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ABSTRACT

Plasmonics is an emerging field in nanooptics, which focuses on
the optical properties of resonant subwavelength metal nanopar-
ticles. Historically, such geometries commonly employed noble
metal nanoparticles to achieve a variety of effects ranging from
nanofocusing of light to negative refraction.

Building on these concepts, this thesis investigates hybrid nano-
plasmonic devices, which combine passive noble metal nanostruc-
tures with chemically reactive or actively tunable materials to ob-
tain novel functionalities.

Utilizing various complex plasmonic geometries, this work pur-
sues two complementary threads of research, covering the tech-
nological scale from fundamental science to device applications.

On the one hand, it utilizes chemically synthesized hybrid plas-
monic “smart dust” nanoprobes to detect progressively lower
reagent concentrations. Starting from silica shell-isolated gold
nanoparticles, which are used to map the catalytic reactions in
adjacent extended palladium thin films, DN A-assembled bimetal-
lic plasmonic nanosensors are investigated to resolve changes in
sub-5nm Pd nanocrystals on the single antenna level, pushing
the lower limit of chemical detection volume.

On the other hand, it studies plasmonic perfect absorber struc-
tures, optical elements designed to absorb all radiation of a cer-
tain wavelength, which have shown promise for a variety of tech-
nological applications. Here, the focus is on both developing a
theoretical model for the optical behavior of plasmonic perfect
absorber structures, especially at large incident angles, as well as
on the experimental realization of efficient gas sensors and active
mid-infrared imaging devices.






ZUSAMMENFASSUNG

Als zentraler Bestandteil der Nanooptik beschiftigt sich die Plas-
monik mit dem Studium der optischen Eigenschaften von res-
onanten metallischen Nanostrukturen. Hierbei wurden bislang
vor allem Edelmetalle wie Gold und Silber eingesetzt, was jedoch
nur passive plasmonische Geometrien erlaubt.

Hiervon ausgehend beschiftig sich diese Arbeit mit neuartigen
hybriden plasmonischen Nanostrukturen. Diese verbinden Edel-
metall-Komponenten mit chemisch reaktiven oder extern schalt-
baren Materialien um optische Elemente mit neuen Funktional-
itdten zu realisieren. In diesem Kontext werden zwei komple-
mentédre Forschungsrichtungen zwischen Grundlagenforschung
und technischer Anwendung genauer betrachtet.

Auf der einen Seite steht die Untersuchung chemisch synthe-
tisierter hybrider Nanopartikel (sogenannter “smart dust”) zum
Nachweis von Chemikalien und Spurengasen in geringen Konzen-
trationen. Hierzu werden zunéchst Siliziumdioxid-iiberzogene
Gold-Nanopartikel eingesetzt um lokale katalytische Reaktionen
in benachbarten Palladium-Schichten zu detektieren. Weiterfiih-
rend wird DNA Nanotechnologie verwendet um kleine Palla-
diumpartikel kontrolliert in der direkten Umgebung von Gold
Nanoantennen zu platzieren. Hierdurch gelingt der optische
Nachweis von chemischen Reaktionen in weniger als 5 nm grofien
Metall-Hydrid Partikeln fiir sehr kleine Detektions-Volumina.

Auf der anderen Seite befasst sich die Arbeit mit sogenan-
nten plasmonischen perfekten Absorbern. Hierbei handelt es sich
um optische Elemente, welche fiir die vollstindige Absorption
von Licht einer bestimmten Wellenlinge ausgelegt sind. Hier
liegt der Fokus unter anderem auf der Entwicklung eines theo-
retischen Modells fiir die optischen Eigenschaften solcher Struk-
turen, insbesondere bei hohen Einfallswinkeln. Weiterhin wer-
den perfekte Absorber fiir Anwendungen als effiziente Gassen-
soren sowie fiir die thermische Bildgebung im Mittelinfraroten
experimentell realisiert.
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AUSFUHRLICHE ZUSAMMENFASSUNG

Die Plasmonik beschiftigt sich mit der Untersuchung von opti-
schen Anregungen in nanoskaligen Metallstrukturen. Als Schliis-
seltechnologie im Bereich der Nanooptik hat sie hierbei in den
letzten Jahren vielseitige Anwendungen hervorgebracht und Ma-
terialien mit negativem Brechungsindex, verbesserte Solarzellen
oder biokompatible Sensoren ermdglicht.

Triebfedern dieser bemerkenswerten Entwicklung sind Fort-
schritte in der Nanotechnologie, speziell in der Strukturierung
von Materialien auf der Nanoskala. Hierbei unterscheidet man
zwischen “top down” Techniken wie beispielsweise der Elektro-
nenstrahl-Lithographie und der Nanoimprint-Lithographie, so-
wie den “bottom up” Techniken, die stirker in der chemischen
Synthese verwurzelt sind.

Diese Durchbriiche im Bereich der Nanostrukturierung haben
die experimentelle Realisierung von immer kleineren plasmoni-
schen Strukturen ermoglicht und somit den Arbeitsbereich der
Plasmonik vom Giga- und Terahertz-Bereich bis zum nahinfra-
roten und sichtbaren Spektralbereich ausgedehnt.

Die physikalische Grundlage der Plasmonik ist die Fahigkeit
kleiner Metallpartikel, einfallendes Licht auf der Nanoskala zu
btindeln und somit sehr hohe elektrische Feldstdrken in kleinen
Volumina zu erzeugen. Hierfiir verantwortlich sind Oszillationen
der Leitungselektronen vor dem Hintergrund der positiv gelade-
nen Atomkerne, welche resonant iiber eine einfallende Lichtwelle
angeregt werden konnen.

Das spektrale Verhalten solcher plasmonischen Anregungen
(speziell die Absorptions- und Streuquerschnitte) kann nur fiir
sehr einfache System analytisch berechnet werden. In komplexe-
ren Systemen héngen die Plasmon-Resonanzposition und -Lini-
enform stark von der Geometrie, der Materialzusammensetzung
und der Umgebung der Nanostrukturen ab.

Anféanglich hat sich die Plasmonik-Forschung hauptséchlich
auf Edelmetall-Nanopartikel konzentriert, da diese nur geringe
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Materialverluste zeigen und somit Resonanzen von hoher Giite
ausbilden. Beginnend von einfachen kugel- oder stabformigen
Strukturen wurden zunehmend komplexe Anordnungen mehr-
erer Partikel realisiert und die Kopplung solcher Resonatoren in
zwei und drei Dimensionen untersucht. Solche komplexen ge-
koppelten Systeme zeigen bemerkenswerte optische Effekte, an-
gefangen von effizienter Absorption einfallender Strahlung bis
hin zu Strukturen, die zirkularen Dichroismus aufweisen.

Um neue Anwendungsfelder fiir die Plasmonik zu erschliefien
ist es jedoch notig, die bislang hédufig verwendeten (aber inhérent
passiven) Edelmetalle wie Silber und Gold um neuartige Mate-
rialien zu ergédnzen. Die Verbindung von passiven Komponenten
mit chemisch reaktiven oder extern schaltbaren Materialien zu
hybriden plasmonischen Strukturen eroffnet neue Freiheitsgrade
fiir das Design solcher Geometrien, und erlaubt die Erweiterung
bestehender Systeme durch neue Funktionalitédten.

In diesem Kontext beschiftigte sich die vorliegende Arbeit mit
zwei komplementédren Forschungsrichtungen im Spannungsfeld
zwischen Grundlagenforschung und technischer Anwendung.

Zundchst lag ein Fokus der Arbeit auf dem komplett optischen
Nachweis chemischer und katalytischer Reaktionen fiir sehr klei-
ne Gaskonzentrationen und Detektions-Volumina. Ein zentrales
Konzept fiir solche nanoplasmonischen Sensoren ist die anten-
nenverstarkte Detektion, im Rahmen derer eine effiziente opti-
sche Antenne verwendet wird um kleine chemische Anderungen
in einem benachbarten reaktiven Material aufzulosen.

Aufgrund der groflen technologischen Bedeutung diente die
katalytische Dissoziation von Wasserstoff-Molekiilen und die an-
schlieffende Hydridbildung in Palladium als ideales Modellsys-
tem fiir ein solches reaktives Material.

Um die grundlegenden Wirkprinzipien in solchen antennen-
verstdrkten nanoplasmonischen Sensor-Geometrien zu identifi-
zieren, wurde das Verhalten eines Palladium Nanopartikels im
Fokus einer dreieckigen Gold Nanoantenne mittels ausgedehnter
numerischer Simulationen untersucht. Hierbei zeigte sich, dass
neben der wasserstoffabhéngigen Brechungsindexdnderung im
Palladium ebenfalls die Ausdehnung des Palladium-Gitters be-



riicksichtigt werden muss, um ein solches System physikalisch
korrekt zu beschreiben.

Antennenverstdrkte Sensor-Geometrien liefern zwar hohe Sen-
sitivitdten, jedoch ist ihre Herstellung mittels “top down” Nano-
fabrikationstechniken kompliziert und erfordert hohe maschinel-
le Genauigkeiten in der Lithographie.

Um flexiblere und einfacher herzustellende Nanosensoren zu
realisieren konzentrierte sich die Arbeit deshalb im weiteren Ver-
lauf auf die Untersuchung chemisch synthetisierter hybrider Na-
nopartikel (auch “smart dust” genannt) zum Nachweis von Che-
mikalien und Spurengasen in geringen Konzentrationen.

Hierzu wurden zunéchst Siliziumdioxid-iiberzogene Gold-Na-
nopartikel eingesetzt um lokale katalytische Reaktionen in be-
nachbarten Palladium-Schichten zu detektieren. Speziell wurde
gezeigt, dass schon kleine Anderungen der Filmdicke und Film-
morphologie zuverldssig und komplett optisch nachgewiesen wer-
den konnten. Hierbei fithrte eine Anderung der Filmdicke um
lediglich 5nm bereits zu einer Anderung der Sensorantwort um
mehr als 50 %.

Die genannten Au@SiO; Nanosensor-Partikel sind ideal um
lokalisierte chemische Reaktion auf ausgedehnten Katalysator-
Schichten aufzulosen. Um diesen konzeptuellen Ansatz nun auf
die Detektion weniger Molekiile bestimmter chemischer Substan-
zen auszudehnen, miissen integrierte Sensor-Geometrien mit sehr
geringen Detektions-Volumina realisiert werden.

Hierzu wurde DNA-Nanotechnologie verwendet um weniger
als 5nm grofse Palladium Nanokristalle prézise in der unmittelba-
ren Umgebung von chemisch synthetisierten, stabformigen Gold
Nanoantennen zu platzieren. Die DNA-Verbindungselemente er-
lauben eine kontaktfreie Anordnung der Sensorkomponenten mit
extrem geringen Abstinden (< 2nm), was eine optimale Aus-
nutzung der plasmonischen Nahfeldverstarkung im Bereich der
Antenne gewdhrleistet.

Die spektrale Antwort einzelner DNA-Nanosensoren wurde
fiir verschiedene Wasserstoff-Konzentrationen gemessen und die
Hydrid-Bildung in solchen winzigen Palladium Nanokristallen
erstmals optisch nachgewiesen.
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Ein zweiter Fokus der Arbeit war die Untersuchung sogenann-
ter plasmonischer perfekter Absorber. Hierbei handelt es sich
um optische Elemente, welche fiir die vollstindige Absorption
von Licht einer bestimmten Wellenlinge ausgelegt sind. Wah-
rend “smart dust” Nanopartikel ideal fiir den Nachweis extrem
kleiner Konzentrationen und das Erreichen winziger Detektions-
Volumina geeignet sind, konnen plasmonische perfekte Absorber
als Grundlage fiir technologisch relevante Sensoren in industri-
ellen Anwendungen dienen.

Um dieses Konzept fiir die Gassensorik zu realisieren wurde
eine Geometrie bestehend aus Palladium Nanodrdhten tiber ei-
ner Magnesiumfluorid Abstandsschicht und einem Goldspiegel
betrachtet. Durch Optimierung der kritischen Strukturparameter
konnte die Reflexion der Geometrie fiir eine spezifische Design-
Wellenlinge fast vollstandig unterdriickt werden, was zusammen
mit dem opaken Goldspiegel zu einer Absorption von A > 99 %
im sichtbaren Spektralbereich fiihrt.

Die nahe bei Null liegende Reflexion erlaubt fast hintergrund-
freie Messungen an der Resonanz-Wellenldnge, wodurch schon
kleine Wasserstoff-bedingte Modulationen der optischen Antwort
des Systems zu groflen relativen Anderungen der Reflexion fiih-
ren. Die Nutzung einer optimierten Struktur mit diesen Eigen-
schaften erlaubte den zuverldssigen Nachweis von Wasserstoff-
Konzentrationen bis hinunter zu 0.5 % in Stickstoff Tragergas.

Ein weiterer wichtiger Aspekt fiir den Einsatz perfekter Absor-
ber im technologischen Umfeld ist die Winkelabhédngigkeit der
Absorption. Wiinschenswert ist eine hohe Absorption tiber einen
moglichst groflen Winkelbereich, was groéfiere Toleranzen in der
Justage solcher optischer Elemente und somit eine verbesserte
Stabilitdt ermoglicht.

Bei Anwendungen im Bereich der Photovoltaik oder der Bild-
gebung kann durch eine Vergrofierung des Winkelbereichs der
Absorption ausserdem die Effizienz deutlich gesteigert werden,
da das gesamte einfallende Licht genutzt werden kann.

Um die Prinzipien des winkelabhdngigen Verhaltens in per-
fekten Absorbern zu untersuchen wurden umfangreiche winkel-
abhingigen Reflextions-Messungen an verschiedenen Absorber-
Geometrien durchgefiihrt. Durch einen Vergleich dieser Messun-
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gen mit numerischen Simulationen konnte ein Modell basierend
auf optischer Impedanz-Anpassung entworfen werden, welches
das winkelabhingige Verhalten perfekter Absorber physikalisch
korrekt beschreibt.

