sub-diffraction patterns to be used as molds for
the imprint process in a much cheaper way than conventional direct-writing

techniques.

Taking all the aforementioned into account, it is concluded that this
fabrication approach is suitable for up-scale production with a precise control of
geometry and distribution of the structures, so it is ideal for plasmonics at large

scale.
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IChapter 1

Optical properties of Au nanocups

4.1. Introduction

Gold nanocups, semishells and other hollow metallic nanostructures have
been the focus of interest of many studies thanks to their adjustable plasmonic

1-25

response’ * and the new properties they present, induced by symmetry breaking

with respect to complete shells.?? ?° Inspired by the easy tunability of core-shell

1,2,5-8,13,19,27

nanoparticles, nanocups offer the chance to engineer their optical

response as a function of diameter, height and wall thickness.

Along this chapter, FDTD simulations were used to find the optimum
parameters for the fabrication of the nanocups as well as to compare with
optical characterization measurements. Far- and near-field simulations have
been performed. First, the spectra for visible (VIS) and near infrared (NIR)
regions were obtained for different conditions. Then, on-resonance excitation is
used to analyze the near-field response, obtaining the electric field and charge

distributions of the different modes.

4.1.1. Nanoshells: highly tunable plasmonic nanostructures

The interest of having customized nanostructures to tune the interaction
with the electromagnetic radiation requires precise synthesis or nanofabrication
methods to properly engineer the optical resonances. Probably, one of the most
studied structures is the nanoshell 128131927 composed of a thin metal shell of
nanometer thickness with a (usually concentric) dielectric (or more rarely

semiconductor) core. This is due to the easy control of its response as a function
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of its geometric parameters: by simply varying the ratio between the core and
shell dimensions, the optical resonance of this type of structure can be shifted
hundreds of nanometers, from the visible to the infrared region of the
spectrum.!>0132" Begides, these structures interact strongly with the EM waves,
having an extinction cross-section that is typically five times the physical cross

section.b%"
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Figure 4.1 Energy-level diagram showing the plasmon hybridization in metal nanoshells.
Based on Ref. 28.

The plasmon hybridization model can be used for a better understanding of
the plasmonic response of complex structures such as nanoshells. Proposed in
2003 by P. Nordlander and co-workers, it is an EM analogue to the well-known
molecular orbital theory used to predict how atomic orbitals interact to form

% The model consists on decomposing a complex

the molecular orbitals.
plasmonic structure in simpler ones, calculating how the plasmons behave in the
simpler elements and, finally, how these plasmons interact to generate the
hybridized modes of the complex structure. Nanoshells can be regarded as the
interaction between the response of a nanosphere and a spherical cavity (see
Figure 4.1)."* Interaction effects are highly dependent on the shell thickness
and give rise to two states: the lower energy "bonding" mode and the higher
"anti-bonding" mode. The lower energy mode, which is symmetric, yields large
absorption due to its high dipole moment. Hence, nanoshells show dipole
plasmon resonances with redshifts relative to the corresponding modes for solid

nanospheres.® The plasmon resonance can be tuned by changing the thickness of
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the shell: thinner shells give rise to higher splitting of the energy modes and
therefore a shift of the bonding mode to lower energies due to the higher

interaction, in agreement with Mie theory.”

For small nanoshells that respond like dipoles to the applied EM field, the
plasmon resonance wavelength depends only on the ratio between the shell and
the core radius, and not on the absolute size.!*'*' When cores are small, the
extinction peaks lie in the VIS or NIR and the change in the total particle size,
keeping a constant core/shell ratio, will control the ratio between absorbed and
scattered light: in small particles, absorption will be dominant, whereas an
increase in the size will result in a larger scattering cross section.®™*"

When the size is increased beyond the dipole limit and the diameter of the
particles reaches sizes of the order of A, the full Mie scattering theory needs to
be used and a redshift is observed for increasing size, even if the core/shell ratio
is kept constant. This is accompanied by a broadening of the linewidth and
higher order modes start to be noticeable, giving rise to new peaks.'?” With a
decrease in the shell thickness while the core size is kept constant, a shift to
longer wavelengths is observed, making it possible to obtain structures with
surface plasmon resonances in the NIR region.*® This fact can be understood
according to the plasmon hybridization theory as due to the increasing
interaction between the sphere and cavity plasmons, giving rise to a bigger
splitting between the two hybrid modes. At the same time, as the nanoshells
become bigger, the higher-order modes gain increasing importance as compared
to dipolar ones.'2#1319 All these facts come as a consequence of the retardation

of the electric field for sizes comparable to the wavelength of light.?

Studies have also been performed to show how the embedding medium affects
the resonant behavior of the nanoshells. As is well known, a redshift on the
resonant wavelength appears as a consequence of an increased refractive index
of the medium. However, this change seems to be more noticeable for bigger
particles. Small nanoparticles within the dipole regime also show an enhanced
extinction, a behavior not observed for the bigger ones. The quadrupole mode
also increases its contribution as compared to the dipolar one with increasing
refractive index, as a consequence of the shorter optical wavelength.%”

The highly tunable response of nanoshells results in well-separated frequency
peaks that constitute a ‘fingerprint’ of these nanostructures. The control on the
far field response is also linked to a ‘designed’ near-field response, that can be

used for SERS.! Besides, the fact that their resonances can be tuned by shifting
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them into the NIR means that one can fabricate nanoshells with resonant
wavelengths in the ‘water window’, where the tissue and blood are transparent
and light can penetrate more than 10 cm. This is of clear interest in biomedical
applications.”®

4.1.2. Open nanoshells: semishells, nanocaps, nanocups, etc

(a) E (b)

F
A 4

Figure 4.2 Dipolar modes in open nanoshells: (a) transverse mode (b) axial mode,
adapted from Ref. 24.

When the nanoshells are opened, symmetry is broken and the plasmon
properties are dramatically modified. This is the case of semishells, nanocaps,
nanocups, nanobowls and other types of structures, all of them having in
common the basic structure: a  nanoshell structure with an

aperture.4’16’18'20'22’24’25'29

Symmetry breaking induces the appearance of new
hybridized modes and a dependence of the optical response on the polarization.
In particular, the single peak characteristic of small core-shell nanostructures
splits into two peaks corresponding to transverse and axial modes. While the
charges around the rim of the nanocups tend to repel each other causing a
blueshift in the axial dipole, the energy of the transverse dipole is lowered

because opposite charges at the rim attract each other.’

Consequently, they have two bonding dipolar resonances (see Figure 4.2): one
parallel to the axis of symmetry (axial mode) and another one perpendicular to
it (transverse mode). The later presents a strong magnetic component due to
the fact that the electric field excites a current loop in the metallic shell,?*
analogue to that of split-ring resonators.’*s! As compared to the resonant
wavelength of the complete nanoshell, the open shells present a blue shifted

axial resonance and a redshifted transverse one.
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Figure 4.3 Hybridization model for open shells in the transverse model, adapted from
Ref. 20.

Also, the scattering properties are strikingly different. While for the axial
mode the scattering direction is mainly dependent on the angle of incidence, for
the transverse mode, the geometry dominates its behavior and the scattering is
always parallel to the symmetry axis. Moreover, while symmetric nanoshells
have a scattering pattern that depends on the polarization and the angle of
incidence, open shells exhibit maximum scattering for an excitation either
parallel to the symmetric axis for the transverse mode or parallel to the
substrate for the axial mode, as the dipoles are fixed due to the broken

symmetry.?? For a thorough study of the changes in the far-field response, one
can refer to Refs. 20 and 24.

Yet, the transverse mode will be the only one excited for symmetric
nanostructures placed on a substrate with the aperture looking upwards and the
incident source perpendicular to the substrate (such as ours). Therefore, from

here on, only transverse excitation will be studied. According to the
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hybridization model (see Figure 4.3), one can understand the transverse modes
of nanocups as the hybridization between the dipole resonance of the rim with
the bonding mode of the nanoshell, resulting in charge accumulation at the
edges of the rim and large field enhancements. This behavior is reflected in the
far-field spectra as a strong redshift of the resonance as a consequence of charge
build up in the aperture. As it happens in nanoshells, a decrease in the
thickness gives rise to a redshift of the plasmon resonance due to an increased
interaction between the inner and outer shell surfaces which is associated with a

lower energy level.

Regarding the near-field response, open shells show interesting enhanced
localized electric fields under suitable excitation. Dipolar resonances (featured as
the longest wavelength peaks in the far-field spectrum) are characterized by
charge build-ups in the edges of the aperture that translate into hot-spots, i.e.,
regions with high electric field enhancement. Quadrupole modes (typically as
associated with peaks in the VIS) show a weaker behavior, with enhancements
of the electric field in the top and bottom corners of the cavities.!62

Besides, this type of structures present an additional geometric parameter to
tune (as compared to complete nanoshells): the height of the remaining portion
of the sphere that can help to further engineer their response, as shown in Ref.
20.

4.1.3. Our system: hollow cylindrical nanocups

Most of the nanoshells and open nanoshells are prepared by chemical
synthesis or using polymer spheres as template. Consequently, they have
spherical shape. In our case, we are studying the response of cylindrical
nanostructures that have a key difference with respect to spherical nanoshells:
the diameter of the cavity is kept constant along its height, which can be
tailored to have samples covering a wide range of aspect ratios. This fact has
important consequences in the optical response of the system that will be
discussed later. From now on, the term nanocup will define a hollow cylindrical
nanostructure with a thin shell thickness.

Except otherwise specified, along this chapter, single nanocups and periodic
structures were normally illuminated by a total-field scattered-field (TFSF)
source and a plane wave, respectively, being the electric field in both cases
parallel to the z-axis. Perfectly-matched layers (PMLs) were used in the three
axes as the radiation boundary conditions for single elements, while periodic
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conditions were used for the 2 and y-axes to simulate arrays of structures.
Symmetric and antisymmetric boundary conditions have also been used to
further reduce the calculation to a quarter of cell when possible. The dielectric
constant of Au was fitted to the experimental data from Johnson and Christy*
while for Ti and SiO», the data of Palik* were used, all of these values taken
from the data base of Lumerical.®® The relative dielectric constant of the
background is fixed to 1. The experimental characterization was done by FTIR
measurements and UV-VIS spectrophotometry with an integrating sphere.

Besides, as pointed out previously, our nanocups are grown on a substrate
and the experiments were done with normal illumination; therefore, all the
simulations shown along Chapter 4 will be carried out with an excitation
perpendicular to the substrate to excite the transverse mode, just as shown in
Figure 4.2(a).

4.2. The choice of the material
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Figure 4.4 FDTD simulated extinction for nanocups with h=d=400 nm and h=30 nm
made of different materials. For the sake of simplicity, no substrate has been used in
these simulations.

Simulations have been done to seek the most suitable material for the
plasmonic response of nanocups. Figure 4.4 shows the FDTD simulated

extinction for a nanocup of 400 nm height (h) and diameter (d) and 30 nm wall
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and base thickness (t), without substrate, for different materials. The dielectric
constants of Al, Ag and Pd were taken from Palik*® and CRC data were used
for Cu.*® Results show that Au, Cu and Ag present two well defined peaks in
the visible and NIR regions of the spectrum, respectively. The feasibility of
these materials was already commented on Chapter 1. In this work, due to its
inert behavior, we have focused on Au. However, if protected with a dielectric
layer, Cu and Ag would also provide good results. Ti, that has been used in the
manufactured samples to promote adhesion, shows however a very poor
response, fact that should bear in mind during the fabrication process in order
not to spoil the optical response of the nanostructure.

4.3. Tunability of the plasmonic response as a function of the

height, diameter and thickness of the nanocup

As in the cases of nanoshells and open shells, our hollow cylindrical nanocups
show a highly tunable response under electromagnetic excitation. In the
following, a thorough study of the plasmonic response as a function of the

geometric parameters (h, d, t) of the nanocup will be discussed.
4.3.1. Far-field spectra

Thickness

Figure 4.5 (a) shows the extinction calculated for nanocups with h=d=400
nm and several wall and base thicknesses (t). It can be inferred from Figure 4.5
(a) that our nanocups follow the expected trend: a redshift is shown in the
peaks when decreasing the thickness of the walls as a consequence of the
increasing interaction between the modes inside and outside the cavity, with
different intensities of the peaks coming from competing interactions.*** Besides,
a decrease in the thickness results in the appearance of a higher order peak (for

t<20nm), that could be assigned to the polarization of the wall itself.

Height

Figure 4.5 (b) shows the extinction spectra for nanocups with d=400 nm and
t=30 nm and height ranging from 100 to 800 nm. For the case of 100 nm, only a
dipolar peak is observed. An increase in the height is accompanied by the
appearance of new peaks at increasingly high energies corresponding to higher

order modes, while the existing ones are redshifted. These results are in good
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agreement with previous ones reported for the case of Au semishells, nanobowls
and nanocages.!'®?

Diameter

Figure 4.5 (c) presents the extinction spectra for nanocups with h=400 nm
t=30 nm and different values of d. For d=100 nm, only one peak is observed.
For d>200 nm, the extinction spectra have two maxima, that are both
redshifted for increasing d. However, a stronger dependence of the red shifting
on d is observed for the lower energy peak, fact that agrees well with previous
results for semishells.?
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Figure 4.5 FDTD simulated extinction for a Au nanocup for several values of: (a) the
diameter, (b) the height and (c) the wall and base thicknesses, being h=400 nm, d=400
nm and t=30 nm the reference values for each one of the three panels where two of
these parameters are kept constant. For simplicity, no substrate has been used in these

simulations.

4.3.2. Near-field response

To gain a further insight into the peaks in the far-field spectra, on-resonance
distributions of the electric field of the nanostructures have been simulated to

analyze the nature of the modes and the enhancement they exhibit.
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Au nanocups as tunable optical nanoresonators

Here, two particular cases are compared: 200/200/15 and 400/400/30 nm
(d/h/t) nanocups that will be referred to hereafter as the 200 and the 400 nm
nanocups. The extinction spectra for both cases are shown in Figure 4.6. For
the 200 nm case (red curve), two peaks appear: a small and narrow peak at
higher energy (649 nm) and a larger and much broader one at lower energy (873
nm). When the size is doubled (black curve), the modes shift to lower energies
and a higher order mode emerges, resulting in two well defined peaks (622 nm
and 968 nm) and a broad peak around 1364 nm. The spatial distribution of the
electric field has been calculated for the maxima of the extinction marked as
points A and B in Figure 4.6 (a).
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Figure 4.6 (a) FDTD simulated extinction for a d=h=200 nm and t=15 nm Au nanocup
(red curve) and one double in size, i.e. d=h=400 nm and t=30 nm thickness (black
curve). The inset shows the configuration of the incoming wave. (b) Log(|E[?/|Esf?) for
the maxima marked in (a), in cross section view. Top pannels in (b) correspond to the
200 nm nanocup, while bottom pannels correspond to the 400 nm case. For simplicity,
no substrate has been used in these simulations.

Figure 4.6(b) shows that for lower energies, both cases look similar and the
electric field is enhanced in the outer parts of the walls, upper rims and corners
in the base. However, for the higher energy peaks we can see a significant
difference. For the 200 nm case, a strong evanescent decay can be observed
along the propagation axis inside the cavity, and only the upper rims and upper
part of the cavity are excited. However, for the 400 nm case and for certain
values of the wavelength, the wave is able to penetrate and excite the modes
inside the cavity. This internal excitation of the cavity only takes place when
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both the internal diameter and height are greater or equal than half the incident
wavelength.

This homogeneous enhancement of the field within the cavity is not
previously reported in open nanoshells due to two main reasons. First,
simulations mainly deal with structures within the dipolar approximation limit.
However, to observe this behavior in the optical spectrum, one has to go far
beyond this regime, so that the cavity is big enough for the wavelength to
penetrate and excite the modes inside the cavity. Secondly, most of the studied
structures have a spherical shape that does not allow for a homogeneous
distribution of the electric field throughout the cavity. This can be observed for
example in Ref. 36, where it can be seen that spherical plasmonic voids present
also a resonance inside the cavity but with an enhancement of the electric field
limited to a small volume of the cavity, where the geometric parameters are the
appropriate ones for the resonance to take place.

Near field response as a function of the geometry

Figure 4.7 displays the charge distribution and electric field enhancement
(Log|E|*/|Eo|*) for nanocups with d=400 and ¢=30 and for three different
heights (h=100, 400 and 800 nm). Figure 4.5(b) showed that, for ~=100 nm, the
extinction spectra only displayed one peak. Figure 4.7 (a) illustrates the dipolar
character of the peak, with enhancements of the electric field in the outer walls,
upper rims and corners of the base, in accordance with previous results for open
nanocages.”” The dipolar peak is shifted from 1167 nm for /=100 nm to 1365 nm
for h=400 and suppressed for A= 800 nm. For h=400 nm, the structure presents
a quadrupole peak at 968 nm, that is shifted to 1180 nm for A=800 nm. The
electric field for the quadrupole peak is mainly concentrated in the aperture and
the base corners, also in accordance with nanocages.”” For the cases of 400 and
800 nm, there are higher order modes whose charges and electric fields are also
displayed in Figure 4.7. However, it is worth mentioning that the highest energy
peak (622 nm) of the h=400 nm structure, presents an enhancement of the
electric field inside the cavity that is not found for other geometries such as the
case of 800 nm. The reason for this is that when both the diameter and height
are of the order of the incident half wavelength, a kind of resonance
phenomenon takes place, giving rise to this large and intense field enhancement

within the cavity.
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Figure 4.7 On-resonance charge (grey-scale pannels) and electric field distribution
(Log|/E[/|Eof?) (colored pannels) for nanocups with d=400 nm, t=30 nm, as a function
of h: h=100 (a), h=400 nm (b) and h=800 nm (c), corresponding to the maxima in the
extinction spectra shown in Figure 4.5(b). Cross section views are displayed.

4.4. The effect of the adhesion layer

Simulations have been performed to analyze the effect of the adhesion layer
in the optical properties of cup-shaped nanostructures. Geometric parameters
(d=h=400 nm and {=30 nm) have been chosen to be similar to fabricated
samples. Only the thickness of Ti, and therefore the total base and wall
thickness is varied. Also, for an easier analysis, no substrate has been used in
the simulations. Figure 4.8 shows the different behavior of nanocups for no Ti, 5
nm and 10 nm of Ti. While the lower energy peak, labeled as B, seems to be
barely affected with just a slight redshift and small decrease of the intensity
when the Ti thickness is increased, the highest order peak (A) is drastically
reduced and blueshifted with increasing Ti thickness. A similar effect is also
observed in the electric field distribution (Figure 4.8(b)), especially for shorter

wavelengths as expected due to the fact that the dielectric functions of metals
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are increasingly negative.”® We point out that, although in the fabrication
process the deposited layer of Ti is of 5 nm, the final thickness of Ti in the
nanostructures is much lower, therefore optical properties should not be so
affected.
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Figure 4.8 (a) FDTD simulated extinction for a d=h=400 nm and t=30 nm Au nanocup
without and with 5 nm and 10 nm Ti adhesion layer. For simplicity, no substrate has
been used for these simulations. The insets show a zoom of the peaks. (b) Log(|E[/|Eof?)
corresponding to the maxima in the extinction spectra.

4.5. The effect of the substrate and the embedding medium

For the sake of simplicity, the results shown up to now disregard the effect of
the substrate on the analysis of the different parameters. However, this is, in

general, a key point to understand most of the plasmonic systems.

When a plasmonic nanoparticle is on top of a dielectric substrate, the
dielectric material screens the electromagnetic field, being this screening
equivalent to the potential generated by a mirror image of the nanostructure
reduced by a factor (e-1)/(e+1), where ¢ is the permittivity of the substrate.
Therefore, dielectrics with higher permittivity give rise to bigger interactions.
One can understand this effect as the hybridization of the nanostructure with
the “image” of the nanostructure in the substrate. The shift in the resonance
produced by the substrate is also directly linked to the strength of the

structure-substrate interaction.*
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An increase in the refractive index of the environment results in a redshift of
the resonance due to the larger polarizability of the medium, and hence a
reduction in the restoring force of the electron oscillations that shifts the

resonances to lower energy levels.'

4.6. Optical characterization of the nanocups

A 1 X 1 cm? square array formed by Au nanocups with a diameter of 400
nm, lateral wall thickness of about 30 nm and a pitch of 800 nm have been
fabricated onto a 170 pm thick glass substrate (Carl Roth GmbH).

The optical spectra of absorbance and transmittance of the array have been
recorded using an UV and visible spectrophotometer (Specord 205, Analytic
Jena). Measurements have been repeated on several spots of the same sample
and on similar samples in order to check their reproducibility. The scattering
spectra of the nanocup arrays were calculated by subtracting the optical spectra
for the absorbance and transmittance. The scattering spectrum for the
uncoated array of Au nanocups shown in black in Figure 4.9 exhibits some
distinguishable features such as two peaks located circa 670 and 780 nm, and a
rounded shoulder centered at about 930 nm. All these elements of the scattering
spectra are overlapped to yield a broad, smooth optical response because of a

poor signal of the plasmonic system.
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Figure 4.9 Scattering obtained by UV-visible spectrophotometry for an array of Au
nanocups with d=h=400 nm and t=30 nm (black), and for a sample with the same

characteristics but also coated with 10 nm of AL:O3 (red).
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It is known that surface plasmon modes are sensitive to changes of the
dielectric constant of the metal environment. Consequently, the scattering signal
is enhanced by coating the Au nanocups with a 10 nm AlOj; layer deposited by
atomic layer deposition (ALD). ALD presents the advantage of conformal
deposition, allowing one to cover uniformly both the inner and outer walls of
the nanocup. A significant increase in the scattering signal together with much
better definition of the spectral features are obtained for the AlLOs-coated
nanocup array shown in Figure 4.9. Two well-defined peaks are now located
around 780 nm and 960 nm, that is, redshifted with respect to the non-coated
response in accordance with theory.'® Also, these results are in agreement with
the simulations in Figure 4.6. The differences between the experimental and the
simulated results may be due to the use of the Ti adhesion layer, slight size

changes between the original design and the actual sample, and roughness and

porosity.
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Figure 4.10 (a) FTIR spectra of the sample shown in the SEM micrographs in (b). (c)

FDTD simulations for a single structure and an array of 3x3 nanostructures with the
dimensions of the sample in (a) and (b).(d) Sketch of the simulations in (c).
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It is worth noting that this technique uses unpolarized light, while in the
simulations the excitation source was a plane wave propagating along the zaxis
with the electric field parallel to the z-axis. However, due to the symmetry of
the system, it is clear that the response under the excitation of a field parallel to
the o~ or yaxis would be the same, and one can conclude that the experimental

measurements and simulations can be compared.

The same mold was used to fabricate samples with a bigger diameter,
meaning therefore a smaller gap between neighboring elements. Figure 4.10(a)
shows the FTIR measurement for a sample of 670 nm and a pitch of 800 nm
(Figure 4.10(b)), meaning therefore that the gap between nanocups is reduced
to 130 nm. Figure 4.10(a) shows a sharp peak around 1500 nm. Figure 4.10(c)
shows the simulation results for a single nanocup (in red) and a 3x3 array of
nanocups (in black) of the same dimensions of the experimental sample shown
in Figure 4.10(b). It is clearly seen that the peak displayed in the experimental
measurement is only present in the simulation of the array. Hence, one can
conclude that this is due to interparticle interactions through the local dipolar
polarization of the gaps between neigboiring nanocups.

4.7. Plasmonic perfect absorbers

4.7.1. Metamaterial perfect absorbers

Since perfect absorption was first demonstrated in 1976, and specially in the
last decade, the field of plasmonic absorbers has experienced a thriving
development. Today, perfect absorbers with angle or polarization independence
and for a broad range of frequencies from optical to microwaves frequency are
being studied.?*4? !

Metamaterials are artificial systems made of metallic nanostructures that are
replicated to form a material, whose properties arise from the oscillating
electrons in the nanostructures but whose response can be considered as a bulk
homogeneous medium characterized by complex electric permittivity (e(4)) and
complex magnetic permeability (u(4)). These two magnitudes can be retrieved
from the effective medium theory.* By properly designing metamaterials, novel
properties which are not allowed in natural materials such as negative refractive

index,*! cloaking devices™ or perfect absorbers can be realized.*42 5!
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Perfect absorption is achieved by using a metal-insulator-metal (MIM)
configuration, consisting in a bottom metallic layer that is optically thick (to
prevent transmission), a dielectric spacer, and metallic nanoelements supporting
LSPR on top, designed in such a way that, for certain values of the parameters,
the system behaves as perfect absorber (A=1).%842451 At resonance, antiparallel
currents are excited in the nanostructures and the film, electromagnetic energy
is confined in the spacer, and a resulting magnetic moment due to the

circulating currents arises.””