Insbesondere wurde die perfekte Anpassung des Imaginérteils
der optischen Impedanz an das umgebende Medium als bestim-
mender Faktor fiir winkelunabhingige Absorption identifiziert.
Ausgehend von dieser neuen Design-Regel fiir perfekte Absor-
ber mit regelméiflig angeordneten Elementen wurde das Modell
in der Folge auf eine Absorber-Geometrie mit zufllig angeord-
neten plasmonischen Resonatoren angewendet und somit die Fle-
xibilitdt des Ansatzes unterstrichen.

Abschlieflend konzentrierte sich die Arbeit auf die Realisie-
rung schaltbarer plasmonischer Strukturen, deren spezifische op-
tische Eigenschaften mittels eines externen Einflussfaktors stark
beeinflusst werden konnen. Hierbei sind solche schaltbaren Struk-
turen von den bisher demonstrierten Sensor-Geometrien vor al-
lem dadurch abgegrenzt, dass sich die optischen Eigenschaften
sehr stark und zwischen zwei genau definierten Schaltzustdanden
andern lassen.

Als erster Grundbaustein wurden hier plasmonische Nanoan-
tennen bestehend aus Yttriumhydriden (YHy) untersucht. Durch
Variation der Wasserstoff-Konzentration in der Umgebung kon-
nen diese Antennen von einem metallischen (Yttriumdihydrid) in
einen dielektrischen Zustand (Yttriumtrihydrid) tiberfiihrt wer-
den, was mit einem vollstindigen Verschwinden der plasmoni-
schen Resonanz einhergeht.

Durch Erweiterung dieses Konzeptes auf Au/YH, hybride Na-
noantennen in Kombination mit einem Platin-Spiegel konnte aus-
serdem das Strukturdesign eines schaltbaren perfekten Absor-
bers entwickelt werden.

Trotz des guten Schaltkontrastes der hergestellten Strukturen
zeigte sich, dass die Schaltzeiten zwischen den genannten Yttri-
umhdriden vergleichsweise niedrig waren. Speziell die Desorpti-
on des Wasserstoffs bei Wegnahme des umgebenden Hj-Partial-
drucks lief sehr langsam auf einer Zeitskala von Stunden ab, was
YH,-basierte Systeme ungeeignet fiir viele realistische technolo-
gische Anwendungen macht.
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Um einen wirklich schaltbaren perfekten Absorber im Mitte-
linfraroten zu realisieren wurde als alternatives Material deshalb
Germanium-Antimon-Tellurid (GST) untersucht. GST ist eine zen-
trale Materialkomponente in optischen Speichermedien und kann
sowohl optisch als auch elektrisch zwischen zwei bei Raumtem-
peratur nicht volatilen Zustdnden hin und her geschaltet werden.
Weiterhin kann dieser Schaltprozess bis hinunter zu Nano- und
Picosekunden-Zeitskalen durchgefiihrt werden.

Das untersuchte Absorberdesign bestand aus quadratischen
Aluminium Nanoantennen tiber einer GST-326 Abstandsschicht
und einem Aluminiumspiegel. Diese Anordnung erlaubte die ex-
perimentelle Realisierung einer Absorption A > 90 % im mitte-
linfraroten Spektralbereich bei Wellenldngen von 3-5um. Durch
die Flexibilitdt des Designs konnte die Wellenldngenposition der
resonanten Absorption ausserdem leicht durch geometrische Va-
riation der Nanoantennen-Seitenldnge geandert werden.

Die Grundlage des schaltbare Verhalten der Anordnung bilde-
te der reversible Ubergang zwischen den amorphen und kristalli-
nen Phasen von GST. Der Phasentibergang geht mit einer starken
Anderung des Brechungsindexes einher, was einen grofen Schalt-
kontrast und einen starke spektrale Verschiebung der mittelinfra-
roten Absorptionsbande der Anordnung ermoglichte. Diese star-
ke optische Modulation beim Phaseniibergang erlaubte das voll-
standige Schalten der Struktur zwischen zwei spektral getrenn-
ten Mittelinfrarot-Absorptionsbanden.

Wenn ein solcher schaltbarer Absorber in bildgebenden Detek-
toren im Mittelinfraroten integriert wird, ermoglicht er die Dif-
ferenzierung von Objekten mit verschiedenen Temperaturen und
kann somit fiir neue Anwendungen in der Materialpriifung oder
der Astronomie eingesetzt werden.

Ausgehend von den in der vorliegenden Arbeit entwickelten
Konzepten gibt es zahlreiche zukiinftige Forschungsrichtungen,
in denen hybride plasmonische Strukturen eine zentrale Rolle
spielen konnen.

So konnen beispielsweise die Au@SiO, Nanosensor-Partikel
verwendet werden um katalytische Prozesse auf ausgedehnten
reaktiven Materialien ortsaufgelost zu beobachten. Hierzu wer-
den die Nanosensoren netzartig auf der zu untersuchenden Ober-
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flache verteilt und ihre zeitaufgeloste optische Antwort wihrend
eines katalytischen Prozesses fiir alle Partikel in einem bestimm-
ten Sichtfeld simultan gemessen.

Durch Vergleich dieser “Reaktionskarte” der Oberfliche mit
Elektronen- bzw. Rasterkraftmikroskop-Aufnahmen kann dann
der Einfluss lokalisierter Defekte, Risse oder Verwerfungen auf
die Effizienz der katalytischen Reaktionen quantifiziert werden.
Die hieraus entnommen Erkenntnisse konnten dann einen wich-
tigen Beitrag fiir das Verstdndnis und die Entwicklung neuartiger
Katalysatoren in Forschung und Industrie leisten.

Weiterhin konnen die gezeigten DNA-basierten Nanosensoren
fir die Verwendung neuer funktioneller bzw. chemisch sensiti-
ver Materialien erweitert werden, was den Nachweis anderer si-
gnifikanter Stoffe und Spurengase ermoglichen wiirde. Ausser-
dem kann der Einsatz dieser hybriden Nanopartikel in biologi-
schen Systemen untersucht werden, mit dem Ziel der flexiblen
und komplett optischen Uberwachung chemischer Reaktionen in
Lebewesen potentiell bis hinunter zu Mikroorganismen.

Schliefilich bildet das Konzept eines schaltbaren plasmonischen
Elements im Mittelinfraroten einen idealen Ausgangspunkt fiir
die Realisierung einer Anordnung zur ortsaufgeldsten Beeinflus-
sung der Amplitude und Phase einfallenden Lichts. Ein solcher
réumlicher Modulator fiir Licht (“spatial light modulator”, SLM)
wurde im Mittelinfraroten bislang nicht realisiert und wiirde so-
mit eine wichtige technologische Liicke im Bereich der adaptiven
Optik und fiir Anwendungen in der Astronomie und der opti-
schen Datentibertragung ausfiillen.

Kernbestandteil einer solchen Anordnung ist eine hybride plas-
monische Oligomer-Struktur, deren optische Antwort ein breites
lorentzformiges Absorptionsband mit einem spektral schérferen
Transmissions-Fenster aufweist. Eine solche Fano-resonante An-
ordnung erlaubt die simultane Realisierung von hoher Transmis-
sion im Mittelinfraroten und starker Modulation der Phase in ei-
nem bestimmten Wellenldngenbereich. Kombiniert mit einer be-
nachbarten GST-Schicht konnte somit die Amplitude und Phase
des einfallenden Lichts iiber externe Impulse beeinflusst und ak-
tiv geschaltet werden.
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Unterteilt man eine solche aktive plasmonische Oberfldche in
einzeln ansteuerbare Pixel, kann die Amplitude und Phase des
einfallenden Lichts schliefllich ortsabhingig beeinflusst werden.

Durch die einzigartige Kombination von hohen optischen Mo-
dulationen und geringen Strukturgrofien konnen hybride plas-
monische Systeme zukiinftig einen zentrale Rolle bei der Ent-
wicklung miniaturisierter optischer Geratschaften spielen. Die po-
tentiellen Anwendungen fiir solche Nanophotonik-basierten An-
ordnungen sind vielfaltig, angefangen von hochsensitiven Senso-
ren bis hin zur Blindelung von Energie fiir effiziente neuartige
Katalysatoren.
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INTRODUCTION

In the last decade, plasmonics has developed into an expansive
and vibrant field, with applications as diverse as negative refrac-
tion, enhanced photovoltaics, and targeted drug delivery 3.

This remarkable progress has been driven by major advances
in the fabrication of nanostructured systems, including both “top-
down” approaches such as electron-beam or nanoimprint lithog-
raphy as well as “bottom-up” techniques like nanosphere lithog-
raphy and chemical synthesis#®. The unprecedented ability to
structure metals and dielectrics on the nanoscale has allowed
plasmonics to move from giga- and terahertz into the near-in-
frared and visible spectral ranges.

Since the response of plasmonic structures in the optical range
allows for remote and non-invasive read-out using standard op-
tical spectroscopy, this transition has also been a crucial driving
factor for the field of plasmonic sensing7~"".

In general, plasmonic device concepts rely on the ability of
small metal particles to concentrate incident light into deep sub-
wavelength volumes. This behavior is due to the collective oscil-
lations of the conduction electrons against the restoring force of
the positively charged nuclei, which can be resonantly driven by
an external electromagnetic field *>. The spectral behavior of such
plasmonic resonances (specifically the scattering and absorption
cross-sections) can be calculated analytically only for geometri-
cally simple systems, such as subwavelength gold spheres in an
isotropic medium. For more complex systems, the plasmon res-
onance position and lineshape are highly dependent on material
composition, nanoscale geometry, and dielectric environment of
the nanostructure 3.

Initial experiments in plasmonics research have focused on no-
bel metal nanoparticles, starting from investigations of simple
sphere- and rod-type structures and moving towards coupled ar-
rangements of nanoparticles in two and three dimensions. Such
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complex coupled nanoparticle geometries can exhibit remarkable
optical properties such as perfect absorption#, the plasmonic
analogue of electromagnetically induced transparency'>, or cir-

cular dichroism *°.

However, in a push towards novel applications, plasmonics re-
quires a shift from widely used but passive metals such as silver
or gold towards novel materials systems. Integrating such mate-
rials into hybrid plasmonic devices allows for additional degrees
of freedom in structure design and can add new functionality to
known systems.

Utilizing various complex nanoplasmonic devices, this thesis
pursues two complementary threads of research, covering the
technological scale from fundamental science to applications.

On the one hand, it focuses on the development of chemically
synthesized hybrid plasmonic nanosensors, which combine an
efficient optical probe with a chemically sensitive material to
enable novel sensing applications. By performing optical mea-
surements on individual plasmonic nanoprobes, it aims to detect
reagents in progressively smaller sensing volumes, with the ulti-
mate goal of observing chemical and catalytic reactions involving
only a few molecules.

On the other hand, it studies plasmonic perfect absorber struc-
tures, optical elements designed to absorb all radiation of a cer-
tain wavelength, which have shown promise for a variety of tech-
nological applications. Here, the focus is on both developing a
theoretical model for the optical behavior of plasmonic perfect
absorber structures, as well as on the experimental realization of
efficient gas sensors and active mid-infrared imaging devices.

As a theoretical primer, chapter 2 presents some of the funda-
mental scientific concepts for describing and understanding the
behavior of hybrid plasmonic nanostructures. This includes a
general discussion of the electrodynamics of metal/dielectric in-
terfaces and metal nanoparticles as well as an overview of the
material systems used in the presented sensor and imaging de-
vices.

Chapter 3 gives a brief overview of the field of plasmonic
gas and chemical sensing, covering a range of detection con-
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cepts from plasmonically-functionalized thin films to highly en-
gineered nanostructures.

Chapter 4 focuses on single plasmonic nanoprobes for trace
gas detection, especially using increasingly complex chemically
grown plasmonic nanoprobes, often referred to as “smart dust”.

Chapter 5 discusses the the theoretical modeling and experi-
mental realization of various plasmonic perfect absorber devices.
Topics covered include the development of an impedance-match-
ing model for the optical properties of perfect absorbers particu-
larly at high incident angles, as well as applications ranging from
hydrogen sensing to active infrared imaging.

In chapter 6, the main results of the thesis are summarized,
and a short outlook on how future hybrid plasmonic devices can
build on the presented concepts is given.






THEORY OF PLASMONIC DEVICES FOR
SENSING AND ACTIVE CONTROL

This chapter outlines some of the theory of plasmonic devices
for sensing and active control. If focuses first on the basic equa-
tions governing the interaction of light with plasmonic systems,
namely Maxwell’s equations and the Drude model for the dy-
namics of conduction electrons. Building on this, surface plas-
mon and localized surface plasmon resonances are discussed.
After a brief description of the working principle of plasmonic
perfect absorbers, some material systems for hybrid plasmonic
devices are introduced.

A description of basic electrodynamic principles and plasmonic
systems can be found in a variety of textbooks. This introductory
chapter follows the line of argument in Ref.*?, with some parts
adapted from Ref.'7.

2.1 BASIC EQUATIONS OF ELECTRODYNAMICS

Maxwell’s equations form the theoretical foundation of optics
and electrodynamics. In vacuum and using SI units, they are
commonly written as

divE= & (2.1)
€0
divB =0 (2.2)
rotE = —aa—]t; (2.3)
) oE
rot B = poj + pogo o, (2.4)

where bold symbols denote vector quantities and ¢y and pg are
the electric permittivity and magnetic permeability of vacuum,
respectively.
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These equations link the electric field E and the magnetic field
B at a any given point in space with the corresponding charge
density ¢ and current density j. Since electric charge is conserved
in any closed volume, we also require

. 00
divj + Fi 0. (2.5)

Two straightforward solutions of Maxwell’s equations are plane
waves of the electric and magnetic fields of the form

E(t) = Ey-elk=«@h  B(t) = B - ellkr—«d) (2.6)

where k is the propagation vector of the wave, w is its angular
frequency, and the vectors Ey and By are linked by the relation
wBy = k x Ep.