To understand the underlying physics of a perfect absorber, typically two
different approaches can be used. The first one is the use of impedance
matching®®® for which the three-layer stack is considered as a whole and, by
carefully choosing the geometric parameters, €(4) and u(1) can be adjusted in
such a way that the system’s complex impedance matches that of vacuum
(Z=(n/€)¥?=1) resulting in zero reflection. Since transmission is suppressed by
the underlying metallic film, perfect absorbance can be obtained(A=1-R-
T=1).45* In the second approach, the nanoelement layer and the metallic film
are considered as two decoupled surfaces, and the enhanced absorption comes
from the superposition of multiple reflections between the two metallic systems
that destructively interfere leading to zero reflection.®**"** Then, the system
behaves as a Fabry-Perot cavity formed by the film and the metallic

8

nanostructures.” According to classical EM waves theory, the maximum

constructive interference can be achieved for:

=2 +1) L5
Zmax = 4\M T3 4nycosB, "

where 2., is the dielectric thickness for maximum constructive interference, m
is the mode order (0, 1, 2, ...), A is the incident source wavelength, m is the
refractive index of the spacer layer at A, 6,, is the angle of the incident beam
within the spacer, and §,, accounts for the penetration depth of the reflecting
material. Therefore, if m=0, for low-refractive index films and small angles, one
reaches the well-known quarter-wavelength dependence.*® However, when

nanostructures are present, the process has to be optimized to account for
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interference effects,® and different values of the thickness have been used

depending on the case.

In this way, the MIM structure confines light in the form of SPPs within the

spacer layer and leads to Fabry-Perot resonances perpendicular to the film.

Absorbers can be divided in two main groups: resonant and broadband
absorbers, depending on whether we want either a sharp high absorption field
for a certain wavelength for filtering and sensing applications or high absorption
along a wide range or frequencies, such as for example for photovoltaic

applications.

4.7.2. Nanocups as perfect absorbers

Here, we use a bottom thick Au layer and a 100 nm thick SiO. spacer layer

on top of which the lithographic pattern is created.

FTIR spectroscopy has been used to characterize the response of our
nanostructures. These measurements were performed with a FTIR
spectrophotometer with an optical microscope (Vertex 70 and Hyperion, Bruker,
from the group of Dr. A. Mihi, at ICMAB-CSIC) with a 4x objective and

unpolarized light.
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Figure 4.11 Absorption measured by FTIR spectroscopy (left) and SEM micrographs

of the corresponding sample consisting of an array of nanocups with a pitch of 2.4 pm.
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Figure 4.11 shows the absorption spectrum and a SEM micrograph of an
array of nanocups with d=370 nm, h=470 nm and t=20 nm, and with a pitch of
2.4 pm. The spectrum shows two peaks, a broader peak around 1100 nm and a

less intense but sharper one at 785 nm.

However, when the pitch of the system is decreased the absorption peaks
strongly broaden. Figure 4.12 displays the absorption spectrum of a sample with
a pitch of 600 nm, d=370 nm, h=470 nm and t=20 nm. The measurements
reveal these structures behave as broadband perfect absorbers on the visible
region, reaching absorption rates above 80% of the total incoming light in the
range of 400 to 1000 nm.
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Figure 4.12 Absorption measured by FTIR spectroscopy (left) and SEM micrographs of
the corresponding sample consisting of an array of nanocups of (600 nm, 370 nm, 470
nm, 20 nm), (pitch, d, h, t) with MIM configuration (100 nm spacer).

4.8. Possible applications of Au nanocups

In the following three sections, some examples of possible applications of the
Au nanocups will be discussed, including their potential use for enhanced

spectroscopies and as sensing platforms.

4.8.1. Surface Enhanced Raman Spectroscopy

As discussed in Chapter 2, Au films and nanostructures have been widely
used to enhance the low-efficiency of Raman Spectroscopy (RS). Nanocups are
interesting structures for this application thanks to the large enhancement of
the electric field either in the upper rim or inside the cavity. The wavelength of
these resonances can be tuned as a function of the geometric parameters to
match one of the excitation lasers of the RS system. In fact, there were

promising results reported for the case of Au semishells.>*
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4.8.2. Surface Plasmon Resonance sensing

The results of the simulations (see Figure 4.13) yield changes on the order of
8 - 10°/RIU (refractive index units) for the visible and 9 - 10?/RIU for the IR
peak that can be obtained by changing the refractive index of the embedding
medium. Therefore, these structures could be used as platforms for LSPR

sensing.
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Figure 4.13 FD'TD simulated extinction for a d=h=400 nm and t=30 nm Au nanocup
with embedding media with three values of the refractive index.

4.8.3. Gas sensing

Different types of hydrogen sensors that are able to detect hydrogen below
the lower explosion limit of 4% at room temperature have been studied. In
particular, it is well known that, under the presence of hydrogen, Pd and Mg
transform into PdHx and MgH, with an increase in volume, which can be used
to sense the presence of hydrogen.65

FDTD simulations were done filling the cavity of the nanocups with Pd and
Mg. Figure 4.14 compares the extinction spectra for an empty nanocup and one
filled with 80 nm of Pd. Under the presence of hydrogen, Pd will turn into PdH

with an increase in volume. This results in a change in the position and
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intensity of the peak in the visible range providing a way of sensing the
presence of hydrogen, while the other peak, that is not significantly affected,

can be used as reference.

Au nanocup

Au nanocup + 80 nm Pd
Au nanocup + 80 nm PdH
Au nanocup + 90 nm PdH
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Figure 4.14 FDTD simulated extinction for a d=h=400 nm and t=30 nm Au nanocup
empty, filled with 80 nm of Pd, with 80 nm of PdH and with 90 nm of PdH taking into

account the increase in volume when Pd turns to PdH.

4.9. Conclusions and further work

Along this chapter, we have studied the plasmonic response of gold nanocups,
both through simulations and experimental measurements. Nanocups showed a
big tunability as a function of the geometric parameters, a fact that can be used
to tune their response, for example, to match one of the typical wavelengths of
the lasers used for SERS (785 nm).

FTIR and UV-VIS spectrophotometry were used to characterize the samples,
showing good agreement with simulations. The use of a MIM configuration
resulted in very high absorption within the 400-1100 nm range for high density
arrays of nanocups, while for larger values of the pitch the spectra exhibited two

peaks as in the case of glass substrates.

As further work, it could be of interest to fabricate multilayered nanocups,

either to have multi-functional nanostructures, for instance, with a
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ferromagnetic layer (magneto-plasmonic coupling), or to give rise to several
resonances combining different plasmonic materials. As a matter of fact, the
fabrication of multishell nanostructures combining materials with different
functionalities (optical and magnetic) has already been used to control the
particles' motion. In particular, a combination of magnetic and nonmagnetic
materials (Au, Ag and Fe) has been used to control the position and orientation
of SERS nanoprobes.®® This is completely compatible with our fabrication
process, where we could simply sputter different materials to grow multi-layered
structures without increasing the difficulty of the fabrication process. Also,
following the idea of nanomatryoshkas,! multilayered cups with alternated
plasmonic and dielectric layers could be fabricated.

There are also some details that remained unexplored along this manuscript,
such as the effect that roughness - which is expected to broaden the peaks and
induce a slight redshift-,'"5"** imperfections — e.g., having an irregular rim that
would probably result in a broadened attenuated and redshifted resonance-,'”
grain size, and non-crystalline metallic nanostructures may have on the optical
response of the nanostructures.”®* We note that many studies report that these
effects basically worsen the optical response, by making it less intense and

broader. 75759
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SECTION II1

(GEOMETRIC FRUSTRATION IN
LATTICES OF AU NANOELEMENTS

In this section, the effect of
geometric frustration in the optical
response of arrays of Au nanoelements

' is studied.

We present the case of three
hexagonal lattices of Au nanoelements
fabricated by electron beam
lithography and arranged such that
the gaps  between  neighboring
elements are small and lead to strong
near-field coupling. Besides, far-field
interactions yield higher-order
collective modes that follow the
translational symmetry of the lattice.
However, dipolar excitations of the
gaps are geometrically frustrated for
interactions beyond nearest neighbors,
yielding the destabilization of the low
energy mode. This in turn results in a
slow dynamics of the optical response
and a complex interplay between
localized and collective modes.

The use of a metal-insulator-metal
configuration increases the absorption
reaching values above 90% .

All in all, considering the slow
dynamics of the system and the
occurrence of non-localized enhanced
electric fields over large areas, these
arrays may be of interest as enhancers
for applications related to light
absorption.






IChapter 5

Geometric frustration in arrays of

plasmonic nanoelements

5.1. Introduction

Frustration has been largely studied in magnetism where the term refers to
situations in which one or more spins do not find a proper orientation to fully
satisfy all the interactions with the neighboring spins whether by competing
interactions or by the geometry of the structure itself."* This phenomenon
typically occurs, for example, in antiferromagnets with triangle based lattices
and short range interactions. As a consequence, the system displays a slow
dynamic response induced by the fluctuation between lots of quasi-degenerate

configurations.

This chapter aims at introducing and exploiting the concept of geometric
frustration in the field of plasmonics. In particular, it is focused on the study of
several 2D triangular lattices formed by Au bars, disks, and asterisks, all of

them with pitches on the order of the plasmonic resonance frequency.

5.2. Coupling in nanoantennas

It is well known that the response of a plasmonic nanostructure depends on
its material, geometry, embedding medium etc.** However, when two or more
plasmonic nanoelements are close to each other, near- and far-field coupling

between them may give rise to responses that are strikingly different.*®
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Near-field coupling takes place in between structures that are just a few nm
apart due to the short range EM near-fields (on the order of some tens of nm).%

In particular, nanoantennas consisting of two close elements, such as bow-tie® !

or other dimer structures'?!'t

are an example of in-plane near-field coupled
systems. Many systems have been studied, but all of them share a common
feature: the fundamental LSPR is shifted or split due to particle interactions (as
predicted by the hybridization model'”).” For instance, the near field coupling
between two Ag disks excited with a polarization parallel to the dimer axis
results in a strong redshift as the gap between the structures is reduced. In fact,
at some point, the dipolar approximation starts to underestimate the
interaction, which is an indication of the importance of multipolar fields and
finite-size effects for small gaps.'* This implies that a very precise control of the
gap in between the structures is needed to tune the response coming from the
hybridization of the modes of the two single elements.'' Moreover, out-of-plane
near-field coupling can be achieved as well, for instance, in metal-insulator-
metal (MIM) stacks, where the insulator acts as a spacer between both metals
and whose thickness can be controlled down to atomic accuracy, in a much
easier way than the gap size in coupled dimers.! These MIM cavities confine

the light in the spacer as SPPs and lead to out-of-plane Fabry-Perot resonances.

Also, far-field coupling can take place in ordered arrays of nanostructures
with a pitch on the order of the exciting wavelength induced by the coherent
interaction coming from multiple scattering by the ordered elements in the
lattice. When the pitch and the LSPR coincide, the optical properties are

dramatically modified and sharp diffractive features appear.'®!?

5.3. Previous studies of lattices of plasmonic nanoelements

Studies on the geometric dependence of the plasmonic response of arrays of
nanoparticles and nanostructures have already been reported by various
groups.”* For instance, Humphrey and Barnes studied Ag disks on glass
substrates in different lattices with periods on the order of the LSPR of the
particles, finding surface lattice resonances (SLR) for all types of lattices, which
depended on the lattice geometry even though the diffraction edge was the same

for all of them.” Guo et al. went a step further and analyzed the response of Ag
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nanoparticles as a function of the incident angle of the excitation, finding
remarkably different extinction dispersions, which were dependent on the
polarization of the incoming wave.?! Chen et al. investigated the response of Au
nanodisks in MIM configuration with a thin insulator layer (28 nm), in such a
way that LSP and SPP could couple. They found that, while resonances due to
the LSP did not change significantly, the SPP modes were certainly affected by
the lattice, being the honeycomb lattice the one with the richest absorption
characteristics.”” Besides, E. Mariani and G. Weick showed, theoretically, that
honeycomb arrays of metallic nanoparticles exhibited unique plasmonic
properties that mimicked those of graphene, behaving as massless Dirac
plasmons.”* However, to the best of our knowledge, no experimental

observations have been carried out in this regard.