The analysis of electric and magnetic fields becomes somewhat
more complicated when introducing a medium. In the follow-
ing, we will focus on the simplest case of a linear, nonmagnetic
and isotropic medium. Consequently, such a medium can be de-
scribed as an arrangement of microsocopic dipoles, which can be
aligned in an applied external electric field.

This polarization in the material leads to the formation of an
internal charge density oint, which needs to be included in addi-
tion to the external charge density ¢ in Maxwell’s equation for
the divergence of the electric field. This leads to

Q+Qint _ @
€0 €

divE = (2.7)

The internal charge density is further related to the electric
dipole moment per unit volume P via divP = —gj. Putting
these two observations together, one obtains

egdivE +divP =div (gE+P) =divD = ¢ (2.8)

where D is the dielectric displacement given by

D =¢E+P. (2.9)
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This argument also holds for the magnetic material response,
where the magnetic field H can be introduced via

H= iB -M (2.10)
Ho

with magnetization M. Since we assume a linear (P ~ E), non-
magnetic (M = 0) and isotropic medium, this reduces to

D = ¢pcE (2.11)

B = uouH (2.12)

with relative permittivity ¢ and relative permeability y (in the
nonmagnetic case y = 1).

Maxwell’s equations in a linear, nonmagnetic, and isotropic
medium can now be written as

divD =9 (2.13)
divB =0 (2.14)
JoB
rotE = —5 (2.15)
. daD
rotH =j+ T (2.16)

These equations contain all four macroscopic fields and link
them with the external charge and current densities. Finding
solutions for the complex boundary conditions of metal-dielectric
nanoscale systems is a key challenge in plasmonics research.

2.2 DYNAMICS OF CONDUCTION ELECTRONS

Compared to the study of simple dielectric materials, the electro-
dynamic treatment of metals is more complex. One key differ-
ence is the presence of conduction electrons in the metal, which
can interact with an incident electric field.

A straightforward description of this interaction is found in
the Drude model, which assumes a cloud of conduction elec-
trons freely moving against a fixed background lattice of pos-
tively charged ions. These electrons do not interact with each



PLASMONIC THEORY FOR SENSING AND ACTIVE CONTROL

other and their only contacts with the lattice are elastic collisions
happening at a specific frequency v = 1/7, where 7 is the char-
acteristic relaxation rate of the electron gas.3

Due to these simplifications, the Drude model ignores quan-
tum effects and the detailed electronic band structure. However,
it can still yield sufficient results for alkali metals and, in spectral
regions where interband-transitions are absent, noble metals like
platinum, gold and palladium.

The dynamics of this system can now be calculated by intro-
ducing a periodic external electric field Eex. Importantly, we
consider the conduction electrons as harmonic oscillators driven
by the external electric field. Assuming no electrostatic interac-
tion between the background lattice of ions and the electrons
(‘free electron model’), the equation of motion for the electrons
becomes

mx(t) + m’)/x(t) = —e: Eext(t)' (2.17)

In optical systems, we can assume that the time-dependence
of the electric field is harmonic and can simply be written as
Eext = Eo-e %!, After an initial relaxation time, the frequency
of an harmonic oscillator will be equal to the frequency of the
driving force, which leads to the ansatz x(t) = xo - e~ '“!. This
links the osciallator amplitude x to the incident field via

X = ¢ Eext(t). (2.18)

w? +iyw)

Going back to a macroscopic picture, these oscillator ampli-
tudes lead to a material polarization P = —nex where #n is the
density of the conduction electrons. The magnitude of this polar-
ization is frequency dependent and given by

1’162

7MEM(”. (2.19)

Combined with Maxwell’s equations in matter, this relation
can be used to obtain the complex dielectric function of the free

electron gas
2
4

WP 4iyw

w

elw)=1 (2.20)
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where w), is the plasma frequency of system given by

,  ne?

wr =" 2.21

P o (2.21)
and m is the electron mass. A metal with these properties is also
referred to as an ideal metal. ¢(w) can be separated into real and

imaginary parts via e(w) = €1(w) + iez(w) to obtain

@ <

El (CL)) - - m 82((4)) - m (2.22)

From this, it is straightforward to calculate the complex refrac-
tive index N = n + ik = /e using

1
nzz%—f—iq/e%—i—e% K:%. (2.23)

This leads to a more descriptive picture, since n directly deter-
mines the propagation speed of an electromagnetic wave in the
material and «x is directly proportional to the absorption coeffi-
cient @ = 2xw/c that enters Beer’s law via I(x) = Ipe™**.

In summary, the Drude model can be used to describe the fre-
quency dependent dielectric properties of many metals (in spec-
tral regions where no interband transitions occur) using only
two parameters, the plasma frequency w, and the damping con-
stant . Compared to the use of tabulated dielectric data, this
simplified description can significantly speed up analytical and
especially numerical calculations of the optical properties of plas-
monic systems.

2.3 RESONANT PLASMONIC SYSTEMS
2.3.1  Surface plasmon resonances

Surface plasmon resonances (SPRs) are oscillations of the free
electron gas confined to a metal-dielectric interface and driven
by an external electric field. They can be described as a propagat-
ing electromagnetic wave along the interface that simultaneously
exhibits exponential decay perpendicular to it. Specifically, we
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consider a nonabsorbing dielectric half space (dielectric function
€4) on top of a metal half space (dielectric function ¢, given by
the Drude model), as shown in Fig. 2.1.

The goal of the numerical analysis of such a system is to find
propagating solutions in x-direction, derived from the electro-
magnetic wave equation in matter

V2E — - —. (2.24)

The calculation of the full spatially resolved electric field E(x, z)
is complex and additional details can be found in many books on
nanophotonics. ™ One fundamental result is the strong enhance-
ment of the fields close to the metal/dielectric interface found in
such systems (see Fig. 2.1).

WAM

€

'm

Figure 2.1: The electric field lines of surface plasmon mode propagating with
a wave vector parallel to the x-axis. Note the surface charge wave at the
metal/dielectric interface and the high density of electric field lines (i.e., the
strong field enhancement).

We now examine the relation between the frequency w of the
incident electromagnetic plane wave and the wave vector k, of
the propagating surface plasmon wave. This dispersion relation

is given by
ko = & | _EdEm (2.25)
YT eV egtenm 2

and visualized for different refractive indices of the dielectric half-
space in Fig. 2.2.

The surface plasmon dispersion relation usually lies to the
right of the respective light line. This means, that surface plas-

10
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Figure 2.2: Dispersion relations of a propagating surface plasmon at metal/air
and metal/glass interfaces. The dashed lines are the respective light-lines.

mons cannot simply be excited by shining light on the metal/-
dielectric interface since there is a substantial mismatch between
the incident and SPR wave vectors. This can be overcome by
introducing additional vector components using, e.g., grating or
prism couplers.

SPR-based optical devices have found a variety of applications,
chiefly in the field of sensing. Because of the high electric fields
at the metal/dielectric interface, the SPR is very sensitive to en-
vironmental refractive index changes in the vicinity of the metal
surface.

However, sensing geometries based on surface plasmon reso-
nances usually require extended metal/dielectric interfaces. This
imposes a lower limit on the detection of small amounts and con-
centrations of a given sensing agent. In order to reach sensing
volumes in the range of attoliters, it is crucial to move to a sys-
tem where the electromagnetic fields are confined in more than
one dimension: localized surface plasmon resonances.

2.3.2  Localized surface plasmon resonances
In contrast to propagating plasmonic surface waves, sub-wave-

length metal nanoparticles can support plasmonic oscillations
with much stronger confinement of the electromagnetic energy.

11
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These localized surface plasmon resonances (LSPRs) maintain the
large field enhancement and refractive index sensitivity of SPR
geometries, and can be excited using free space illumination.

The large coupling between light and a nanoscale structure
combined with strong field-enhancement and many design pos-
sibilities makes localized surface plasmon resonances ideal can-
didates for sensing applications.?'4 Depending on the specific
nanophotonic device, many different sizes and shapes of metal
nanoparticles can be used, ranging from simple spheres to com-
plex arrangements of triangular or even fractal nanoparticles.®

Metal nanoparticles used in plasmonic devices are commonly
sub-wavelength. To further simplify the numerical analysis, we
can assume that the characteristic size d of the particle is much
smaller than the wavelength A of the incident light. Consequently,
the electric field acting on the conduction electrons can be taken
as constant over the entire particle, leading to the so called quasi-
static approximation.

Quasi-static approximation

Let us first consider a simple system that can still be solved ana-
lytically: a metal sphere characterized embedded in a nonabsorb-
ing medium with a given dielectric constant (see Fig. 2.3). Due
to symmetry considerations, it is best to describe this system in
spherical coordinates.

Figure 2.3: Schematic of a localized surface plasmon geometry: a metal sphere
embedded in a nonabsorbing dielectric.

12
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Furthermore, since d < A we can assume that the strength
of the incident electric field acting on the particle does not vary
spatially over its volume. Put differently, at a given time every
point of the particle experiences the same external field.

The optical properties of the particle can then be derived by ex-
panding the incident and scattered fields in spherical harmonics
and fixing their expansion coefficients in a way that satisfies the
boundary conditions of the system.®

Since the conduction electrons oscillate collectively against a
stationary background of positive ions, the resonance has dipolar
character. Due to the sub-wavelength character of the problem,
we can describe the oscillation like a point dipole fixed at the
spheres center with dipole moment

&m — €
—4 R3SM M g )
P TTENE em T+ 265 (2.26)

where R is the radius of the sphere and E the incident electric
field. This can be expressed in a more concise way by introducing
the polarizability

&€m — €
= 4R L :
x T P——T (2.27)

and writing p = gpezaE. As evident from (2.26) and (2.27), both
the polarizability and the dipole exhibit resonant character and
reach their peak values when |e,, + 2¢;| becomes minimal.

If we now assume a metal with vanishing losses (Im(e;,) =~ 0),
the resonance condition becomes Re(ey,) = —2¢;4. By inserting
the Drude model for &;,, we obtain a simple expression for the
dipole resonance frequency wispr of a spherical metal nanopar-
ticle in the quasistatic limit:

Wp

- Y 28
WLSPR Ve (2.28)

where w), is the plasma frequency of the metal.

13



PLASMONIC THEORY FOR SENSING AND ACTIVE CONTROL

The strong field enhancement in LSPR-based systems becomes
evident when looking at the expressions for the electric field in-
side and outside of the spherical metal nanoparticle

380[
E- = 7E .
M e 4+ 2ey (2.29)

3n(n-p)—p1

Eout = E .
out + 47‘L’€08d 7‘3 (2 30)

where n is the unit vector in the direction of the point of interest.
Both fields show resonant behavior similar to the polarizability «,
which makes such nanoparticle system highly sensitive to refrac-
tive index changes in their environment.

Size effects and retardation

In realistic plasmonic systems, the constituent particles are often
larger than the limit for the quasi-static approximation (particle
size > 10nm) and a constant electric field over the whole particle
can no longer be assumed.

The incorporation of electric fields with varying phase over the
particle complicates the electrodynamic treatment of plasmonic
systems. The first solution to this problem for a metal sphere in a
dielectric medium was given by Mie® to account for the optical
properties of colloidal solutions.

This approach again expands the incident and scattered fields
in spherical harmonics, this time taking retardation effects into
account, and fixes their expansion coefficients in a way that satis-
fies the boundary conditions at the metal/dielectric interface.

To the first order corrections, the polarizability becomes

Mo = 47TR3 (2.31)

(14 525 ) = fy(em + 10e0)¢2 — 363/ 200

where ¢ = 7R/Ag is the size paramter and Ay the free-space
wavelength of the incident light." The influence of the size pa-
rameter (and thus the radius) on the polarizability can be seen in
Fig. 2.4.

14
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Figure 2.4: Results of Mie’s theory for the polarizability of a gold sphere em-
bedded in a dielectric medium. w, and <y were taken from literature® and the
medium was assumed to be water with n = 1.333.

The resonance clearly redshifts and broadens for increased par-
ticle radius. In addition, the magnitude of the polarizability in-
creases. In comparison to the quasi-static picture in (2.27), where
the resonance position was independent of the particle radius
and only influenced by the dielectric environment, (2.31) pro-
vides a more physical picture of the plasmonic resonance.

These conclusions are also helpful for the discussion of optical
spectra of metal particles, since the polarizability « is directly
related to the scattering and absorption cross-sections via

k4 2
Csca = 6771' |“|
Cabs = kIm(a) (2.32)

where k is the wave vector of the incident light.

Plasmonic lifetimes

In order to understand why the localized surface plasmon reso-
nance of a metal sphere broadens with increasing radius, we need
to examine the role of damping in plasmonic systems. There are

15
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two main sources of damping: radiative damping due to scat-
tering of photons into the far-field and non-radiative damping
caused by absorption. '3

Since scattering cross-section and absorption cross-section scale
with Csca ~ R® and C,ps ~ R® according to (2.32), non-radiative
damping is the leading influence for small particle sizes in the
10nm range whereas radiative damping becomes dominant for
larger (size > 100 nm) particles.

NON-RADIATIVE DAMPING When a metallic nanoparticle is
excited by incident light, energy is transferred to oscillations of
conduction electrons in the system. These oscillations experience
damping due to electron scattering or intra-band transition ef-
fects, leading to increased damping of the resonance as a whole.
Ohmic losses in the metal also contribute heavily to the non-
radiative part of the damping.

RADIATIVE DAMPING For sufficiently small metal particles,
the far-field optical properties of the localized plasmon resonance
can be modeled as a simple electric dipole. Consequently, the
plasmonic particle is able to efficiently emit light into the far-
field, which reduces the effective number of oscillating electrons
und in turn causes damping. Due to the increase of oscillator
strength with particle size, radiative effects are the main reason
for the strong increase in damping for larger particles observed
in Fig. 2.4.

Both radiative and non-radiative effects can be described by
introducing an electron dephasing time T, to model the break-
down of the coherent plasmon oscillation over time. The dephas-
ing time is related to the linewidth I of the resonace via

2h
I'=— .
T, (2:33)

where i = h/2m is Planck’s constant. It can be written as the
sum of two contributions

1] (2.34)
qu 2Trel Tcol .
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where T, describes the relaxation of the oscillating electrons to-
wards equilibrium and includes both radiative and nonradiative
damping and T, is related to collisions of the electrons with the
lattice atoms.

It has been shown, however, that the contribution of collisions
can be neglected in most systems and the dephasing time thus
reduces to T, = 2T;,. Focusing on the size-dependence of the
radiative and non-radiative contributions to Ty}, an optimum size
on the order of 20nm (for spherical particles) is found, which
results in a minimum linewidth for the localized surface plasmon
resonance. 3

2.4 PLASMONIC PERFECT ABSORBERS

Plasmonic devices with absorbance close to unity have emerged
as essential building blocks for a multitude of technological ap-
plications ranging from trace gas detection to infrared imaging.

To enable this functionality, plasmonic absorbers commonly in-
corporate resonant particles above a dielectric spacer layer and
metallic mirror to achieve absorbance close to unity in a vari-
ety of spectral ranges. Starting from original experiments in
the GHz and THz region,*'** plasmonic and metamaterial-based
perfect absorbers have moved towards the near-infrared and vis-
ible spectral ranges, with applications ranging from glucose and
gas sensing to spectroscopy and photovoltaic efficiency enhance-
ment. 1423725

In general, a reflectance of zero in an optical element can be
obtained by matching is optical impedance Z to the value of the
surrounding space. In perfect absorbers, this impedance can be
tuned by varying geometric parameters such as the size of the
resonant structure or the thickness of the spacer layer. Since the
thick metallic mirror below the structure ensures zero transmit-
tance, perfect impedance matching consequently results in per-
fect absorption at a certain design wavelength.

The underlying physics behind perfect absorption are com-
monly explained in one of two ways. The first explanation as-
sumes resonant near-field coupling between the top nanostruc-
ture and the metallic mirror below. For simplicity, we focus on

17
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the absorber structure from section 5.1, consisting of palladium
nanowires stacked above a MgF, spacer layer and a gold mirror.

When light impinges on the structure, particle plasmon oscil-
lations are excited in the resonant nanostructure at the top of the
stack. The corresponding charge distribution then causes the os-
cillation of a mirror plasmon in the metallic film below (Fig. 2.5).

—

Figure 2.5: Working principle of a plasmonic perfect absorber consisting of reso-
nant palladium nanowires stacked above a MgF, spacer layer and a gold mirror.
The formation of an magnetic mode allows for efficient coupling of incident light
to the structure, and the energy is subsequently dissipated via Ohmic losses in
the metallic components of the structure.

By tuning the thickness of the dielectric spacer layer, the phase
delay between the plasmon and the mirror plasmon oscillation
can be adjusted so they oscillate in antiphase. This is assumed to
lead to the formation of a circular current distribution and con-
sequently an induced magnetic mode in the spacer layer, which
enables control over the impedance, and can also be found in
other plasmonic geometries.%27 Additionally, impedance match-
ing plays an important role in areas such as plasmonic wave-
guiding.?8

Recently, it has been shown that the near-field interaction of
the resonant particle and the mirror can be decoupled, and the
absorptive behavior can be explained in terms of interference be-
tween the two layers.?® However, it is important to stress that
regardless of the microscopic explanation of the perfect absorp-
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tion behavior, the impedance matching picture for the full optical
element remains valid.

2.5 MATERIALS FOR HYBRID PLASMONIC DEVICES
2.5.1 The palladium-hydrogen system

Transition metals play a key role in solar to chemical energy con-
version technologies, due to their ability to store large amounts of
hydrogen in their lattice. This confinement of potentially explo-
sive hydrogen gas in a closed and inert system is a mayor safety
requirement for a future hydrogen economy.

Palladium is a prototypical and widely investigated metal-hy-
dride system, owing to the fact that pure samples are relatively
easy to prepare and require no specialized surface treatments.3°

In order to examine the hydrogen absorption and desorption
trajectories, the concentration of hydrogen atoms in the palla-
dium lattice c in relation to the applied hydrogen pressure py is
measured for different temperatures T (Fig. 2.6). The pronounced
plateaus of these pressure-composition isotherms at pressures be-
low a certain critical point pc show that two phases are present
in the system.3!

For small pressures, hydrogen forms a solid solution in the
palladium lattice, which is in thermal equilibrium with the sur-
rounding hydrogen atmosphere. In this so called a-phase the
relationship between concentration cy and pressure pg is simply
given by Sievert’s law

VPH = Ks - ¢l (2.35)

where K is Sievert’s constant.

In this pressure range, the dissolved hydrogen is treated as
protons moving freely throughout the bulk of the metal, forming
a so-called solid solution.

When moving to higher pressures, the H-H and Pd-H interac-
tions become stronger, leading to the formation of a palladium
hydride B phase. Here, the face-centered cubic lattice structure
of the palladium is maintained whereas the lattice constant in-
creases by approximately 4 %.3* Since the lattice expands equally

19



PLASMONIC THEORY FOR SENSING AND ACTIVE CONTROL

Pc

| a-phase ;. B-phase

Pressure

Concentration

Figure 2.6: Sketch of the pressure-composition isotherms in the palladium hydro-
gen system. Intermixing between the a and 8 phases leads to the formation of
pronounced plateau regions below a critical point pyy.

in all directions, this corresponds to a substantial volume increase
of around 12 %, which will become important in the antenna-
enhanced sensing geometries presented in section 4.1.

The isotherms in Fig. 2.6 can now be divided into three distinct
parts. For low pressures, the a-phase dominates, hydrogen is
freely dissolved in the palladium lattice and the concentration
follows Sievert’s law cy ~ \/PH.

Starting at a critical pressure p,(T) (dashed line in Fig. 2.6, left
side), H-H interactions begin to create agglomerations of hydro-
gen, which serve as seeds for palladium hydride formation. Dur-
ing phase coexistence, the conversion from & to 8 phase strongly
increases the concentration of hydrogen in the lattice without a
corresponding jump in pressure. This follows from Gibbs” phase
rule, assuming both phases are in thermal equilibrium.

For pressures above pg(T) (dashed line in Fig. 2.6, right side),
only the § phase remains and the isotherm follows a curve similar
to the low-pressure regime. This is due to the fact, that increased
external hydrogen pressure only leads to the formation of more
palladium hydride and not to the creation of a new phase.
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In the coexistence region p, < p < pg, the pressure where the
plateau region of the isotherm is located is highly dependent on
the history of the system. Specifically, different plateau pressures
are recorded for hydrogen ab- and desorption. This hysteresis
effect is well known for bulk palladium systems and has recently
been investigated for palladium nanoparticles down to only sev-
eral nanometers in size.33735

Importantly, the complex phase-transition behavior of the pal-
ladium hydrogen system can be accessed optically by measuring
the changes of the dielectric function of palladium, which is di-
rectly linked to the hydrogen content in the Pd lattice.3°

2.5.2  Yttrium and yttrium hydrides

The strong hydrogen-induced dielectric change is one of the key
features of palladium-based plasmonic devices. However, both
palladium and palladium hydride have metallic character, lim-
iting the dynamic range of such geometries. To move beyond
this limitation, a material which exhibits a phase transition from
metallic to nonmetallic or vice versa is needed.

Promising candidates for such materials are the rare-earth hy-
drides, which show a robust and reversible phase transition with
pronounced optical contrast at visible and near-infrared wave-
lengths. Among the rare earths, yttrium (Y) and its hydrides
(YHy) play a prominent role, especially due to their use in tech-
nologically relevant switchable mirror devices.37

As deposited, yttrium is a metal with hexagonal close-packed
crystal structure. Upon hydrogenation, it undergoes a phase tran-
sition to yttrium dihydride (YH;), which again has metallic char-
acter but exhibits face-centered cubic crystal structure. Impor-
tantly, this phase transition is irreversible at room temperature,
and the YH, phase is stable even when the partial pressure of
hydrogen in the environment is reduced to zero.

The reversible phase transition occurs between the yttrium di-
hydride (YH;) and trihydride (YHj3, hcp crystal structure) states
and can be driven by the hydrogen partial pressure applied to the
system. The metal-to-insulator transition occurs at a hydrogen
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content of x = 2.86, where the system changes from metal-like to
semiconductor-like. 3

The pronounced dielectric contrast and qualitative change of
optical properties (metal vs. dielectric/semiconductor) makes yt-
trium an ideal candidate for incorporation into reconfigurable
plasmonic systems. The experimental realization of such a de-
vice based on yttrium nanoantennas is discussed in section 5.3
together with the concept of a reconfigurable perfect absorber.

Even though yttrium trihydride is commonly written as YH3,
full stoichiometric YH3 (hydrogen content x = 3) cannot be ob-
tained even in a fully saturated hydrogen atmosphere at normal
pressure, where x = 2.9 is reached. Full hydrogenation requires
pressures on the order of 4 GPa or 40 times normal pressure.3?

So far, we have described the YH,-YHj3 phase transition as re-
versible, in the sense that the system can be switched from metal
to semiconductor and back to the original metallic state. How-
ever, when tracing the hydrogenation and dehydrogenation tra-
jectories a significant hysteresis effect is discovered. Strikingly,
the plateau regions of the pressure-composition isotherms for hy-
drogen loading and unloading show a four orders of magnitude
difference in hydrogen partial pressure.

This pronounced behavior is due to the different crystalline
structure of YH, and YHj3, which leads to different stress states
during hydrogen loading and unloading. In rare earth hydrides
with single phases such as lanthanum hydride (LaH,), there is
no phase coexistence and consequently a continuous increase or
decrease of the hydrogen content without hysteresis.3®

Even though the yttrium hydrides offer excellent hydrogen-
induced optical contrast, they are not able to catalytically dissoci-
ate hydrogen molecules into atomic hydrogen, which is required
for hydride formation. To provide this catalytic functionality, yt-
trium is commonly combined with a platinum or palladium cap-
ping layer.39 This layer both enables the efficient dissociation of
hydrogen molecules and prevents the oxidation of yttrium films
and nanostructures in normal atmosphere.

When optimizing the switching times of the hybrid Y/Pd ma-
terial system, the thickness of the Pd capping layer plays a key
role. Especially, the layer needs to be thick enough to form a con-
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tinuous film, since thicknesses below the percolation thickness of
Pd (around 7nm) lead to island formation and allow oxygen to
reach the yttrium layer below. For thick yttrium films, an ideal
Pd thicknesses of 19nm was found,3® with even thicker layers
resulting in a reduction of switching time.

2.5.3 Phase-change materials for active plasmonics

The realization of active plasmonic devices requires a move from
widely used but passive metals such as silver or gold towards
novel materials systems.4%4" This allows for additional degrees
of freedom in device design and enables external control over the
optical response of a plasmonic nanostructure without having to
directly modify its geometry.4>43

This direction has been a major topic of recent plasmonics re-
search, with projects focusing on devices that can be reconfigured
using external stimuli such as laser pulses, mechanical strain,
heat, or electrical currents.

Phase change materials provide an ideal toolkit for the real-
ization of such active nanodevices and several materials with
heating- or laser-induced switching behavior such as vanadium-
dioxide (VO;)#+ and gallium lanthanum sulphide (GLS)4> have
already been investigated in the context of plasmonics.

Among these materials, germanium antimony telluride (GST)
plays a key role. GST alloys can be stabilized in a variety of
different stoichiometries, with the most widely studied being
GeySbyTes. GST-225 has been used in a wide variety of tech-
nological applications, especially in optical data storage. This is
due to several advantageous material properties:

First, GST-225 can can be stabilized in two distinct phases (amor-
phous and crystalline) at room temperature, which show signifi-
cant contrast in their optical and electrical properties.4°

Second, the GST phase transition is reversible and can be in-
duced by external heating or triggered optically on nano- and
possibly even picosecond timescales.+775° Furthermore, electrical
switching on very fast timescales is also possible.5'™53
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Third, GST alloys are fully compatible with standard comple-
mentary oxide semiconductor (CMOS) chip-scale nanofabrication
techniques, aiding the integration into technological devices.

The detailed phase change processes for optical and electrical
switching in GST-225 are shown in Fig. 2.7. As deposited, GST-
225 presents as an amorphous chalcogenide glass and the sim-
plest way of inducing the amorphous to crystalline phase transi-

tion is to heat the material above the phase transition temperature
of 160 °C.54

Laser power /
electric current

Time

)

GST phase
change

o
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(
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Figure 2.7: Sketch of the phase change processes in GST. Starting from the ini-
tal (as deposited) amorphous phase, crystallization can be induced by thermal
heating above a specific crystallization temperature or by applying a long laser or
voltage pulse. The system can be driven back to the amorphous state by applying
a shorter high intensity pulse, which induces a melt-quench process.

Using all-optical or electrical means, the amorphous to crys-
talline phase transition can be triggered by applying a longer
and lower power laser or voltage pulse. This leads to localized
heating in the material and the subsequent formation of the crys-
talline phase (Fig. 2.7, top).
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To drive the material back to the amorphous state, a shorter
high intensity pulse is applied. The deposited energy heats the
material above the melting temperature (T, ~ 600C). Due to
the near-instantaneous removal of the external heat source, the
melted GST material undergoes a quenching process, stabilizing
it in the amorphous phase (Fig. 2.7, bottom). Importantly, this
switching of the GST material is very reproducible and can be
performed several thousand times, enabling optical data storage
applications, e.g., in rewritable CDs and DVDs.