(a) (b) (c) ;é )6

500 nm
<>

(d)

Figure 5.1 (a) Triangular lattice of disks; (b) Honeycomb lattice of bars; (¢) Triangular
lattice of asterisks; (d) Overlapped lattices to see the comparable sizes of the elements
in the three lattices; (e) MIM stack: Si substrate with a 100 nm thick Au and a 100 nm

SiO; layer and the 30 nm thick nanostructures.

The previously mentioned studies focus on the study of SLR. However, here,
we expect to go one step further and benefit from multiple coupling.’’ Figure
5.1(a)-(c) shows the design of the three lattices of Au nanoelements: a
triangular lattice of disks (Figure 5.1 (a)), a honeycomb lattice of bars (Figure
5.1 (b)), and a triangular lattice of asterisks formed by three crossing bars

(Figure 5.1 (¢)). Our structures are arranged in such a way that they strongly
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interact via near-field with their nearest neighbors thanks to the small spacing
between neighboring elements. For the sake of comparison, instead of optimizing
each case, the lattices have been chosen to make their dimensions somehow
comparable (see Figure 5.1(d)). Also, we studied structures with MIM
configuration where the spacer was set to a quarter-wavelength thickness to
achieve maximum absorption for normal incidence thanks to interference as
expected from the classical EM wave theory (same approach followed in Section
4.7)."2 Figure 5.1(e) shows the stack over which the array is placed: Si is used as
substrate, on top of which 100 nm thick layers of both Au and SiO, are placed.
All the structures have been designed to be 30 nm thick.

As in the previous chapters, the results presented here have been obtained
by using the Finite Difference Time Domain (FDTD) Solutions package from
Lumerical.®* Periodic conditions were used in the 2~ and y-axes, while perfectly-
matched layers (PMLs) were used in the zaxis. The source was incident
perpendicular to the substrate, following the orientation of the zaxis, with the
field oriented parallel to the a-axis. In the simulations, the data from Johnson
and Christy”® were used for the permittivity of Au, whereas for SiO, and Si, the

data from Palik®” were adopted.

5.4. Triangular lattice of disks

To explore the effects of the geometric frustration on the optical response of
an ordered array of plasmonic nanoelements, a triangular lattice of disks placed
at the vertices of the equilateral triangles forming the array (see Figure 5.2(a))
was studied. This lattice can be also viewed as three offset triangular lattices.
Figure 5.2(b) shows the absorption spectra for three cases corresponding to disk
diameters (d) of 200 (red), 400 nm (black) and 450 nm (blue), all of them with
a thickness (¢) of 30 nm of Au and a fixed 500 nm distance between the centers
of neighboring disks (pitch, p). In this way, we expect to cover all cases from
structures that are coupled through near-field interactions to weakly interacting

neighboring elements.

All the spectra show analogue features: low energy broad peaks and sharp
high energy peaks collapsed in the visible region of the EM spectrum. The broad

peaks in the NIR are strongly dependent on the diameter of the structures,
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shifting from ca. 2373 to ca. 1931 and 874 nm when the diameter of the disks is
decreased from 450 to 400 and 200 nm, respectively. As a consequence, for the
200 nm case, the peak in the NIR is overlapping one of the sharp peaks in the

visible.

The spatial distributions of the electric field in logarithmic scale, log
(|E[*/|Eo|?), and charge distributions corresponding to the wavelengths of the
peaks of the d=450 nm case in Figure 5.2(b), are shown in Figure 5.2(c) and
5.2(d), respectively. The electric field of the NIR peak is concentrated in the
horizontal gaps in between disks and is assigned to the dipolar excitation of
those gaps, whose corresponding peak is broadened by the effect of damping.
This is consistent with the strong shift of the NIR peak observed as a function

of the disk diameter and, hence, of the gap between neighboring structures.
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Figure 5.2 (a) Scheme of the triangular lattice of disks, where the grey line shows the
simulation area. (b) Absorption spectra of three triangular lattices of disks with d=200
nm (red), 400 nm (black), and 450 nm (blue) with p=500 nm and a t=30 nm. (c¢) Log

(|[EF/|Eof’) and (d) charge distribution for the peaks in (b) for d=450, taken at z=15

nm, just at half of the thickness of the nanoelements.
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On the contrary, for the highest energy mode (labeled as I in Figure 5.2 (b)),
the electric field in the horizontal gaps is almost completely suppressed and the
maxima are located in the tilted gaps, 7.e., gaps at an angle with respect to the
electric field of the source. The corresponding sharper and higher energy peaks
of the absorption spectrum are much less dependent on the disk diameter and
are presumably SLR modes enhanced as a consequence of the cavity formed by
the MIM stack. The constructive interference gives rise to high absorption peaks
(99.4% at 539 nm, 99.3% at 548 nm, and 98.7% at 598 nm for d=450, 400 and
200 nm, respectively). It is worth noting that the d=450 nm case shows also

almost perfect absorption (98.4%) at 722 nm.

To gain further insight into the effects of the lattice frustration regarding
dipolar excitations of the gaps between neighboring nanoelements, we studied
the time evolution of the optical response. Such analysis is worthwhile because
Kagomé and other 2D triangular lattices exhibiting geometric frustration are
well known in magnetism for showing slow relaxation of the magnetization
associated with the evolution of the system through a complex energy landscape

2830 This work aims at exploring

with a huge number of quasi-degenerate states.
whether such a slow dynamic response may emerge from the geometric
frustration of interacting electric dipoles in plasmonic arrays with triangular

symmetry, an approach that, to our knowledge, has not been reported yet.

Figure 5.3(a) shows the time evolution of the magnitude of the electric field
in arbitrary units, at two characteristic points of the lattice, depicted in the
insets. Remarkably, the system remains active for over 70 fs after an excitation
pulse of only about 8 fs long. Furthermore, the time evolution at the two
feature points in Figure 5.3(a) follows a slow decaying behavior very similar for
both cases, but more intense in the horizontal gaps (parallel to the electric field

of the excitation pulse), as one could expect.

In order to shed further light on the response of the system over time,
Figure 5.3(b) shows some characteristic snapshots recorded over the time
evolution of log (|EJ?/|Eo|?) spatial distribution. Under excitation by an incident
pulse along the perpendicular direction to the zy plane of the array and with the
electric field parallel to the z-axis, the optical response over time follows a

complex combination of different modes. The optical response swings between
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bonding configurations (panels 1 and 5), where the electric field is enhanced
within the gaps along the z-axis, and anti-bonding configurations (panel 3),

where the dipolar excitation of the horizontal gaps is suppressed.
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Figure 5.3 (a) Magnitude of the electric field, normalized to the excitation field, E/Ey,

S o5
as a function of the wavelength (left) and time evolution of the magnitude of the

BAl
¢
i

electric field (right) at the points depicted in the insets. Data correspond to arrays of
Au disks of d=200 (red), 400 nm (black) and 450 nm (blue), p=500 nm and t=30 nm.
(b) Snapshots of the time evolution of log(|E’/|Esf°) for the 400 nm case recorded at a
height of z=15 nm with respect to the xy plane, being the origin (z=0) located at the
top of the dielectric layer.

5.5. Honeycomb lattice of bars

Another realization of a plasmonic array with triangular symmetry is a
honeycomb lattice consisting in elongated bars placed along the edges of the
hexagons at the midpoints of a hexagonal lattice (see Fig. 5.4(a)). This lattice

may be, in fact, regarded as two interpenetrated triangular lattices, and,
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compared to the previous one, could profit from the lightning rod effect® and
give rise to larger areas with enhancement of the electric field. Concomitantly,
the gaps between neighboring structures are better defined as compared to the
triangular lattice of disks and the near-field coupling between them is more

directional and confined.
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Figure 5.4 (a) Scheme of the honeycomb lattice of bars of 1500 nm/450 nm/45 nm/30
nm (p/l/w/t). The grey line shows the simulation region. (b) Absorption spectra of the
lattice in (a). (c) Log (|E]’/|Esf°) and (d) charge distribution for the peaks labeled as I-1I1
in (b) at z=15 nm, being the origin the top of the dielectric layer.

Figure 5.4 (a) shows a honeycomb lattice of bars of 1500 nm/450 nm/45
nm/30 nm (pitch (p)/length (I)/width (w)/thickness (f)). Unlike the previous
case, this system presents a quite sharp peak in the NIR corresponding to a
dipolar excitation of the bars, with almost perfect absorption (see Figure
5.4(b)). This peak corresponds to a mode where all the bars show dipolar
polarization giving rise to an electric field distribution that is essentially

confined in the gaps between bars with a greater intensity than in the case of
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disks (see Figure 5.4(c), III). It is worth noting that the geometric frustration of
the hexagonal lattice for the dipolar excitation of the bars is clearly evident
from the charge distribution of the three bars forming each gap when this low-
energy mode is excited: the two tilted bars show a charge accumulation at their
ends with opposite sign to that at the end of the horizontal one for every
junction (see Figure 5.4(d), III). Interestingly, this is similar to the spin
polarization in a magnetic spin-ice lattice.??3

This is consistent with our assumption that having bars instead of disks may
result in a more directional coupling and higher electric field enhancements.
Nevertheless, the response in the visible is less intense than that of the disks,
showing sharp peaks but poor absorption. The sharper and lower energy peak
corresponds to a dipolar excitation along the horizontal bars and a kind of
dipolar excitation of the tilted bars in the transverse direction, but modified in
the ends due to the constraint of the 3-bars junction. This results in
accumulations of charges of the same sign in the two tilted bars and of opposite
sign in the horizontal one (see Figure 5.4(d), II). As a result, the electric field
map shows big lobes of electric field enhancement surrounding the tilted bars
(see Figure 5.4(c), II). The highest energy mode corresponds to an excitation of
a mode along the bars of higher order with four maxima of charge The modes in
the visible, showing an enhancement of the electric field far beyond the gaps,

are assigned to surface lattices.

Analyzing the time response of the system (see Figure 5.5 (a)), we observe
that the evolution of the field intensity in the gaps is pretty similar to that of
the disks, with a slow decay of the intensity that extends over 70 fs. The time-
lapse frames (see Figure 5.5(b)) show, similarly to the hexagonal lattice of disks,
the state of the system changes in a quasi-periodic manner between near-field
modes, where the electric field is concentrated in the gaps, and surface lattice
resonances, where the electric field is enhanced around the long edges of the
bars and almost suppressed in the gaps. Moreover, it is remarkable that, at
certain times, a noticeable enhancement of the electric field takes place in the
center of the hexagon formed by the bars. Hence, the field as functions of time
and wavelength is also studied in this point showing an interesting response (see

Figure 5.5 (a), bottom): even though the enhancement is actually low and has
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only some importance in the visible, and the decay of the system is faster, the

oscillations seem to follow the convolution of two different frequencies.
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Figure 5.5 (a) Magnitude of the electric field, normalized to the excitation field, E/E,,
as a function of the wavelength (left) and time evolution of the magnitude of the

electric field (right) at the points depicted in the insets. Data correspond to a
honeycomb lattice of 1500 nm/450 nm/45 nm/30 nm (p/I/w/t). (b) Snapshots of the
time evolution of log(|E[?/|Euf?) recorded at a height of z=15 nm with respect to the xy

plane, being the origin located at the top of the dielectric layer.