However, due to the high absorption of GST-225 in the visible
and infrared spectral ranges, hybrid plasmonic devices including
GST-225 face some challenges. These can either be overcome by
utilizing very thin GST layers,>" which may limit the optical con-
trast, or by moving to a different GST stoichiometry. Particularly,
GST-326 is a promising candidate for plasmonic applications in
the near- and mid-infrared due to its very low optical losses, as
demonstrated in section 5.4.
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INTRODUCTION TO PLASMONIC GAS AND
CHEMICAL SENSING

Sensitive and robust detection of gases and chemical reactions
constitutes a cornerstone of both scientific research and a multi-
tude of industrial applications. In an effort to reach progressively
smaller reagent concentrations and sensing volumes, optical sen-
sor technology has experienced a paradigm shift from extended
thin-film systems towards engineered nanoscale devices.

In this size regime, plasmonic particles and nanostructures pro-
vide an ideal toolkit for the realization of novel sensing concepts.
This is due to their unique ability to simultaneously focus light
into subwavelength hotspots of the electromagnetic field and to
transmit minute changes of the local environment back into the
farfield as a modulation of their optical response. Since the ba-
sic building blocks of a plasmonic system are commonly noble
metal nanoparticles or nanostructures, plasmonics can easily be
integrated with a plethora of chemically or catalytically active
materials and compounds to investigate processes ranging from
hydrogen absorption in palladium to the detection of trinitro-
toluene (TNT).

This chapter will discuss a multitude of plasmonic sensing
strategies, spanning the technological scale from simple metal
nanoparticles embedded in extended thin films to highly engi-
neered complex plasmonic nanostructures.” Due to their flexi-
bility and excellent sensing performance, plasmonic structures
open an exciting pathway towards the detection of chemical and
catalytic events down to the single molecule level.

A crucial enabling factor for this are the greatly enhanced elec-
tromagnetic fields at the surface of a resonant plasmonic struc-
ture, which allow for the probing of minute changes in the sur-
rounding environment. Due to the evanescent nature of the fields,

This chapter is adapted from A. Tittl et al., Plasmonic gas and chemical sensing,
Nanophotonics 3, 157-180 (2014). Reprinted with permission. Copyright 2014
Science Wise Publishing & De Gruyter.
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the sensing volume of plasmonic nanostructures is only margin-
ally larger than the structures themselves, making them ideal
local probes for neighboring changes in a medium (Fig 3.1a,b).
Consequently, plasmonic probes are especially relevant for mon-
itoring of chemical or catalytic reactions, where the reaction effi-
ciency can crucially depend on localized changes in reagent con-
centration or catalyst morphology.

In order to quantify the sensing performance of a plasmonic
system, we can consider its refractive index sensitivity S, defined
as the peak shift in nanometers of the plasmonic resonance per
refractive index unit (RIU). However, since the final accuracy of
the peak tracking depends both on the magnitude of the peak
shift and on the resonance linewidth, a more suitable choice for
plasmonic systems is the figure of merit (FOM), obtained by di-
viding the refractive index sensitivity by the full width at half
maximum (FWHM) of the resonance (Fig. 3.1c).

Thus there are two key approaches for optimizing the figure of
merit in a plasmonic sensing geometry: reducing the resonance
linewidth (or FWHM), and increasing the peak shift by boost-
ing the local field-enhancement. In general, plasmon oscillations
in nanoparticles experience damping arising from two contribu-
tions: intrinsic damping due to electron-electron collisions and
impurity scattering in the metal, as well as radiation damping
due to the direct decay of the collective oscillations into photons.
Utilizing noble metals for the resonant nanoparticles helps to re-
duce intrinsic damping. However, radiation damping, which con-
stitutes the dominating effect for particles larger than a few tens
of nanometers, cannot easily be overcome in simple plasmonic
systems. 55/5

By arranging multiple plasmonic particles into a defined geom-
etry, coupling effects may happen and can significantly reduce
the linewidth of the plasmonic resonance.5? One way to achieve
this is to couple a broad dipolar plasmonic resonance to a spec-
trally narrow quadrupolar mode, which cannot be excited from
the farfield. The coupling of two such modes can lead to a nar-
row spectral feature in the otherwise broad dipolar lineshape,
a behavior known as the plasmonic analogue of electromagneti-
cally induced transparency (EIT). Due to its reduced linewidth,
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Figure 3.1: Principles of plasmonic sensing. (a) A simple plasmonic sensing geom-
etry, consisting of a gold nanosphere on a glass substrate. The system is excited
by a linearly polarized electromagnetic wave with electric field vector E and wave
vector k. (b) Calculated energy density of the electric field for the described sens-
ing geometry. The dielectric functions of the sphere and the environment are
given by ea, and eeny = 112, respectively. (c) Exemplary scattering spectra for
the plasmonic system. Upon change of the refractive index in the environment
by some value An, the resonance undergoes a wavelength shift AA.
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this distinctive asymmetric lineshape (also referred to as a Fano
resonance) exhibits a greatly increased FOM compared to simple
dipolar plasmonic structures in the same spectral range. 557

To increase the electromagnetic field-enhancement, plasmon-
ics has taken cues from classical antenna theory. In triangular
“bowtie” nanoparticle geometries, the electromagnetic fields can
be enhanced and concentrated at the tips of the structure. By
utilizing complex Yagi-Uda antenna designs on the nanoscale,
efficient and directed energy transfer between the far-field and
the near-field can be realized.®"%? Using the coupling between,
e.g., two rod-type nanoantennas can further enhance the near-
fields compared to single antenna elements. When decreasing
the distance between the two rods, the electromagnetic fields
can be confined to a progressively smaller volume, leading to
extremely high enhancement factors, only limited by fabrication
tolerances and quantum mechanical tunneling effects below sub-
1nm gaps. 3765

When such highly sensitive plasmonic structures are adapted
for sensing applications, two main concepts for the detection
of gases and chemical reagents emerge: in direct sensing con-
figurations, the reagents actively influence the plasmonic entity,
changing its material properties and in turn its optical response,
whereas in indirect sensing schemes, the plasmonic structure is
located adjacent to some reagent-sensitive material and simply
probes the dielectric changes in that system. %

One experimental issue connecting both sensing schemes is the
correlation of gas or reagent concentration changes with changes
in the optical response. To facilitate this analysis, one commonly
extracts a single “sensor signal” value from the full spectral re-
sponse. Depending on the system under consideration, observ-
ables such as the intensity at a given wavelength, the resonance
position, or the resonance peak’s full width at half maximum
(FWHM) can be tracked in relation to environmental changes.
This allows for straightforward performance comparison between
plasmonic sensor designs with different structural and configura-
tional parameters.

In the following, this chapter will review both direct and indi-
rect sensing schemes, covering a wide technological range from
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plasmonically functionalized thin films through engineered chem-
ically grown particles composed of multiple materials all the way
up to complex nanostructured geometries. The presented sensor
devices are selected to showcase the wide array of reagents that
can be investigated using plasmonic systems as well as the most
versatile and high-performance complex plasmonic nanoprobes.
By combining highly sensitive nanodevices with novel reagent-
specific materials, plasmonic sensors can be used to investigate a
plethora of chemically and biologically significant reagents, with
nanometer spatial resolution and possibly down to the single
molecule level.
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3.1 THIN FILMS WITH EMBEDDED PLASMONIC PARTICLES

One straightforward approach to optical sensing is the use of
thin films of reagent-sensitive material deposited on a substrate.
Such films combine robust fabrication via standard evaporation
or sputtering techniques with simple optical transmission or re-
flection measurements for read-out. ©7/68

In order to enhance the sensor performance and tailor the opti-
cal response of such thin films, small plasmonic particles can be
added using co-deposition or multi-step processes. When consid-
ering thin films with embedded plasmonic particles, two main
concepts can be distinguished. In plasmonically enhanced sys-
tems, small noble metal particles in the thin film act simply as
light concentrators and probes to enhance the dielectric changes
in the surrounding material. In catalytically enhanced systems,
gold nanoparticles in direct contact with, e.g., transition metal ox-
ide films can substantially increase the catalytic activity of such
composite systems. Here, the optical response is often caused
by charge transfer processes between the transition metal oxide
and the embedded Au nanoparticles. In the following, we will
first focus on two examples of catalytically enhanced thin-film
systems.

Carbon monoxide sensing with plasmonically functionalized thin films

Due to its high toxicity, sensitive and reliable detection of carbon
monoxide is vital for industrial process and environmental mon-
itoring applications. Ando et al. have demonstrated a plasmon-
ically functionalized Au-CuO nanocomposite film for CO sens-
ing, fabricated by first depositing Au particles on a substrate via
DC sputtering and then covering them with a CuO film via py-
rolysis.® Figure 3.2a shows a transmission electron microscope
(TEM) image of the nanocomposite film, where small Au parti-
cles of average diameter 24 nm surrounded by a CuO matrix can
be clearly identified.

The authors performed absorbance measurements at a temper-
ature of 300°C and observed a plasmonic absorbance peak at
a wavelength of around 800nm. The magnitude of this peak
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increased substantially upon exposure of the film to 1000 ppm
and 1vol.% CO in dry air (Fig. 3.2b). In addition, when calibrat-
ing their sensor device with various concentrations of CO in dry
air, the authors found a linear relation between the absorbance
change and the logarithm of the CO concentration over a wide
range from 50 to 10000 ppm CO in dry air (Fig. 3.2c), allowing
for straightforward quantitative sensing.

A similar approach for the detection of CO was presented by
Sirinakis et al., who used gold nanoparticles embedded in an
yttria-stabilized zirconia (YSZ) matrix.”® Their device was fabri-
cated using radio frequency magnetron co-sputtering followed
by an annealing process and optical characterization was per-
formed in a quartz transmission cell surrounded by a tube fur-
nace (Fig. 3.2d).

The authors observed a pronounced Lorentz-like absorbance
peak at a wavelength of around 600nm, which spectrally nar-
rowed and blueshifted upon CO exposure. This change allowed
the authors to detect concentrations ranging from 0.1 to 1vol.%
CO in dry air at a temperature of 500 °C (Fig. 3.2e). However,
they observed no change in the optical response when exposing
their sample to CO in nitrogen carrier gas. The authors attributed
this behavior to the reactivity of the YSZ film to oxygen, since
switching from nitrogen carrier gas to dry air already introduced
a broadening and redshift of the plasmon resonance in their sys-
tem (Fig. 3.2f).

This allowed them to explain the blueshift and narrowing of
the plasmon resonance through charge transfer into the Au nano-
particles caused by the oxidation of CO and the corresponding
reduction of the YSZ matrix at high temperatures. This behavior
makes the system by Sirinakis et al. a prime example of catalyt-
ically enhanced sensing with plasmonically functionalized thin
films.

Hydrogen sensing with plasmonically functionalized thin films
Other than carbon monoxide, hydrogen detection is an additional

safety factor in large-scale industrial chemical processing.”* Hy-
drogen forms a combustible mixture with air at concentrations
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Figure 3.2: Carbon monoxide sensing with plasmonically functionalized thin films.
(a) Transmission electron microscope image of a Au-CuO nanocomposite film.
(b) Relative CO-induced absorbance change of the Au-CuO composite film.
(c) Correlation between CO concentration and relative absorbance change.
(d) Schematic of a setup used for high temperature CO sensing experiments.
(e) Sensing signal response curve of the Au-YSZ nanocomposite film at 500 °C.
(f) Absorbance of the Au-YSZ nanocomposite film in N, and air at 500 °C.
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ranging from 4vol.% to 76vol.%, which can be ignited easily
with sparks or at a sufficiently high temperature. Therefore, sen-
sitive hydrogen detection is a cornerstone of alternative energy
concepts such as water splitting or, in more general terms, solar-
to-chemical energy conversion.7?

In this framework, Buso et al. have utilized a SiO, matrix con-
taining Au and NiO nanoparticles for sensitive detection of hy-
drogen, where the SiO, matrix was chosen due to its high specific
surface area.”3 High-resolution TEM images in Fig. 3.3a show the
evenly distributed Au particles embedded in the SiO, host mate-
rial, surrounded by finely dispersed crystallite NiO particles.

In optical measurements, the authors found a plasmon reso-
nance peak at a wavelength of 563 nm, which underwent a dras-
tic blueshift of 22 nm when exposing the sensor device to 1vol.%
H; in dry air. This pronounced change in the optical behavior
(Fig. 3.3b) could not be sufficiently explained in terms of catalytic
charge transfer into the Au particle, which led the authors to clas-
sify their system as a case of plasmonically enhanced detection
of hydrogen.

There was, however, a second sensing pathway when exposing
the sensor device to CO with a weaker but still measurable re-
sponse (Fig. 3.3b). The authors assumed an injection of electrons
from the NiO crystallites into the Au nanoparticles during CO
exposure and subsequent oxidation, which led to the observed
changes in the plasmonic response. Thus, their system combined
both plasmonically and catalytically enhanced approaches for de-
tecting hydrogen and carbon monoxide.

In a further study on this system, Dharmalingam et al. inves-
tigated Au-YSZ nanocomposite films with varying sizes of the
embedded Au particles for detection of CO and Hj.74 To achieve
the desired parameter variation, the authors fabricated their sam-
ples using layer-by-layer physical vapor deposition (PVD), where
Au was deposited first to form small islands on the substrate and
then covered with YSZ (Fig. 3.3¢).

They then exposed the film to different concentrations of Hpy
and CO at a temperature of 500 °C and monitored the spectral
changes of the film’s plasmon resonance peak at a wavelength of
around 580nm. Calibration curves for several Au nanoparticle
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Figure 3.3: Hydrogen sensing with plasmonically functionalized thin films. (a) Cross-
sectional and high-resolution TEM images of a SiO, matrix containing Au and
NiO nanoparticles. (b) Dynamic optical response of a film containing 6% Au
exposed to cycles of 1vol.% Hj in air and 1vol.% CO in air. (c) SEM images
of small-particle and medium-particle Au-YSZ nanocomposite films. (d) Hydro-
gen sensing calibration curves for nanocomposite samples with different particle
sizes and preparation methods. (e) Absorbance spectra and Lorentzian fits for
a Au-YSZ film under various redox conditions at 500 °C. (f) Change in plasmon
resonance position as a function of O, concentration upon exposure to various

concentrations of Hj.
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configurations are shown in Fig. 3.3d. The authors found that
the film with the smallest Au particles (mean crystallite size of
approx. 50nm) yielded the largest response to hydrogen expo-
sure (Fig. 3.3d).