All in all, we have a system which presents almost perfect absorption in the
NIR region of the spectrum and high electric field enhancements over a much
longer time than the incident pulse, although the response in the visible range of
the spectrum is weak. However, this may be improved optimizing the geometric

parameters of the elements and the thickness of the dielectric spacer.
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5.6. Triangular lattice of asterisks

Trying to unite the benefits of the two previous lattices, a lattice analogue
to that shown in Section 5.4 with disks, but composed of asterisks that are
formed by three overlapping bars, was analyzed (see Figure 5.6 (a)). In
particular, an array of 500 nm/450 nm/45 nm/30 nm (p/l/w/t) asterisk-shaped
nanostructures is studied. The motivation for this choice is diverse. Firstly,
sharper structures will benefit from the lightning-rod effect as in the honeycomb
lattice of bars. Secondly, this lattice presents three interpenetrated lattices of
gaps (depicted in Figure 5.6(a)), where one of them is oriented parallel to the
incident electric field favoring dipolar interactions, while the other two that are
not, are expected to result in higher frustration as compared to the previous
analyzed lattices. Although the geometric arrangement of the nanoelements is
the same than that of the lattice of disks, here the directionality of the gaps is
improved. As a consequence, one would expect that the effect of geometric

frustration in the array of asterisks to be greater.

The absorption spectrum, displayed in Figure 5.6 (b), exhibits two intense
peaks, one wide NIR peak (2277 nm) and a narrow one slightly above the
visible region (764 nm), the latter presenting a quality factor of 19 and reaching
98.4% of absorption. Besides, a less intense but also sharp peak is located at 624

nm.

The spatial distributions of both the electric field and charge at the
wavelengths of maximum absorbance are shown in Figure 5.6(c) and (d),
respectively. For the NIR peak, the electric field namely concentrates in the
gaps and at the end edges of the asterisk bars, resulting in localized LSR modes.
In contrast, for the VIS peaks, a more spatially extended enhancement of the
electric field throughout the array is observed, mostly in areas between the
tilted bars of each asterisk, giving rise to more complex, collective SLR modes.
This kind of SLR excitation is particularly favored by the coupling with the
underlying Au film that creates resonances perpendicular to the MIM structure.
As for the charge distributions, the major dipolar character of the NIR peak is
evidenced, in contrast to the multipolar charge distribution associated with the

high-energy modes.
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Figure 5.6 (a) Scheme of the hexagonal lattice of asterisks of 500 nm/450 nm/45 nm/30
nm (p/l/w/t). The grey rectangle shows the simulation region and the colored dashed
lines the three interpenetrated triangular lattices of gaps. (b) Absorption spectra of the
array. (c) Log (|EF/|E.f) and (d) charge distribution at z=15 nm, being the origin
located at the top of the dielectric layer, for the peaks labeled as I-III in (b).

The time evolution of the system has been studied by monitoring the
evolution in three particular points depicted in the corresponding insets, which
are located at characteristic places of the simulated unit cell: the horizontal
gaps, the tilted gaps and the V-type shape, formed by the crossing of two bars.
The activity of the system extends over 80 fs (Figure 5.7(a), right) showing an
oscillating behavior between several configurations, some of which are illustrated

in Figure 5.7(b).

Time monitors in the gaps, depicted in the insets in Figure 5.7(a), show the
system alternates excitations corresponding to the LSR and SLR modes
according to the spectral distributions in Figure 5.6(c). Taking into account

that E/E, for the low-energy modes is significantly greater than for the high-
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energy modes, we can conclude that the higher peaks of the oscillating decay
shown in the first row of Figure 5.7(a) are associated with low-energy
excitations of dipolar character (LSR modes). In fact, taking the time positions
from the higher intensity peaks in the first and second rows of Figure 5.7(a),
one retrieves values of the wavelength of 2350 and 2260 nm, respectively, that
correspond to the NIR region.
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Figure 5.7 (a) Magnitude of the electric field normalized to the excitation field, E/Ey, as
a function of the wavelength (left) and time evolution of the magnitude of the electric
field (right), at the points shown in the insets (b) Frames of the time evolution of log
(|[E?/|Eof?) at z=15 nm, being the origin located at the top of the dielectric layer.
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On the contrary, the time evolution at the V-type shape formed by the arms
of the asterisks (last row of Figure 5.7(a)) is simpler, since predominant
excitations at this point correspond to high-energy modes (SLR modes). All the
peaks of the oscillating decay there are thus related to the excitation of SLR
modes, in accordance with the frequency of the observed peaks in the time

decay that corresponds to a wavelength of 788 nm.

The foregoing indicates that the extended time response of the array is due
to the intricate interplay between local and collective plasmon modes, arising
from the geometrical frustration of interacting electric dipoles in lattices with

triangular symmetry.

As compared to the previous lattices that presented only one high
absorption region (the disks thanks to the SLR in the visible and the bars
thanks to the near-field coupling between structures in the NIR), this lattice
optimizes both resonances to behave as a dual-band perfect absorber. Also, the
excitation follows a slow oscillating decay that results from the convolution of
some characteristic frequencies that modulate the swing of the system between

the excitation modes over time.

5.7. Conclusions and further work

Along the chapter, the response of three types of lattices of plasmonic
nanoelements has been studied, all of which sharing the triangular symmetry,

but also having significant differences between them.

The three lattices present an extended time response. The fact that the
system resonates for such a long times makes these structures suitable for
applications where the absorption and subsequent transfer of the energy of the
exciting electromagnetic wave to another system should be maximized such as

in enhanced Raman® and IR spectroscopies® or in photovoltaic applications.*

Moreover, all of them present, at least, one perfect-absorption peak. While
the triangular lattice of disks present two high absorption peaks in the visible
and the honeycomb lattice only displays high absorption in the NIR, the array
of asterisks achieves almost perfect absorption both in the visible and NIR

peaks.
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Bars and asterisks formed by bars are easier to polarize resulting in a more
confined enhancement of the electric field in the gaps between elements as
compared to disks, which have to be very large to achieve near field coupling, at
the expense of covering most of the dielectric surface. However, the
enhancement of the electric field is not limited to these ‘hot-spots’. In fact, it
should be pointed out that the electric field enhancement in these plasmonic
arrays extends over much larger areas as compared to strongly coupled dimer
antennas, where the hot-spots are limited to the small gap in between the
elements.'? This, together with the fact that they present activity during much
longer times than the excitation pulse, makes these types of plasmonic arrays
suitable to increase the detection sensitivity limit of biomolecules in enhanced
Raman or fluorescence spectroscopies. Even though the maximum field
enhancement values (for instance, 528 for the NIR peak and 268 for the VIS
peak for the array of asterisks) are lower than those at the hotspots of bowtie
antennas,’ our structures are prone to interact with a significantly larger
density of target entities without the need of a precise positioning of the
molecules. This would result in both an increase of the spectroscopic signal and
a better reproducibility of the results, as compared to nanoantennas with highly
confined hotspots which require a complicated positioning of the target

molecules that limits the feasibility of those techniques.*”
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IChapter 6

Arrays of plasmonic nanoelements:

experimental results

6.1. Introduction

Along this chapter, the experimental results regarding the plasmonic arrays

of nanoelements discussed in Chapter 5 are gathered.

EBL has been used to fabricate the samples to monitor the relationship
between the geometry and the optical response of the nanostructures: by
varying the design and lithography parameters, different sizes and shapes have
been produced and later characterized using FTIR spectroscopy, showing the
tunability of the plasmonic response as a function of the geometry. Moreover, it
is also shown that the proper engineering of the optical properties enables the

use of these structures as substrates for SERS.

Special emphasis has been devoted to the nanoasterisks lattice since, as
shown in the previous chapter, it is the one presenting the most interesting
properties. Hence, for this case, simulation results regarding the optical response
as a function of each and every relevant geometric parameter have also been

enclosed.
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6.2. Triangular lattice of asterisks

As in previous cases, in the simulations presented along this chapter the
incident field is normal to the substrate, with the electric field parallel to the -
axis. A TFSF source is used for single elements and plane wave illumination is
used for simulations of the whole array. For the former, PML boundary
conditions are used in the three axes, while for the later periodic conditions are
used in the 2~ and y-axes and PMLs for the zaxis. When possible, symmetric
and anti-symmetric conditions are used to further reduce the calculation area to
a quarter of unit cell. The permittivities are directly taken from the data base of
Lumerical: Johnson and Christy’s' data for Au, Palik’s® for Cr, Si and SiO, and
CRC? for Ti.

6.2.1. Plasmonic response of a single nanoasterisk

Before going into the analysis of the lattice, a single element, 7.e., an asterisk
formed by the intersection of three bars is studied. From now on, the geometry
of the asterisks will be denoted as (pitch (p)/length (I)/width (w)/thickness (t)),
in nm, for the sake of simplicity. The simulation area was 1500 nm x 1500 nm x

500 nm with a mesh of 5 nm covering the structure.

Extinction, scattering and absorption as a function of length, width

and thickness

Figure 6.1 shows the effect of geometry in the extinction, scattering and
absorption of a single asterisk without substrate. In each row, the y-scale is kept
constant for better comparison between the contributions of absorption and

scattering to the extinction.

In the first row, plots (a)-(c), the length varies from 100 to 600 nm while
keeping width and thickness constant (45 and 30 nm, respectively). The
extinction shows two peaks, one in the visible range and a more intense one in
the NIR, that shift to longer wavelengths for increasing length, except for the
100 nm case in which both peaks are too close to be distinguishable. Besides, a

small peak appears to the right of the peak located in the visible, while a
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shoulder emerges to the left of the NIR peak, being more prominent for smaller
lengths. Looking at the scattering and absorption plots, one can see that the
peak in the visible is mostly due to absorption while the NIR peak has

contribution from both scattering and absorption.
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Figure 6.1 Extinction ((a), (d) and (g)), scattering ((b), (e) and (h)), and absorption
((c), (f) and (i)) cross-sections of a single asterisk without substrate: (1) for constant
w=45 nm and t=30 nm, changing length ((a)-(c)); (2) for constant /=450 nm and t=30
nm, changing width ((d)-(f)); and (3) when thickness is varied from 10 to 60 nm while
keeping w=45 nm and /=450 nm constant ((g)-(i))

When the width is changed for /=450 nm and #=30 nm (case shown in the
second row, in panels (d)-(f)), a small peak appears in the visible arising from
the absorption that shows a blueshift for increasing width. However, the main
response lies on the NIR part of the spectrum, with a peak that redshifts with
decreasing width. Besides, one can see that as the width is reduced, the peak in
the NIR splits into two different peaks, starting as a smooth shoulder to the left
of the peak for the case of 60 nm to two well differentiated peaks, the higher
energy being more intense, for the case of 10 nm. Panels (e¢) and (f) show that

there are contributions from both absorption and scattering to these two peaks.
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Finally, in the third row, (=450 nm and w=45 nm are kept constant, while
the ¢ is changed from 10 to 60 nm. Again, there is a peak in the visible range,
coming from the absorption of the structures that shows a blueshift for
increasing thickness. The main response is, once again, in the NIR region, where
a main peak with a shoulder to its left appears, blueshifting for increasing

thickness.

6.2.2. Plasmonic response of a lattice of asterisks

Figure 6.2 shows the absorption, reflection and transmission of arrays of
nanoasterisks of different geometry without substrate. The system presents, for
all cases, two well-defined peaks: a sharper peak in the visible and a broader one
in the NIR. By tuning the gap, length and pitch of the system, a clear evolution

is observed.

Constant gap

Figure 6.2 shows that, keeping the gap constant to 50 nm and increasing the
pitch of the array and hence the length of each asterisk, both peaks are
redshifted, being this shifting more noticeable in the lower energy peak. Also,
with increasing size, the absorption is slightly increased. For the NIR peak, this
increase is due to a decrease in the reflection, while for the visible peak, it is

more related to an increase in the transmission for increasing pitch/length.

Constant length

If the length is kept constant, and the pitch is increased to enlarge the gap, a
blueshift is observed in Figure 6.2(d)-(f). It is worth noting that, while for a
change from 460/20 to 480/30 (pitch/gap) the shift is very notable, for a further
to 480/50, the shift is barely noticeable.

Constant pitch

Keeping the pitch constant and increasing the length (Figure 6.2(g)-(i)), with
a concomitant decrease in the gap size, results in shifts of the peaks to lower

energies.
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When the pitch is kept constant (Figure 6.2(g)-(i)) or when it is only slightly
shifted (Figure 6.2(d)-(f)), the shift in the visible peak is barely changed as
compared to the lower energy peak. This could make one think that the higher
energy peak could be more related to the lattice itself while the lower energy

one could be more related to the individual elements, in accordance with the

results shown in the previous chapter.
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Figure 6.2 Absorption (a), (d), (g), reflection (b), (e), (h), and transmission (c), (f), (i)
for arrays of nanoasterisks with constant gap (a)-(c), length (d)-(f), and pitch (g)-(i)

with no substrate.

MIM configuration

To enhance the absorption of light,

SiO, substrate, presenting a 29 and 17 % absorption in the visible and NIR

a MIM
implemented following the same optimization described in Chapter 4. The
absorption for a 500/450/45/30 nm array of asterisks (p/l/w/t), with SiO,
substrate (dashed black line) and for a stack of Si + Au + SiO; (MIM) of
different thicknesses (solid lines) is displayed in Figure 6.3. As compared to the

configuration has been
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peaks, respectively, the simulations performed with MIM configuration can be
optimized to reach over 99% of light absorption for both peaks. Besides, the
latter configuration leads to a sharpened NIR peak. Since we were aiming to
optimize the absorption in the visible, the samples were fabricated with a 100
nm-thick SiO, layer which presents the highest value in the visible and still 90%
absorption in the NIR peak.
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Figure 6.3 Absorption measured in reflection as a function of wavelength for an array
of asterisks of 500 nm/450 nm/45 nm/30 nm, and different SiO, thickness, without
adhesion layer. Inset: detail of spectra in the 740 nm- 900 nm region.

6.2.3. Fabrication of the samples

All samples were fabricated by EBL with the Raith 150 Two available at the
Clean Room of the IMB-CNM. EBL was chosen to do fast prototyping to study

effects of different geometries in the plasmonic response.

Samples were fabricated onto glass substrates and using a MIM
configuration, following the scheme illustrated in Figure 6.4. Glass substrates

were cleaned using acetone in ultrasounds for 5 minutes, IPA in ultrasounds for
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5 minutes and oxygen plasma at 500 W for 5 minutes. For the case of the MIM
configuration, a wafer was cleaned following the same procedure as for the glass
substrates and the whole wafer was metallized by thermal evaporation, using 5
nm of Ti as adhesion promoter for the 60 nm thick Au layer. Then, the wafer
was cleaved into pieces of 1.5 x 1.5 cm® approximately and those pieces were

processed separately.

(a) Samples on glass substrates:

Resist EBL Development E-beam Lift-off
spin-coating evaporation

(b) Samples with MIM configuration:

[ Elektra 92 PMMA I Exposed area

SiO, Au mm S

Figure 6.4 Fabrication scheme for samples fabricated onto glass substrate (a) and in
MIM configuration (b).

According to the simulation results, a layer of 100 nm of SiO. as spacer for
the MIM configuration was the optimum value to achieve maximum absorbance
in the visible. Accordingly, the OXFORD PLASMALAB 800 Plus PECVD was
used to deposit the oxide in two steps: first, a thin layer was deposited at 50 W
of RF power and 350°C for 20 seconds, which corresponds to around 20 nm.
This layer, which comprises typically 10-20% of the total oxide thickness,
protects the underlying Au layer. Then, the power was increased to 200 W and
the temperature to 380°C to deposit the remaining thickness. The time of the

second step was adjusted according to the desired thickness taking into account
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that from 50 nm on, the deposition rate is constant. In particular, to deposit 80
nm in the second stage, having a total of 100 nm of SiO», the time was adjusted
to 71 s. The roughness of SiO, and Au were measured with AFM showing

values under 1 nm (not shown).

The resist used for all the samples was PMMA A2 (Microchem) with a
variable thickness (spinning speed changed from 1500 to 1000 rpm). For glass
substrates, a conductive resist (Elektra 92, AR-PC-5090, All Resist) was used to
avoid problems with beam deflection due to charge build-up during the EBL
exposure. This resist was spin coated at 4000 rpm for 1 minute and cured for 2

minutes at 90°.

The electron beam exposure was done at 20 kV with a 20 um gun aperture
and a step size of 10 nm. The dose was fixed to 180 pA/cm? and the dose factor
(DF) was changed from area to area to finely tune the size of the obtained

nanoelements.

After the exposure, the sample was developed by dipping it in a 1:3 solution
of methyl isobutyl ketone (MIBK) in IPA for 30 seconds and rinsed for 30
seconds in IPA to stop the reaction. For samples containing the conductive
resist, prior to the development, the conductive layer was removed by dipping

the sample in deionized water for 1 minute.

The metallization was performed in the ATC Orion (AJA International, Inc)
electron beam evaporator at the Institut Catala de Nanociencia i
Nanotecnologia (ICN2). For all the samples, thin (0.5-2 nm) layers of Ti or Cr

were used to promote adhesion before depositing the Au layer (20-30 nm).

Finally, the sample was immersed in acetone at 40°C for 5 minutes to soften
the resist and then ultrasounds were applied to perform the lift-off. However, to
favor lift-off, an undercut or inverted profile is required and a minimum ratio of
about 1:3 for the metal:resist thickness is desired. Hence, this is one of the main
challenges of the fabrication process: we are dealing with linewidths on the order
of 20 nm in some cases, separated by gaps on the same order. The design of

these structures results in an almost closed triangle of remaining resist opened
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only by three small gaps, with the additional difficulty of having a minimized

thickness of PMMA to improve resolution.*

Figure 6.5 shows some of the features obtained where the tunability of the
fabrication method to obtain structures going from asterisk- (upper left) to star-
shaped (bottom right) nanostructures is clearly proved. This wide range in the
shape of the nanoelements is obtained by changing the design, but also by
changing the DF during the EBL: the higher the DF, the more star-like

structures.

Figure 6.5 Representative SEM micrographs corresponding to different samples, from
asterisk- (a) to star-shaped (d) nanostructures, obtained by changing the fabrication

parameters. The scale bars correspond to 500 nm.

As explained before, one of the main challenges in the fabrication is the lift-
off process: to fabricate high resolution samples with gaps and widths below 20-
30 nm, the resist should be as thin as possible to minimize the deflection of the

electrons along the resist layer and the backscattered electrons. However, the
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thinner the resist, the more difficult to have a successtul lift-off: as the gaps are
small and the resist layer is thin, the available area of resist for the acetone to

actuate is very small.

6.2.4. FTIR characterization

The plasmonic response of the fabricated samples was characterized using
FTIR spectroscopy at ICMAB. In accordance with the FDTD simulations,
Figure 6.6 shows, for a constant pitch, a redshift in the low energy peak for
increasing length. Besides, one can finely tune this peak by just changing the

dose factor during the EBL exposure.
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Figure 6.6 SEM micrographs (left) and their corresponding FTIR spectra (right) for
samples with a pitch of 400 nm designed to have a width of 30 nm and metallized with
0.5 nm of Cr and 20 mm of Au, for different lengths (a) and for a length of 300 nm with
different dose factors during the EBL (b). The scale bars correspond to 500 nm.

Figure 6.6 shows a reasonable agreement with the simulations shown in the
previous chapter, FTIR results displaying the same features as the simulations,
i.e. two high absorption peaks located in the visible and NIR, respectively. In

further agreement with the simulation results, the low energy peak is easily
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shifted with changes in the geometry of the single elements, while the higher
energy peak is less movable. However, this latter peak broadens as compared to
the one in the simulations, which makes it difficult to determine whether there

is any actual shift with changes in the geometry.

6.2.5. Differences between simulations and experimental results:

approximation to the real sample

In this section, the physical origin of the differences between experimental

and simulation results are addressed.

First, the shape obtained after the EBL fabrication is far from being the
perfect designed asterisk, which is in fact what is simulated. Secondly, AFM
profiles (see Figure 6.7) show that the structures are thicker in their ends. To
account for the actual geometry of the nanoelements, Figure 6.8 shows the
simulated absorption of modified geometries according to the real samples for an
array of asterisks of 500 nm/450 nm/30 nm/0.5 nm Cr + 30 nm Au. To begin
with, corners of the EBL-fabricated structures tend to be rounded. To account
for this, a cylinder with a diameter equal to the width of the bar was added to
the end of the bars forming the asterisks, whose length was reduced by a length
equal to the radius of the cylinder, keeping constant the width of the gap (see
Figure 6.8(a)). Besides, the nanoelements are not purely rectangular bars
overlapped like those shown in the FDTD design, but they rather have a bigger
center as compared to the end of the bars. This is due to an overexposure of the
center as compared to the ends of the bars. To compensate for this, a central
cylinder of 200 nm was added at the center of the asterisk (see Figure 6.8(b)).
When adding that central cylinder, the intersection between two bars makes a
rounded outwards form, while in the fabricated samples this rounded shape is
inwards. To account for that inwards shape in the simulations, a cylinder etch
of 66 nm in diameter was added (Figure 6.8 (c)). Finally, taking into account
the AFM profiles in Figure 6.7, semi-spheres were added at the ends of the

stars.
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Figure 6.7. AFM image (left) and profile (right) of the line in the image of an array of
asterisk-shaped nanostructures.
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Figure 6.8 Effect of shape correction in the absorption spectrum. (a)-(c) Schemes of the
simulated samples with different corrections of the shape: (a) asterisk with the rounded
shape correction of the bars’ ends. (b) correction in (a), plus an added 200 nm in
diameter central cylinder to account for overexposure in the central part. (c¢) corrections
in (b) plus inwards rounded junctions between bars and the central cylinder. (d)

Absorption spectra for the different corrections.
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Figure 6.9. Effect of the gap distribution in the absorption spectra for two asterisk
arrays with pitch of 400 nm (a)-(b) and pitch of 500 nm (c)-(d), respectively, both
metallized with 0.5 nm Cr + 20 nm Au and fabricated on a substrate with MIM
configuration, being the spacer layer 100 nm of SiO.. (a) and (c) show the gap
distributions obtained from the SEM images in Figure 6.5(b)-(c). Top (b) and (d)
panels show the simulated absorption spectra as a function of the gap size, while bottom
panels show the resulting averaged curves according to the distributions in (a) and (c)

panels, respectively.

The first correction simply redshifts slightly the position of the peaks as
compared to the ‘perfect asterisk’ (Fig. 6.8(a)). However, the addition of the
central cylinder suppresses the high absorption peak in the visible (Fig. 6.8(b)).

This makes sense if one recalls the electric field distribution of the system
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presented in Chapter 4, as the main enhancement of the electric field in this
high-energy mode corresponds to a concentration of the electric field in the V-
shape formed by the intersection of the bars, which no longer exists with the
addition of a central cylinder. To correct for this, inwards rounded junctions
were added, yielding again a high absorption peak in the visible (Fig. 6.8(c)),
although partially suppressed as compared to the sharp V-shaped junction.

Another factor that should be taken into account is the actual distribution of
sizes, in particular in the gaps’ width, which is evident in the nearly-touching
structures shown in Figure 6.5(b)-(c). The latter is a key factor in the NIR peak

and the near-field coupling between nanoelements.
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Figure 6.10 (a) Simulated absorption spectra for an array of asterisks of 500 nm /
450 nm / 45 nm / 30 nm with different Cr thickness as adhesion layer. (b)
Log(|EF/|Eof°) for the peaks in (a) for the no adhesion layer (top) and the 5 nm Cr
adhesion layer (bottom) cases, taken at z=15 nm, just at half of the thickness of the

nanoelements.

It is well known that Au adheres poorly to substrates and, therefore, it is
common to use adhesion layers. However, the use of Ti and Cr, that are the
most extended materials to promote Au adhesion, results in a damping of the

plasmonic response.’® Figure 6.10 shows the absorption for different Cr adhesion
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layers. While the NIR maximum in the absorption spectrum is only slightly
affected, the absorption in the visible is drastically reduced for the 5 nm- thick
Cr layer and the two peaks are broadened and merged together. This fact is in
agreement with the results obtained for FTIR where, instead of two sharp peaks
in the visible, only one broader peak appears, whatever the design of the sample

may be.

Taking these results into account, we tried to avoid the use of these adhesion
promoters, however, some structures went away during the lift-off process and
many of the arms of the stars were also either deformed or broken (see Figure
6.11). Finally, we managed to use 0.5-2 nm thick adhesion layers, minimizing

that way the effect that Ti and Cr may have in the response of the system.
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Figure 6.11 SEM micrograph showing the poor adhesion of a sample with 30 nm of Au

deposited without adhesion layer, deposited by e-beam evaporation.