When comparing this response to a co-deposited nanocompos-
ite film, where the Au particles were embedded in an YSZ matrix,
they obtained an enhancement of the sensing performance by a
factor of 1.5. However, this enhancement is accompanied by a
decrease of the sensitivity to CO.

Still, the study by Dharmalingam et al. outlines how sensitivi-
ties and selectivity in Au-YSZ nanocomposite films can be tuned
by a straightforward variation of one of the structure parameters,
accelerating the development of integrated sensor chips for mul-
tiple reagents.

Au-YSZ can also serve as a broader model system for the in-
vestigation of electrochemical reactions in nanocomposite geome-
tries, as demonstrated by the work of Rogers et al., who moni-
tored the optical response of Au nanoparticles embedded in an
YSZ matrix during H; exposure.”7> However, by simultaneously
tuning the concentration of Hy and O,, they were able to achieve
much better control over the electrochemical reactions occurring
in the nanocomposite film.

They studied hydrogen to oxygen ratios in nitrogen carrier gas
ranging from 10 (1 vol.% Hp, 0.1 vol.% O3) to 0.005 (0.05 vol.% Hp,
10vol.% O,) and found clear influence of the mixing ratio on the
optical response (Fig. 3.3e). When comparing the spectral shifts
in their nanocomposite system for different H, and O, concentra-
tions, the authors made two key observations: an increase of the
H; concentration generally led to a blueshift and a narrowing of
the plasmon resonance, whereas an increase of the O, concentra-
tion led to a redshift and a broadening (Fig. 3.3f).

This behavior could be explained by reaction-induced charge
transfer between the oxygen ions in the YSZ matrix and the Au
nanoparticles, where the blue- and redshifts were associated with
charge injection and removal, respectively. Taking a further step,
the authors were able to correlate the plasmon resonance posi-
tion (and thus the square root of the charge density in the Au
nanoparticles) with the gas mixing ratio through an electrochemi-
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cal model, paving the way towards the all-optical interrogation of
different oxygen ion transport and charge transfer mechanisms.

Chemical sensing in harsh and corrosive environments

In recent years, industrial energy production has experienced
an increasing shift from traditional fossil-based technologies to-
wards renewable sources. However, large-scale petrochemical
processing is still a vital step in the production of a multitude of
products ranging from plastics to pharmaceuticals. Many impor-
tant petrochemical reactions take place at high temperatures and
in otherwise harsh or corrosive environments, which requires
constant and reliable process monitoring. Due to their durability,
sensitivity, and all-optical readout, plasmonically functionalized
thin films are well positioned to detect a variety of reagents in
such challenging environments.

Towards this goal, Ohodnicki et al. have utilized an Au/TiO,
nanocomposite film for the detection of hydrogen at tempera-
tures as high as 850 °C.7® The authors prepared their nanocom-
posite through sol-gel deposition techniques and obtained a TiO;
matrix with a well-controlled amount of dispersed Au crystallites
(Fig. 3.4a). TiO, was chosen due to its reactivity to a variety of
gaseous reagents combined with excellent thermal stability.

They then examined the sensing performance of their device by
exposing it to 4 vol.% H; in Ny carrier gas at temperatures of 600
and 850 °C while recording the transmittance changes close to the
plasmon resonance position at a wavelength of 625nm (Fig. 3.4b).
The authors observed pronounced, reversible and reproducible
transmittance changes for both temperatures and found that the
response time of their system could be reduced from 33 to only
3 minutes by increasing the temperature from 600 to 850 °C.

This rapid and reproducible response makes the Au/TiO; sys-
tem suitable for chemical process monitoring, especially at high
temperatures associated with advanced petrochemical process-
ing or reactions in solid oxide fuel cells.

Besides high-temperature chemical monitoring devices, sen-
sors for the detection of reagents in harsh or corrosive environ-
ments also play a pivotal role in controlling large-scale chemical
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Figure 3.4: Sensing in harsh and corrosive environments. (a) Cross-sectional TEM
images for an Au/TiO, nanocomposite thin film. (b) Sensing response of an
Au/TiO; film to 4 vol.% H; in different environmental conditions. (c) Bright-field
TEM images of an Au-70TiO,-30NiO nanocomposite film. (d) Dynamic response
of the Au-TiO,-NiO nanocomposite film to gas concentrations of 0.01 vol.% H>S
and 1vol.% H, in air. (e) Absorbance spectra and Lorentzian fits for an Au-YSZ
film exposed to air and 100 ppm NO; in air. (f) Sensor signal intensity over time
for a Au-YSZ film exposed to air (signal decrease) and 5, 10, 50, and 100 ppm
NO; in air (signal increase) at 200, 300, 400, 500, 600, and 700 °C.
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processing plants. Hydrogen sulfide (H,S) is a prominent exam-
ple for a toxic and corrosive gas that is produced in chemical
reactions ranging from natural gas manufacturing to food pro-
duction.

Della Gaspera et al. utilized a TiO,-NiO film with embedded
Au nanoparticles for the detection of HyS down to the parts per
million (ppm) range.”’” The authors produced the films using a
sol-gel method with a subsequent annealing step at 500-600 °C
and examined three composition ratios of the TiO,-NiO system:
70TiO,-30Ni0O, 50TiO,-50NiO, and 30TiO,-70NiO.

Bright-field TEM imaging of an Au-70TiO;-30NiO nanocom-
posite film showed that annealing at 600 °C could result in the
formation of NiTiOj3 islands in addition to the NiO and TiO,
phases (Fig. 3.4¢).

In gas sensing experiments, the authors exposed the three na-
nocomposite films to 100 ppm H,S and 1vol.% Hj in air and
monitored the absorbance change at resonance (Fig. 3.4d). They
found that the Au-70TiO,-30NiO film yielded the best dynamic
behavior with large absorbance changes as well as quick response
times. The sample also showed only a negligible response to Hy
versus HjS, even at a concentration ratio of 100:1, demonstrating
the excellent selectivity of the device.

So far, this chapter has mainly covered sensing applications for
chemical process engineering. However, the monitoring of ex-
hausts released into the environment is equally important. Many
combustion processes release large amounts of nitrous oxides
(NOy), which contribute to the formation of acid rain and de-
grade water quality on a global scale. Thus, the detection of NOy
close to the source of formation in, e.g., a turbine jet engine is
crucial for the development of low-emission machinery.

In this context, Rogers et al. extended their previous work on
Au/YSZ nanocomposites towards the detection of NO; in small
amounts and at temperatures between 500 and 800°C.7 They
prepared their nanocomposite using co-magnetron PVD with a
subsequent annealing step and obtained films with an average
grain size of approx. 28 nm for both Au and YSZ crystallites. The
film was then exposed to different ppm range concentrations of
NO; in air and the optical absorbance change was recorded for
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different temperatures. When comparing the absorbance spectra
for 100 ppm NO; in air with air at a temperature of 500°C, a
redshift and a broadening of the plasmon resonance could be
observed (Fig. 3.4e).

The authors attributed this behavior to the removal of electrons
from the Au nanoparticles, caused by oxygen ion production dur-
ing the dissociation of NO, on the Au-YSZ nanocomposite. To
further characterize the temperature dependence of the sensor
response, they exposed their sensor device to concentrations of 5,
10, 50, and 100 ppm NO; in air at different temperatures ranging
from 200 to 700 °C. To simplify analysis, the authors subtracted
the optical spectra during gas exposure from the “baseline” spec-
trum in air and defined their sensor signal as the difference be-
tween maximum and minimum of the resulting curve (Fig. 3.4f).

They found the highest sensor signal change for a temperature
of 400 °C whereas the best trade-off between magnitude of the
signal and response time was observed at a temperature of 500 °C,
with a sensitivity down to 5 ppm NO; in air. Furthermore, they
were able to resolve concentrations of 50 ppm NO; in air in a
wide temperature range from 300 to 700 °C, which makes their
design ideally suited for industrial NO, monitoring.
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3.2 ENGINEERED NANOPARTICLES AND SMART DUST

Highly engineered or “smart dust” nanoparticles offer many ex-
citing possibilities for the detection of chemical or biological re-
agents.”9 Furthermore, the combination of multiple materials in
complex core-shell nanoparticles and the use of advanced synthe-
sis procedures allow for new functionalities as well as increased
flexibility in structure design.8>-82

Implementing this concept for plasmonic gas sensing, Ghod-
selahi et al. have demonstrated the use of Cu@CuO core-shell
nanoparticles for the detection of carbon monoxide.®3 The au-
thors first prepared hexagonal Cu nanoparticle arrays on a glass
substrate through co-deposition of RF-sputtering and RF-PECVD,
and subsequently oxidized them under airflow to obtain the CuO
shell structure. This yielded uniform Cu@CuO core-shell nanopar
ticles with a thickness of 35nm and a mean lateral dimension of
10nm. To demonstrate the carbon monoxide sensitivity of their
system, the authors recorded absorbance spectra of their sample
during exposure to different flow rates of CO.

In ambient air, they observed a pronounced plasmon resonance
peak at around 600 nm, which underwent a spectral redshift and
an increase in absorbance for increasing CO flow rate (Fig. 3.5a).
Spectral redshifts of approximately 3 nm were observed for a low
flow rate of 1.61/h, with a maximum value of approx. 8nm
and saturation-like behavior for flow rates in the 101/h range
(Fig. 3.5b).

This response could be attributed to CO adsorption on the CuO
shell, which lead to a dielectric change in the active material and
thus to a spectral shift of the plasmon resonance in the Cu. Since
CO molecules are only adsorbed on the particle surface, the CuO
shell could potentially be cleaned via a low-temperature anneal-
ing step in air. This would reduce sensor performance degra-
dation and enable long-term environmental monitoring applica-
tions.

Apart from different metals and oxides, smart dust nanopar-
ticles can also be capped with biological species to facilitate the
detection of diverse reagents. Vasileva et al. have demonstrated
the use of starch-stabilized silver nanoparticles to detect hydro-
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Figure 3.5: Sensing with complex core-shell nanoparticles. (a) Absorbance spectra of
Cu@CuO core-shell nanoparticles under air and various CO gas concentrations.
(b) LSPR absorbance (left) and LSPR wavelength (right) versus CO concentration.
(c) TEM image of starch-stabilized silver nanoparticles for hydrogen peroxide
detection. (d) Absorbance spectra of the Ag nanoparticle solution 15 min after
the addition of hydrogen peroxide solution for different HyO, concentrations.
(e) TEM image of PVP-coated silver nanoparticles in water. (f) Absorbance at
resonance over time after the addition of 1 mM hydrogen peroxide.
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gen peroxide (H,0,).84 Hydrogen peroxide plays an important
role in the human body, where it is a key factor for oxygen
metabolism, enzymatic breakdown of glucose or lactose, and ox-
idative stress.®5

In their experiments, the authors designed a green synthesis
procedure employing only soluble starch, silver nitrate, D-glu-
cose, and sodium hydroxide to obtain an aqueous dispersion of
nanoparticles with a mean diameter of 14.4 nm and excellent uni-
formity. Importantly, they performed ultrasonication and con-
trolled alkalization of the reaction medium to tailor the size and
shape of their Ag particles (Fig. 3.5¢). A key feature of their syn-
thesis approach is the use of soluble starch as a capping agent,
which eliminated the need for toxic chemicals in the reaction pro-
cess and still allowed for sufficient control over particle morphol-
0gYy-

When added to the nanoparticle dispersion, HyO; acted as an
active oxidant, leading to the degradation of the starch-stabilized
silver particles. The authors could correlate this degradation with
the absorbance strength of the silver particles’ plasmon resonance
and thus were able to reliably differentiate HyO, concentrations
ranging from 107! to 107° mol/1 (Fig. 3.5d).

A different bio-inspired approach for detection of HyO, has
been demonstrated by Endo et al.8 They used silver nanoparti-
cles in solution to obtain a pronounced plasmonic response, but
coated them with polyvinylpyrrolidone (PVP) to improve their
stability towards other reagents (Fig. 3.5¢). Exposure to HyO,
led to an aggregation of the PVP-coated Ag nanoparticles and a
subsequent decrease of the absorbance strength of the plasmon
resonance at a wavelength of around 405 nm.

The authors investigated this behavior in more detail by in-
troducing 1mM H,0O; into a vial of PVP-coated Ag nanoparti-
cles while tracking the absorbance over time (Fig. 3.5f). They
again observed a strong decrease of the peak absorbance, with
a large enough effect to be visible by naked eye. Thus, such
coated nanoparticles could be employed as cheap and biocompat-
ible color markers for medical and pharmaceutical applications.

Due to their unique properties, plasmonic smart dust particles
can sensitively probe localized structural features such as size,
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shape, material, and morphology.®78 Furthermore, the efficiency
of many physical, chemical and catalytic processes depends cru-
cially on such nanoscale properties. This is especially true for
large-scale catalytic hydrogen generation and storage, a key com-
ponent of green energy production which may facilitate a move
away from present, fossil-based technologies.

Palladium constitutes an ideal model system for hydrogen dis-
sociation and subsequent absorption processes in metals. 3%:3689:90
During catalytic loading, hydrogen molecules are first chemi-
sorbed on the Pd surface, followed by near barrierless dissocia-
tion and subsequent diffusion of atomic hydrogen into the lattice.
When increasing the hydrogen concentration, palladium under-
goes a phase transition from a mobile, solid solution a-phase to
a palladium hydride (PdH) g-phase. This transition causes both
an expansion of the Pd lattice as well as a pronounced change in
the dielectric function.