6.2.6. Arrays of nanoasterisks as substrates for SERS

First attempts to use these samples as substrates for SERS have been
performed by functionalizing the samples with 4-Mercaptopyridine (also known
as 4-Pyridinethiol) (4-Mpy). The enhancement of the Raman intensity of 4-Mpy

has already been reported using colloidal nanoparticles™ and substrates.®
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Thanks to the thiol group, 4-Mpy adheres easily to Au and Ag structures,

making functionalization easy.
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Figure 6.12 SEM micrographs (left) and corresponding Raman measurements (right)
for a sample of Ag nanoparticles and an array of Au nanoasterisks. The Raman
measurements have been performed in three cases: prior to functionalization (black),
after functionalization with a drop of 1 pl of 10° M 4-Mpy in water (blue), and after
letting the drop dry (red) for both substrates.

Measurements were performed on a substrate with Ag nanoparticles and on a
sample with asterisks of 400 nm / 300 nm / 30 nm / 1 nm Ti + 20 nm Au.
Figure 6.12 shows the SEM micrographs of the sample (left) and the Raman
measurements (right). Measurements were done prior to functionalization
(black), after functionalization with a 1 ul drop of 10* M solution of 4-Mpy
(blue) and after letting the solution dry (red). The most remarkable vibrations
are indexed in the spectra. Figure 6.12 shows that our structures exhibit better
defined peaks than those of Ag nanoparticles. The peaks corresponding to the
ring breathing and R(CC)/v(CS) are particularly enhanced and peaks that are
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hardly distinguishable for the Ag nanoparticles, like the v(C=C/C=N) and the
5(CS)/y(CCC) ones, are much better defined using the Au asterisks.

6.3. Experimental results regarding the honeycomb lattice of

bars and the triangular lattice of dots.

Following the same procedure, the honeycomb lattice of bars and the
triangular lattice of dots have also been fabricated. Figure 6.13 shows the SEM
micrographs and absorption spectra obtained for the honeycomb lattice designed
to have 1500 nm/300 nm/40 nm/0.5 nm Cr + 20 nm Au fabricated by EBL
with a dose of 180 pA/cm? at 20 kV and with a step size of 10 nm. The DF for
the tilted bars was double than that of the horizontal ones to obtain the same
thickness. The SEM micrographs in Figure 6.13(a) show that some columns of
horizontal bars are thinner than others are. This is probably due to the fact
that as the bars are designed to be only 40 nm thick, and the step size is 10 nm,

possibly one step less is taken in those bars which results in a visible difference.

Different areas have been fabricated increasing the DF from 1 to 1.5 in the
same MIM substrate, which is exactly the same as the one used for the
fabrication of the asterisks (Si + 5 nm Ti + 60 nm Au + 100 nm SiO,). The
absorption spectra obtained by FTIR shown in Figure 6.13 (a) reveals how
sensitive the response is to changes in the fabrication process: by increasing the
dose factor form 1 to 1.5, the absorption is increased in the three peaks,
probably as a consequence of the increased size of the structures. However, the
change in the peak around 950 nm is remarkably greater than for the other
cases: while for the sample with a DF=1 the peak is barely detectable, for a

DF=1.5 this peak turns into a very sharp peak.

Figure 6.13 (b) shows the absorption spectra for two samples where some of
the patterns are contacted. As a result, the NIR peak is less intense and two
new peaks appear at higher energies, but still above the visible. However, it is

interesting to notice that the response in the visible is barely affected.
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Figure 6.13 (a) Absorption spectra for several honeycomb samples, where the dose
factor (DF') during EBL has been changed from 1 to 1.5. The two SEM micrographs
on top correspond to the samples with DF equal to 1 (left) and 1.5 (right). (b)
Absorption spectra for samples where some of the structures are connected, as shown
in the inset. The scale bar corresponds to 500 nm.
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Figure 6.14 Absorption spectrum for an array of disks in a triangular lattice with

pitch of 500 nm. The scale bar corresponds to 500 nm.

The array consisting in disks in a triangular lattice has also been fabricated
on the same substrate. The sample is designed to have a pitch of 500 nm.
Figure 6.14 displays the absorption spectrum and a SEM micrograph in the
inset. Although there are two characteristic sizes of disks due to some
fabrication issues, the spectrum resembles that of Chapter 5 obtained by

numerical simulation.

6.4. Conclusions and further work

Along this chapter, the feasibility of the fabrication of the plasmonic arrays
presented in Chapter 5 has been proved. FTIR measurements agree well with
simulations, except for the experimental broadening of the peak in the visible,
presumably due to the combined effect of the adhesion layer, the roughness of
the metal layer, and the rounded shapes of the fabricated structures, as

thoroughly discussed in section 6.2.5.

Besides, preliminary results from Raman spectroscopy show that these
structures can be suitable for SERS. The functionalization of the samples with

4-Mpy resulted in enhanced intensities of the characteristic vibrations of the
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molecule. As further work, the fabrication should be optimized to match the
absorption peaks with the laser frequency for Raman spectroscopy and the
functionalization of the substrate should be improved to be able to detect lower

analyte concentrations.

Measurements also reveal that when the size of the elements is increased by
slightly increasing the dose factor during the EBL fabrication, some elements
become connected to each other. As a consequence, the absorption is modified
by the appearance of small additional peaks in the region between the broad IR
peak and the visible peaks. However, the collective resonances lying on the
visible region of the spectrum are not affected as these defects affect the sample
only locally and hence they are only reflected in the NIR peak. By further
increasing the dose, the amount of connected elements should increase until all
of the elements formed a connected lattice. Therefore, it would be of interest to
analyze the effect of larger amounts of defects in the sample, by increasing
either the connectivity of the structures until the connected lattice or, just the
opposite, removing elements from the lattice and studying the response as a
function of the faults in the lattice to find out when the collective response of

the system changes.
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(General conclusions

This Ph.D. Thesis has been devoted to the study of different Au
nanostructures, including their fabrication by nanolithographic tools, simulation
of their plasmonic response, and their optical characterization. The most
significant contributions from the studies developed throughout these years are

given below.
Cylindrical Au nanocups.

*  Arrays of 1 ecm® of Au hollow cylindrical nanostructures have been obtained
combining nanoimprint lithography (NIL) with sputtering metallization. A
trilayer stack has been used, which is composed of a bottom resist layer that
controls the height of the nanostructures, a thin (20-30 nm) SiO, layer that
acts as a mask for the bottom resist layer etching, and a top resist layer
where the NIL process takes place. In this way, the height of the
nanostructures is independent of the lithography step and, hence, the height
aspect ratio limitation of NIL is overcome.

» The fabrication process enables easy changes of the geometry. The height of
the nanostructures is tuned by changing the thickness of the bottom resist
layer. The diameter can be modified to a certain extent by changing the
etching time. Finally, the thickness of the wall is monitored as a function of
the amount of deposited material. This tunability has been proven by
fabricating a set of samples with nanoelements of various dimensions and
dense arrays of nanostructures as well. This process could be also adapted
to fabricate other types of structures or to combine different materials. Also,
using electron beam evaporation, solid structures such as dots or cones can
be obtained.

= FDTD simulations have shown that the extinction of the nanostructures

can be easily tuned by changing their geometry.
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Non- interacting nanocups of 400 nm in both diameter and height, and 30
nm in thickness of both walls and base, present an extinction spectrum with
two peaks, one in the visible and one in the IR regions of the EM spectrum.
The first peak is associated with an enhancement of the electric field inside
the cavity of the nanostructure. When both the diameter and height of the
cavity are of the order of the incident half wavelength, a kind of resonance
phenomenon takes place resulting in a large enhancement of the electric
field within the cavity. This resonant behavior could be used for example
for SERS, to enhance the response of molecules placed inside the cavity,

provided the resonance takes place at the excitation laser wavelength.

Using a MIM configuration, superabsorbing substrates have been fabricated
using the densely-packed Au nanocups. These structures absorb over 80% of
light in the range of the spectrum between 400 and 1000 nm.

Geometric frustration in arrays of plasmonic nanoelements.

Inspired by geometrically frustrated magnetic systems, hexagonal lattices of
plasmonic nanoelements have been studied aiming at finding an analogue
behavior. In particular, three different arrays have been studied: triangular
lattices of disks and asterisks and a honeycomb lattice of bars, all of them

designed in a similar manner:
e A MIM configuration has been used to enhance absorption.

e The pitch of the arrays and the element size have been chosen such that
the gaps between neighboring elements are small enough to yield strong

near-field coupling through the gaps.

According to simulations, the three systems share some common features:

e Far-field interactions among the elements give rise to higher-order
collective modes that are compatible with the translational symmetry of
the lattice and can be understood as surface lattice resonances.

e Dipolar excitation of the gaps is geometrically frustrated in these
hexagonal lattices for interactions beyond nearest neighbors. As a
consequence, the systems fluctuate through a variety of excitation
modes arising from combinations of the localized near-field modes and
the collective surface lattice resonances. This in turn results in a slow

dynamics of the optical response, a behavior similar to that of
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geometrically frustrated magnetic systems. These two kinds of modes
give rise to two high absorption peaks located around the NIR (localized
modes) and VIS (collective modes). These systems present
enhancements of the electric field not only in the gaps between

neighboring elements, but also in larger areas.

» The arrays have been fabricated using EBL to do fast prototyping of

various geometries.

= FTIR spectroscopy results are in good agreement with the numerical

simulations.

»  (Considering the slow dynamics of the system and the occurrence of non-
localized enhanced electric fields over large areas, these systems may be of
interest as enhancers for applications related to light absorption or
enhanced spectroscopies. First results indicate that these systems can be
used as substrates for SERS.

There is plenty of room for further improvement, for example, regarding the
design of the structures and specially their use for particular applications. Some
issues remained unexplored, e.g., the use of other adhesion layers with less effect
on the plasmonic properties, or the role of the roughness on both the plasmonic
response and the SERS signal. Geometrically frustrated arrays of nanoelements
might be further optimized and it would be of interest to keep exploring
different geometries. Today, the efforts are mainly focused on optimizing the

substrates for SERS and finding new interesting lattices to fabricate.

Apart from all the relevant results detailed above, I have come to a very
important conclusion: I feel that I have acquired valuable knowledge that is not
explicitly described in this manuscript that comes, most probably, from failures
and mistakes. And, what is more important, with some time and ability, some

of those “failures” will became new successes.

“Progress is made by trial and failure; the failures are generally a
hundred times more numerous than the successes; yet they are
usually left unchronicled.”

Sir William Ramsay
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Appendix A

FDTD simulations

A.1. Introduction

Simulating the interaction of light with metallic structures to test ideas,
optimize parameters, and solve problems is a key challenge in plasmonic
research. Maxwell equations for complex geometries cannot be solved
analytically. Therefore, a variety of numerical methods based on different
discretization processes have been developed, where the complex problem is
approximated using a set of analytical functions, solved by a certain algorithm
to give approximate solutions. Therefore, the simulation methodology can be

very complicated.

FDTD is one of the most common approaches used to simulate broadband
electromagnetic problems, being Lumerica' the most extended commercial
software. Along with Comsol Multiphysics,” that uses the Finite Element
Method (FEM), and other numerical approaches, these types of software make
it possible to deal with a wide variety of systems that, otherwise, could not have

been solved.

The aim of this Appendix is to clarify some of the details related to the
simulations presented along this manuscript. For further technical information

one can refer to Lumerical’s web page.'
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A.2. FDTD simulations in Lumerical

All the simulations shown in this manuscript have been performed using a
commercial-grade simulator based on the finite-difference time-domain method

by Lumerical Solutions, Inc.'

A.2.1. Meshing

The software uses a rectangular, Cartesian style mesh. By default, the
simulation mesh is automatically chosen, creating a smaller mesh in both higher
index materials, to keep constant the number of mesh points per wavelength,
and highly absorbing materials, to account for penetration depths. However,
this mesh is usually not enough in complex structures with large field variations
and additional meshing is required. Also, at the interfaces the field can be
discontinuous and the positions at the interface cannot be resolved better than

the minimum spatial increment.

The first solution for this is the use of a graded mesh that reduces the mesh
size near interfaces. However, sometimes this is not enough. As a matter of fact,
the standard Yee cell FDTD algorithm does not account for structure variations
within a Yee cell and results in a ‘staircaise’ permittivity mesh, that coincides
with the Cartesian mesh as the classical approach is to use a weighted volume
average to obtain an effective dielectric constant that does not account for the
actual geometry of the material. As a consequence, the same result is obtained
for different cases. Conformal mesh technologies (CMTs) try to improve the
results by integrating Maxwell’s equations near boundaries. For example, the
Yu-Mittra model can be used in curved Perfect Electrical Conductor (PEC)
surfaces, reducing the contour integral to include only the region outside the
PEC where the electric field is non-zero.” Lumerical has developed a conformal
mesh technology (CMT) that uses an integral solution of Maxwell’s equations

near interfaces and offers the possibility to choose between different options:

Conformal Variant 0. is the default option and applies CMT to all materials
except metals (defined as Re(e) < 1) and PEC.
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Conformal Variant 1. CMT is applied to all materials but can give worse

results than the previous case for a large mesh.
Conformal Variant 2: Yu-Mittra model is applied to PEC and metals.

This CMT enhances the simulation accuracy for a given mesh size (dx) and
is faster due to the (1/dx)* dependence of the simulation time with the mesh
size. The memory requirements scale as ~V - (1/dx)® and time as ~V - (1/dx)*

in 3D simulations.

To further control the mesh, there is a mesh accuracy slider that goes from 1
to 8 meaning that A/dx = 6,10,14,18,22,26,30,34, being A = A5/n, where n is
the refractive index. Usually mess accuracy of 2 is considered reasonable and 4-5

very high.

A.2.2. Material modelling

Lumerical offers the user a vast materials database with experimental data
and parametrized models of the dielectric constant/refractive index of the most
common materials in the field of plasmonics. For dispersive materials, Lumerical
also offers the possibility to introduce data, either experimental or theoretical,
by entering (n,k) data as a function of wavelength using the sampled material
option. Also, the dielectric properties can be described with several models,
including dielectric (&.(w) = n? = constant forn=1), PEC, conductive,
plasma, Debye, Lorentz, Sellmeier or other mnonlinear and advanced

configurations such as Chi2, Chi2/3, Kerr nonlinear or paramagnetic methods.

Drude, Debye or Lorentz models, which are widely used in the field of
plasmonics to account for the dispersive behavior of materials, are idealizations
that usually fail to describe real materials in broadband simulations. To
overcome this limitation, Lumerical offers the possibility to use the multi-
coefficient materials model (MCMs) that uses a set of functions to better fit the
response of materials that cannot easily be described by the classical
approaches. The user can tune the number of coefficients and the fit tolerance

until the model reproduces correctly the data introduced in the database.
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A.2.3. Boundary conditions

The boundaries of the simulation region can be designed in several ways by

choosing the appropriate boundary conditions (BCs):

Perfectly Matched Layers (PMLs): PMLs are designed to absorb the outgoing
waves by impedance match to the simulation region and the materials it
contains. They are characterized by absorbing all the incident field, no matter
the frequency or incident angle. The current version (introduced in 2015) was
designed based on the stretched coordinate formulation proposed by Gedney
and Zhao.” This type of BCs is used for simulations in which the fields should
propagate away from the simulation region. PMLs should be placed at least half
a wavelength away from the scattering objects to avoid interactions with the

evanescent fields.

Metal: They are perfect metal boundaries that reflect all the light.

Bloch: Used to simulate periodic structures, they can be used wherever the
structure and the fields are periodic and can be used when the source has not

normal incidence.

Periodic: Tt is a particular case of Bloch conditions intended for cases in

which k=0 and requires only half of the memory Bloch BC require.

Besides these BCs, one can use the (anti)symmetry of the system to reduce
memory and time as long as both structures and fields are (anti)symmetric. To
simulate periodic structures, the minimum and maximum BCs can be set to be

symmetric and antisymmetric, simulating only one quarter of the unit cell.

A.2.4. Sources

Lumerical offers the possibility to work with a variety of sources, including
point sources (dipoles), Gaussian and Cauchy/Lorentzian beam sources, plane

wave sources or even to import a customized profile.

The case of the total-field scattered-field source (TFSF) is of special interest.
This type of sources divide the simulation region in two different zones: a region

with the total field (incident plus scattered field) inside the TFSF source area
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and a region outside the TFSF source area where only the scattered field is
present. The incident field is a plane wave with a wave vector normal to the

injection surface.

A.2.5. Simulations with unpolarized light

All common sources of light, including the Sun or incandescent and
fluorescent lights, provide unpolarized light. Hence, it is of great importance to
be able to simulate this kind of light. However, Lumerical does not offer directly
any source of unpolarized light. To obtain the response of an unpolarized wave,

all the possible polarization need to be averaged:
21
1E1) = 5 [ 1E@Ia0
21
0

Due to the linearity of Maxwell’s equations, one can represent the electric

field of an arbitrarily polarized wave as the sum of two orthogonal polarizations:

E(0) = Essin(0) + E,cos(8)

Hence, integrating:

21 21
(|E|?) = ij |E(9)|2d9 = ij |Essin(6) + E,cos(6)|2d6
21 2T s p
0 0

2m

1 = 2 - 12 - =
=0 <|ES| sin?(6) + |E,| cos?(0) + 2|E5Ep|sin(0)cos(0)> de =
|E, i)z 21 |E |2 21 2|E, E | 21
= ;j sin?(6)de +LJ cos?(0)de +#J sin(8)cos(8)d8
21 21 21
0 0 0
Taking into account that:
2T 2T 2T
J sin?(0)d6 == j cos?(6)d =n j sin(8)cos(8)do = 0
0 0 0

the integral results in:
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1,52 - 2
(IEP) = S (1B +1E|)

Thus, it is sufficient to perform two simulations with sources with orthogonal

polarization and add the results incoherently. The result of transmission or

absorption for unpolarized light is calculated by simply averaging the

transmissions of the two simulations.
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Resumen

Esta tesis estda dedicada a la nanofabricacién, simulacién y caracterizacion de
las propiedades plasmoénicas de diferentes nanoestructuras de oro.

Cuando una onda electromagnética incide sobre una nanoestructura metalica
puede producir oscilaciones colectivas de la nube de electrones libres del metal.
Estas oscilaciones llegan a un méximo a una cierta longitud de onda, conocida
como resonancia del plasmén de superficie, cuya intensidad y frecuencia
dependen de factores tales como el material, la forma, el tamano y el medio en
el que se encuentra la estructura. De este fenémeno se han beneficiado diversos
campos donde se explota por ejemplo la posibilidad de conseguir confinar la luz
en espacios nanométricos o el aumento de la absorcion o de la difusiéon de la luz
o su direccionalidad. Este es el caso de la fotovoltaica, nanomedicina, 6ptica,

sensores y un largo etcétera.

Las condiciones para que un material tenga buenas propiedades plasmonicas
recaen sobre su funcion dieléctrica, y en particular en que la parte real de su
funcion dieléctrica sea negativa y grande y la parte imaginaria, asociada a
pérdidas por absorcion, sea lo mas pequena posible. Por ello, metales como el

oro son apropiados para este tipo de sistemas.

Para obtener las frecuencias de resonancia de las estructuras y los modos de
excitacion se deben resolver las ecuaciones de Maxwell. Sin embargo, estas
ecuaciones pueden resolverse analiticamente solo para los casos sencillos y casi
siempre es necesario el uso de métodos numéricos. En particular, en esta tesis,
se ha utilizado el paquete de simulaciones de elementos finitos en el dominio
temporal (FDTD) de Lumerical.

La tesis puede esta dividida fundamentalmente en dos partes: la primera se
centra en el estudio de nanoestructuras de oro cilindricas en forma de taza
(Section IT) y en la segunda se analizan redes frustradas de nanoelementos
plasménicos (Section III).



Resumen

Son muchos los articulos y estudios dedicados a nanoparticulas plasmoénicas
con estructura core-shell (compuestas por una corteza metdliza y un nicleo
tipicamente dieléctrico) gracias a la gran capacidad de ajuste de sus propiedades
Opticas en funcion de su geometria, pudiendo desplazar la longitud de onda de
resonancia centenares de nandémetros. Basados en estas propiedades, hemos
fabricado nanoestructuras de oro cilindricas en forma de taza, fabricadas
combinando litografia por nanoimpresién con metalizacion por pulverizacion
catodica. Ademas, para tener la posibilidad de fabricar estructuras de una
elevada altura frente a su anchura, se ha utilizado una tricapa de resina-6xido-
resina, de manera que la capa inferior de resina controla la altura de las
estructuras mientras que la litografia se realiza en la capa superior y por tanto
se sobreponen las tipicas dificultades que aparecen en la litografia de
nanoimpresion para estructuras de elevada relacion de aspecto. Estas
nanoestructuras, al igual que las nanoparticulas con estructura core-shell,
presentan también gran capacidad de ajuste de sus propiedades como funcién
del didmetro, altura y grosor de las mismas. El método de fabricacién permite
cambiar facilmente la geometria de las estructuras, facilitando el ajuste de las
propiedades plasmonicas de las mismas hasta el punto deseado. Ademés, para
ciertas dimensiones (400 nm de didmetro y altura y 30 nm de grosor) estas
estructuras presentan un pico en el visible que corresponde a una concentracion
del campo eléctrico en el interior de la cavidad. Este modo de excitacion se ha
visto también en otro tipo de estructuras con geometria cilindrica, sin embargo,
el hecho de tener simetria cilindrica hace que el aumento del campo eléctrico se
produzca de forma homogénea en toda la cavidad, algo que no ocurre en el caso
de geometria esférica. Ademas, el uso de una configuracién metal-aislante-metal
hace que estas estructuras funcionen como absorbentes de alto espectro,
consiguiendo absorber por encima del 80% de la luz en el rango de 400 a 1000

nim.

Por otro lado, basados en los sistemas magnéticos con frustraciéon geométrica
se han estudiado diferentes redes hexagonales de nanoelementos de oro,
buscando propiedades andlogas en el campo de la plasmoénica. En particular, se
han estudiado tres casos: dos redes triangulares de discos y de estrellas y una de
estructura tipo panal de abeja de barras. Todos los sistemas se han disenado de
modo que el periodo es del orden de la longitud de onda de resonancia y los
espacios entre estructuras suficientemente pequeilos para tener acoplo de campo
cercano. Ademas, en estos sistemas se ha utilizado de nuevo la configuracién
metal-aislante-metal, disenada para obtener interferencia constructiva y, en

consecuencia, picos de alta absorciéon. Las muestras se han fabricado utilizando
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litografia por haces de electrones para poder cambiar facilmente el disefio y
estudiar los cambios en la respuesta 6ptica en funciéon de la geometria. Tanto las
simulaciones como las medidas de espectroscopia por transformada de Fourier
muestran que, efectivamente, todos estos sistemas presentan picos de alta
absorcion en el visible, en el infrarrojo, o en ambos. Todos ellos presentan un
pico de absorcion ancho en el infrarrojo ligado a la excitacion dipolar de los
huecos entre nanoestructuras y picos mas estrechos en el visible que
corresponden a modos donde predomina el comportamiento colectivo del
sistema. Ademads, el estudio de la evolucién temporal del sistema muestra que
este tipo de redes presentan una respuesta extendida en el tiempo inducida por
la frustracién geométrica del sistema, durante la cual el sistema oscila entre
modos donde predomina la excitacion dipolar de los huecos entre estructuras,
frustrada para interacciones mas alla de primeros vecinos, y modos colectivos
que siguen la simetria de la red. Este tipo de respuesta es tipica también de los
sistemas magnéticos frustrados. Ademaés, las interacciones colectivas dan lugar a
aumentos del campo eléctrico en areas muy extensas de la superficie, haciendo
que estos elementos sean de interés para espectroscopias aumentadas con este
efecto plasmoénico. En comparacion con otro tipo de estructuras donde el
aumento del campo eléctrico es mas elevado, pero en un lugar muy localizado,
estas estructuras contrarrestarian el hecho de tener un aumento del campo
eléctrico menor, con tener una mayor area donde aumentar la senal de la
molécula, siendo, ademas, méas reproducibles. Como prueba de concepto se han
funcionalizado las muestras con mercaptopiridina mostrando que efectivamente

sirven como sustratos para espectroscopia Raman amplificada en superficie.

167






	ACR_COVER
	PhDmanuscript_AnaCondeRubio