To study the influence of the localized particle geometry on
this reaction, Tang et al. investigated the hydrogen uptake tra-
jectories for individual Au/Pd core-shell particles with different
shapes, faceting, and Pd shell thickness.?* The authors employed
a synthesis method designed for particles with high quality but
low uniformity to obtain a mixture of triangular plates, decahe-
drons, and icosahedrons (Fig. 3.6a). This allowed them to study
nanoparticles with different sizes and shapes from the same syn-
thesis process, aiding in reproducibility.

The authors first studied hydrogen-induced shifts of the plas-
mon resonance for an Au/Pd core-shell triangular plate particle
and found a pronounced spectral redshift on the order of 25nm
(Fig. 3.6b). Both this result and similar measurements on icosahe-
drons were found to be in good agreement with numerical sim-
ulations, taking into account the dielectric function change from
Pd to PdH. However, when investigating decahedral nanoparti-
cles, the authors measured a pronounced spectral blueshift upon
initial Hy exposure (Fig. 3.6b), which could not be accounted for
in numerical simulations using a simple Pd/PdH transition.

This contrasting behavior was attributed to two chemical trans-
formations that occur during hydrogen exposure: the interdiffu-
sion of Au and Pd, which leads to an effective decrease of the
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Au particle size and thus a blueshift, and the formation of palla-
dium silicide due to an reaction of the nanoparticles with silicon
atoms of the substrate below. Both effects were found to be espe-
cially pronounced in nanoparticles with thicker Pd shells, allow-
ing for the straightforward differentiation of the particle species.
Thus, the plasmonic resonance of individual smart dust nanopar-
ticles can serve as a sensitive probe for H, storage properties
and metal support interactions in nanocatalytic systems, reveal-
ing geometry-dependent properties that are not accessible via
standard ensemble measurements.

An ideal application for plasmonic smart dust nanoprobes is
the catalytic generation of hydrogen, which is a key prerequisite
for renewable energy production. Here, Seo et al. investigated
the photocatalytic decomposition of lactic acid for hydrogen gen-
eration, using platinized cadmium sulfide (Pt/CdS) nanocubes.9*
In order to enable in-situ monitoring of the produced H, gas,
they integrated gold domains into the nanocube reactors and
recorded time-resolved dark-field scattering spectra from single
structures (Fig. 3.6c).

When their nanoreactors were illuminated with white light,
photons that match the optical band gap were absorbed in the
CdS shells, leading to the generation of photoelectrons. These
electrons can transfer to the Pt part and react with protons from
the surrounding solution to produce H; gas.

During the reaction, the authors observed a gradual blueshift
of the plasmonic resonance with a maximum value of 14 nm com-
bined with a decrease of the scattering amplitude (Fig. 3.6d).
This was found to be consistent with a change of the local en-
vironment close to the gold probe from 10 % lactic acid in water
(n = 1.342) to hydrogen gas (n = 1.000), taking into account that
the Au probe has an average distance of 20nm from the active Pt
surface.

As expected, the time-resolved spectral resonance position fol-
lowed a saturation behavior, reaching the maximum blueshift af-
ter around 10 minutes (Fig. 3.6e). By performing further analysis
on their spectral time trace data, the authors were able to esti-
mate the hydrogen generation from a single nanoreactor particle
at around 1300 molecules per minute, showing that the use of
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Figure 3.6: Complex smart dust nanoparticles for hydrogen and chemical sensing.
(a) Low- and high-resolution TEM images of Au/Pd core-shell nanocrystals
(b) Plasmon resonance shift upon hydrogen uptake and release for a single
Au/Pd core-shell triangular plate (left) and decahedron (right). (c) Schematic
diagram of single-particle measurement and detection on a single Au@Pt/CdS
catalyst particle. (d) Extinction spectra of a single Au@Pt/CdS cube along the
reaction progress. (e) Plasmon resonance shift during reaction for the same cube.
(f) Schematic of plasmonic probing of local chemical reactions using smart dust
nanoparticles (left). Exemplary element-resolved TEM and SEM images of the
probing platform (right). (g) Electric near-field distribution at resonance. The
intense near-fields are strongly localized at the touching point between the smart
dust particle and the Pd film. (h) Time-resolved centroid wavelengths in response
to hydrogen uptake and release for a single smart dust particle situated on a
15nm Pd film.
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smart dust probes can yield detailed information on local reac-
tion kinetics from non-invasive far-field measurements.

In order to extend the presented concepts to the detection of
chemical or catalytic processes in realistic material systems and
environmental conditions, there is a need for a versatile sensing
platform that can probe arbitrary surfaces and morphologies. To
achieve this, we utilized silica shell-isolated gold nanoparticles to
monitor local chemical reactions in real time.®3 A detailed discus-
sion of this sensor geometry can be found in section 4.2.

Generally, smart dust nanoparticles can focus incident light
into subwavelength hot spots of the electromagnetic field and op-
tically report minute environmental changes at their pinning sites
on the probed surface during reaction processes (Fig. 3.6f, left).
Furthermore, the smart dust particles can easily be dispersed on
target surfaces via drop-coating and allow all-optical readout via
standard dark-field spectroscopy (Fig. 3.6f, right).

As a model system, we investigated the hydrogen dissociation
and subsequent absorption in adjacent palladium thin films. A
key feature of our particles is the ultrathin SiO, shell with a thick-
ness of 10nm (Fig. 3.6f, right), which both separates the Au core
from direct contact with the probed agents and produces high lo-
calized field-enhancements (Fig. 3.6g). We then exposed a “dust
on film” sample consisting of smart dust nanoprobes on a 15nm
Pd film to concentrations of 0.5, 1, 2, and 3vol.% hydrogen in
nitrogen carrier gas. We were able to observe different concen-
tration steps as clear spectral blueshifts in the optical scattering
response of single smart dust particles, with a maximum value
of around 8 nm for 3 % H, (Fig. 8h).

To check the ability of our sensor platform to resolve localized
morphology changes, we investigated the “film on dust” system,
where the smart dust particles were covered with a highly curved
Pd film via tilted angle evaporation and found pronounced red-
shifts for all concentrations. This shows how the smart dust prob-
ing platform can transform small localized morphology changes
into a complete reversal of the spectral shift direction in the far-
field optical response. In the future, such techniques could com-
bine two-dimensional imaging and spectroscopy to locally map
chemical and catalytic reactions on a subdiffraction-limit scale.
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3.3 LARGE-AREA NANOSTRUCTURED SENSOR CHIPS

Synthesis- and deposition-based approaches enable the reliable
and high-throughput fabrication of plasmonic nanosensor devices.
However, in order to produce large-area sensor chips with a pre-
defined spatial arrangement of plasmonic elements, other fabrica-
tion methods such as soft-imprint lithography, nanosphere lithog-
raphy, or (to some extent) electron-beam lithography often need
to be implemented. >°

As a first example of nanosphere lithography, Wang et al. uti-
lized ordered gold nanoparticle arrays to study the chemical ad-
sorption of mercury vapor on the Au surface.? They fabricated
the particle arrays by evaporating 2 nm chromium (Cr) and 40 nm
Au through the interstitial voids of a densely packed monolayer
of polystyrene (PS) nanospheres, followed by sonication in ethanol
to remove the PS spheres from the substrate. This yielded trian-
gular gold nanoparticles with a hexagonal spatial arrangement,
which could be transformed into more circular nanodisks by a
subsequent annealing step (Fig. 3.7a).

The authors then exposed their sample to 15 ppm of mercury
vapor delivered by nitrogen flow and monitored the shift of the
plasmon resonance peak over time. They found a clear mono-
tonic spectral blueshift from 565 to 560 nm, which saturated after
2 hours and reached 85% of the maximum value after around
30 minutes (Fig. 3.7b). This adsorption time was found to be
shorter than in the case of an extended Au film, where only 67 %
of the maximum response was obtained after 30 minutes.%

In addition, the authors were able to regenerate their sensor
chip using a heating step at 300 °C for 30 minutes, resulting in
a return of the plasmon resonance position to the original value.
The blueshift was attributed to the formation of an adsorbed mer-
cury shell on the hemispherical Au nanoparticles, which could
be clearly observed as a volume increase in AFM measurements,
leading to a change of the effective refractive index and thus the
observed spectral shifts.

Ma et al. used a structurally similar system for the detection
of chloroform vapor, a prime example among the volatile organic
compounds that play a role in both industry and medical diag-
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Figure 3.7: Large-area nanostructured sensor chips. (a) AFM image of ordered gold
nanoparticle arrays prepared using nanosphere lithography. (b) Plasmon reso-
nance wavelength shifts of the gold nanoparticle arrays at different times after
exposure to mercury vapor. (c) SEM image of a Pd nanodisk array used for hy-
drogen sensing (top) and degradation of the system after several exposure cycles
(bottom). (d) Series of measured extinction spectra for the nanodisk array at
successively higher hydrogen pressures.
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nostics.9%97 Their sensor device consisted of an array of triangu-
lar silver nanoparticles, covered with a poly(methyl methacrylate)
(PMMA) transduction layer which provided the specific reagent
sensitivity. 9

For fabrication, the authors utilized nanosphere lithography
followed by spin-coating of the PMMA layer to produce high-
quality ordered triangular nanoparticle arrays over large areas.
PMMA was chosen as a chloroform sensitive material due to its
excellent long-term stability, low optical loss, and transparency
in the visible spectrum. In optical extinction measurements, the
system exhibited a clear plasmon resonance at a wavelength of
around 670 nm, which decreased in magnitude upon exposure to
increasing concentrations of chloroform vapor.

Compared to this pronounced response in extinction magni-
tude, the authors found only small changes in the resonance
wavelength for the different chloroform concentrations. This spec-
tral behavior was found to be consistent with chloroform-induced
swelling in the PMMA layer. When switching on the chloroform
vapor flow, the system reached the saturation value of maximum
extinction change after a fast response time on the order of 10 s
and the system returned to the initial state 300 s after switching
off the flow.

Finally, the authors examined the cross-sensitivity of their sen-
sor device and found only negligible responses for exposures to
benzene, toluene, ethanol, propyl alcohol, or hexane. This shows
that their system can be utilized as a stable, reliable, and selective
chloroform sensor for health and safety or industrial uses.

One key application of large-area nanostructured sensor chips
was first demonstrated by Langhammer et al., who utilized pal-
ladium nanodisks to perform hydrogen sensing experiments and
to study the hydrogen-induced phase transition from palladium
(Pd) to palladium hydride (PdH) on the nanoscale.33 This transi-
tion causes both a strong change of the dielectric function and an
expansion of the Pd lattice, allowing it to be observed in resonant
plasmonic systems.

To achieve this, the authors fabricated a disordered array of
supported Pd nanodisks with a diameter of 300 nm using hole-
mask colloidal lithography (Fig. 3.7¢, top). They then measured
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extinction spectra for different hydrogen partial pressures rang-
ing from 0 to 150 Torr. The initial plasmon resonance peak at a
wavelength of around 1200 nm underwent a pronounced redshift
as well as a broadening and a decrease of the total extinction
cross-section for increasing hydrogen pressure (Fig. 3.7d).

By correlating the peak shifts with the hydrogen partial pres-
sures, the authors were able to obtain hydrogen absorption and
desorption trajectories comparable to the well-know pressure-
composition isotherms that characterize the phase transition in
the bulk Pd-H system, showing that the nanoscale phase behav-
ior can be effectively retrieved from optical measurements. They
also found that it was crucial to use relative spectral shifts in-
stead of absolute peak positions for the derivation of the pressure-
composition isotherms, since repeated hydrogen loading and un-
loading cycles led to irreversible changes in the Pd nanostruc-
tures (Fig. 3.7¢, bottom).

Theses changes are due to the phase-transition-induced 10 %
volume increase of the Pd lattice and the associated mechani-
cal stress.3? For use in highly stable industrial sensor devices,
this hydrogen-induced structural deterioration can be overcome
by, e.g., alloying Pd with nickel (Ni) and by sandwiching the
resulting material in between optimized capping and buffering
layers.9?

The presented nanostructured sensor chips exhibit excellent
homogeneity over large areas as well as high performance and
can thus serve as the reagent-sensitive element in simple, all-
optical, and industry-compatible sensor devices. This enables
their use in a variety of applications, especially in the field of en-
vironmental monitoring, where high numbers of identical sensor
elements are needed.
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3.4 COMPLEX GRATING-BASED PLASMONIC
HYDROGEN SENSORS

In order to further improve the performance of plasmonic sen-
sor devices, many recent designs have moved from simple plas-
monic resonators towards complex coupled or hybrid nanostruc-
tures. 571997192 Coupled plasmonic systems provide a way to tackle
two main limiting factors for the sensitivity of such devices: the

linewidth (and thus the quality factor) of the plasmon resonance

and the background signal close to the resonance position.

One approach to reduce the resonance linewidth is to place
an array of plasmonic nanowires on top of a photonic waveg-
uide to form a metallic photonic crystal slab.371% To obtain
sensing functionality, Nau et al. used Au nanowires on top of a
gasochromic WO3; waveguide, which undergoes a strong modifi-
cation of its optical properties when exposed to hydrogen gas.*°7
The authors also incorporated an ultrathin (2nm) catalytic Pd
layer between the wires and the waveguide to facilitate the split-
ting of molecular hydrogen gas into atomic hydrogen for diffu-
sion into the WO3; waveguide (Fig. 3.8a).

When the system is excited perpendicular to the nanowires,
the associated plasmon resonance can couple to the quasiguided
mode of the WO3 waveguide, resulting in the formation of a
polariton-type coupled system. In extinction measurements, the
upper and lower branch of the polariton can be associated with
two pronounced maxima in the spectrum. Additionally, the cou-
pling between the broad plasmon peak and the narrow waveg-
uide mode leads to the formation of a sharp extinction dip be-
tween the maxima, which is ideally suited for sensing due to
its low FWHM. Upon hydrogen exposure, the optical proper-
ties of the WO; layer change drastically, which in turn causes
pronounced changes in the extinction spectrum of the complete
metallic photonic crystal slab.

In their sensing experiments, the authors exposed their sample
to a constant gas flow with a predefined ratio of Hy to Ny flow
rates, allowing them to precisely set the hydrogen concentration.
Extinction measurements were taken 100 s after each change of
the Hy concentration to allow the system to reach equilibrium.
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In TM polarization, the authors observed a pronounced response
of the extinction dip at a wavelength of 674 nm when going from
0vol.% Hj to 20 vol.% Hp, with an extinction change of 247 % and
a resonance blueshift of 13nm (Fig. 3.8b).

These results exemplify how the combination of a chemically
sensitive waveguide with plasmonic elements can lead to versa-
tile and high-performance sensor geometries. Furthermore, by re-
placing the Au nanowires with other reactive materials, metallic
photonic crystal devices can be expanded to detect two reagents
simultaneously, enabling rapid multiplexing.

A different way to obtain narrow spectral features suitable for
sensing applications is the coupling of incident light to an array
of apertures in an optically thick metal film. In optimized geome-
tries, this leads to a transmittance much greater than predicted
from classical aperture theory, a phenomenon known as extraor-
dinary optical transmission (EOT).08-11°

In this context, Maeda et al. utilized the infrared transmit-
tance through an array of rectangular subwavelength holes in a
palladium film to sensitively detect hydrogen.™** The structures
were fabricated using electron-beam lithography, metal sputter-
ing, and wet-chemical lift-off to produce hole arrays with a pe-
riodicity of 1.1 pm, a length of 0.8 um, and varying aspect ratios
(length/width) from 1 to 2.6 (Fig. 3.8¢, aspect ratio 1.6).

In Fourier-transform infrared (FTIR) measurements, the au-
thors found a pronounced transmittance peak that could be tuned
from a wavelength of 4 um up to 5 pm with increasing aspect ra-
tio. Upon exposure to a concentration of 2 vol.% hydrogen, they
observed a decrease of the transmittance as well as a spectral
redshift of 0.2um for a fabricated hole array with an optimal
aspect ratio of 1.6. This behavior was confirmed by numerical
simulations of the sensing performance, which included both the
dielectric change associated with the Pd/PdH transition and the
hydrogen-induced expansion of the Pd lattice.

The authors were able to reproduce the plasmon resonance po-
sitions for all experimental values of the aspect ratio and found
spectral redshifts for both the dielectric change and the lattice ex-
pansion, adding up to a total redshift consistent with the exper-
imental data. This shows that, compared to simple Pd patches,
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Figure 3.8: Complex grating-based plasmonic hydrogen sensors. (a) Schematic of a
metallic photonic crystal slab which incorporates WO3 as the waveguide layer
material. (b) Wavelength shift of the extinction dip in TM polarization for various
H; concentrations. (c) SEM image of a subwavelength Pd hole array. (d) Transmit-
tance change for a hole array with an aspect ratio of 1.6 when exposed to 2 vol.%
H; in dry air. (e) Schematic of the palladium-based perfect absorber hydrogen
sensor. (f) Reflectance spectra of an optimized perfect absorber structure in Nj
and when exposed to 1 and 4vol.% H; in Nj.
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the use of EOT structures can provide sharp spectral features
with large reagent-specific responses and can thus enable highly
sensitive sensor devices.

Plasmonic perfect absorber structures, designed to fully ab-
sorb incident light of a certain predefined wavelength, can be
utilized to reduce the background signals commonly associated
with intensity-based sensing approaches. We applied this con-
cept to gas sensing by utilized a palladium-based perfect ab-
sorber structure to detect hydrogen.?3 A detailed discussion of
this sensor geometry can be found in section 5.1.

The plasmonic system consisted of an array of Pd nanowires
stacked above a dielectric (MgF;) spacer layer and a gold mirror,
which ensures zero transmittance through the structure (Fig. 3.8e).
By carefully tuning the width of the Pd wires and the height of
the dielectric spacer layer, we were able to tailor both the effec-
tive electric permittivity e and the magnetic permeability u of
our structure. This enabled us to match the optical impedance
z = y/ /€ of the coupled system to the vacuum value, resulting
in zero reflectance and thus an absorbance of unity.

Following a numerical optimization of the design, the struc-
tures were fabricated using electron-beam lithography, thermal
evaporation, and wet-chemical lift-off. In optical measurements,
we observed a pronounced reflectance dip with a minimum value
of Ry = 0.5% at the resonance wavelength of Ay = 650 nm, which
corresponds to an absorbance > 99%. Exposure of this sample
to 1 and 4vol.% Hy in Ny carrier gas led to a strong increase
of the reflectance at resonance combined with a spectral redshift
(Fig. 3.8f).

For the 4vol.% concentration, which constitutes the explosion
threshold of hydrogen in air, a maximum reflectance value of
4.9 % at Ag and a spectral redshift of 19 nm were observed. Since
the initial reflectance at resonance was designed to be practically
zero, this translated to a very large relative reflectivity change
of ARl = (Ryz — Rg)/Ry = 8.8, an increase of one order of
magnitude over conventional thin-film geometries.**>
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Plasmonic nanoantennas can focus incident light into intense hot-
spots of the electromagnetic field, making them an essential build-
ing block for applications ranging from single molecule fluores-
cence enhancement to nanoscale photodetection. **37'*5

The strong nearfields also enable the high sensitivity of such
structures towards refractive index changes in, e.g., the nanoscale
gap of a plasmonic dimer antenna. %17 Extending this towards
catalytic systems, Liu et al. utilized the concept of antenna-en-
hancement for hydrogen sensing by placing a small palladium
disk in the nanofocus of a triangular gold nanoantenna.3+

Compared to previous experiments that studied, e.g., resonant
plasmonic nanodisks with diameters in the 200 to 300 nm range,
the authors were able to examine the hydrogen uptake and re-
lease trajectories of Pd particles down to 60nm in size. The
Pd/PdH transition in such small particles is very challenging to
detect optically, since the high intrinsic damping of Pd causes the
Pd nanoparticles to exhibit a very low optical response at visible
wavelengths. Hybrid antenna/disk structures were fabricated us-
ing two-step electron-beam lithography, and precise alignment
between the two exposure processes was achieved through the
use of gold alignment marks. This allowed for the reliable posi-
tioning of the Pd disk adjacent to the triangular Au antenna with
inter-particle gaps down to 10 nm.

The authors first exposed this optimized sample to controlled
cycles of hydrogen gas while recording the optical scattering re-
sponse from a single antenna/disk structure. They observed a
pronounced plasmonic scattering peak at a wavelength of 638 nm,
which underwent a spectral redshift of up to 9nm for exposure
to a hydrogen concentration of 16 Torr, equivalent to a concentra-
tion of 2vol.%. When purging the system with nitrogen, a net
redshift of 4nm remained, demonstrating the presence of hys-
teresis in a single nanoscale Pd/PdH particle.

In a subsequent second exposure cycle, the deterioration of the
Pd/PdH particle associated with the hysteresis behavior led to
somewhat lower redshifts (Fig. 3.8a). Also, an increase of the
antenna-nanoparticle distance caused a severe drop of the sens-

57



INTRODUCTION TO PLASMONIC GAS AND CHEMICAL SENSING

ing performance, again elucidating the important role of strong
plasmonic field-enhancement.

The crucial influence of antenna shape was demonstrated by
replacing the triangular nanoantenna with a simple Au rod an-
tenna. In this geometry, the authors found that the spectral
shifts were roughly half compared to those of the triangular sys-
tem (Fig. 3.9b), showing that the sharp tip of the single bowtie
antenna is essential to obtain an intense nanofocus and conse-
quently high sensitivity.

To investigate the exact reason for the experimentally observed
spectral shifts, we performed numerical simulations on the dis-
cussed nanoantenna-enhanced sensor geometry.*'® A detailed dis-
cussion of this study can be found in section 4.1. The hybrid
nanoantenna system was modeled using geometrical parameters
extracted from the experimental SEM micrographs as well as op-
tical constants for Au and Pd/PdH from literature, and the scat-
tering response of single antenna/disk sensor devices was calcu-
lated using a commercial finite element (FEM) electromagnetic
field solver. This allowed us to investigate the two main features
of the Pd/PdH transition, the dielectric change and the lattice
expansion, independently from each other.

We started our investigation by isolating the hydrogen-induced
dielectric change, which is the dominant effect for less complex
Pd-based sensor geometries."97"*' However, when changing the
dielectric function of the disk from Pd to PdH, the we observed a
small blueshift of 3nm instead of the expected pronounced red-
shift of 9nm from experiment. To model the effect of lattice ex-
pansion, both the diameter and the height of the Pd nanodisk
were scaled with a factor s, ranging from 1.00 (no expansion) to
1.04 (maximum expansion from literature.3*) This led to a linear
redshift of the plasmon resonance peak, with a maximum value
of 13nm for a scaling of 1.04 (Fig. 3.9c). By combining this scal-
ing with the dielectric function of PdH, we were able to fully
reproduce the experimental results.

Additionally, the two competing spectral effects exhibited a
markedly different scaling behavior: the blueshift associated with
the dielectric change in the Pd remained mostly constant at 3nm,
whereas the redshift induced by the disk’s scaling could be tuned
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(a) Optical scattering measure-

ments and plasmon resonance shifts for a single palladium-gold triangle antenna
during two hydrogen uptake and release cycles. (b) Hydrogen-dependent mea-
surements for a single palladium-gold rod antenna. (c) Numerically calculated
single particle scattering spectra for different diameters of the Pd disk next to the
triangular Au antenna (initial gap size ¢ = 7nm). (d) Resonance shifts due to the
Pd/PdH transition and the growing of the Pd disk for different initial gap sizes g.
(e) SEM image and schematic depiction of a 120 nm high, truncated Au nanocone
with a 15nm SiO, spacer layer and a Pd particle on the tip. (f) Dark-field op-
tical image of a single nanocone (left) and its spectral response to 100 vol.% Ar,
10vol.% Hj in Ar, and 100 vol.% Ar (right). (g) Corresponding optical isotherm
of the nanocone system during hydrogenation.
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via the gap size (Fig. 3.9d). Furthermore, it was found that, in
contrast to the single antenna systems, a double rod antenna ge-
ometry yielded spectral shifts comparable to a double bowtie ge-
ometry, elucidating how the strong field-enhancement in the feed
gap can become dominant over the shape of the constituent ele-
ments.

Still, the precise relative positioning of particles with different
material properties and the required multi-layer processing pose
significant challenges for high-throughput fabrication. To allevi-
ate this, Langhammer et al. have utilized hole-mask colloidal
lithography to fabricate truncated gold nanocones with function-
alized tips to detect the hydrogen sorption and desorption kinet-
ics of palladium und magnesium (Mg) nanoparticles.3>

Au nanocone antennas with different truncation height and
consequently tip sharpness were fabricated and subsequently cov-
ered with a SiO, spacer layer and the reactive material in ques-
tion. For a nanocone height of 120nm, a 15nm spacer layer, and
a 15nm thick tip, the authors were able to obtain an antenna-
enhanced system with an Pd particle only 30 nm in size (Fig. 3.9e),
a factor of 2 smaller than in the experiment by Liu et al.34 Still,
the authors were able to detect the optical scattering response
from single nanocones and could observe clear and reversible
shifts of the plasmon scattering peak when exchanging the gas-
eous environment from 100 vol.% Ar to 10vol.% H; and back to
Ar (Fig. 3.9f).

To further study the phase-transition behavior in the Pd na-
noparticle, complete isotherms for hydrogenation and dehydro-
genation were recorded at different temperatures. Especially, the
authors chose to track the full width at half maximum (FWHM)
of the plasmon peak vs. the hydrogen partial pressure instead
of the more common spectral shift or peak intensity change, al-
lowing them to observe a clear hysteresis behavior from a single
30nm Pd particle coupled to a Au nanocone antenna (Fig. 3.9g).

Using Van’t Hoff analysis, they were able to extract the en-
thalpy and entropy of hydride formation from the isotherm mea-
surements, indicating a destabilization of the PdH phase com-
pared to the bulk material. Furthermore, the authors extended
the nanocone concept to the study of the hydrogenation kinetics
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of a single Mg nanoparticle. To prevent alloying and to isolate the
Mg particle from neighboring materials, it was placed between
two titanium (Ti) layers, with a thin catalytic Pd layer placed at
the top of the structure. This system configuration allowed the
authors to trace a full hydrogenation isotherm for a single Mg
nanodisk with a diameter of only 35nm, demonstrating the ver-
satility of their detection scheme.

By implementing such advanced, high-throughput fabrication
methods, complex plasmonic sensing geometries can be transi-
tioned from high-resolution single-particle spectroscopy towards
large-scale technological applications, allowing for the sensitive,
robust, and cost-effective detection of a variety of reagents and
chemical processes.
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SINGLE PLASMONIC NANOPROBES FOR
SENSITIVE TRACE GAS DETECTION

4.1 SPECTRAL SHIFTS IN ANTENNA-ENHANCED HYDROGEN
SENSING GEOMETRIES

One of the main driving forces of plasmonics research is the
realization of plasmonic sensing in ultra-small volumes. 3122124
Initially, this was led by the promise of obtaining spectroscopic
fingerprints of only few molecules in surface enhanced Raman
scattering (SERS).

More recently, the development of coupled bright and dark
plasmonic structures has allowed the production of more sensi-
tive geometries that even allow for the sensing of minute refrac-
tive index changes in very small volumes.™ In both cases, the
large field-enhancements obtained near the surface of resonant
metallic structures are the enabling effects.

In general, these resonant metallic structures can be regarded
as optical nanoantennas, 2125 and the sensed material as equiva-
lent to an antenna-driven circuit in electronics. This view gives
rise to the recognition that sensing cannot only be carried out on
dielectric substances but also on non-resonant metallic structures.
This is especially useful in cases where particles are too small to
have a significant scattering cross-section3+12° or where the inher-
ent damping of the metal prevents strong plasmonic resonances.
The latter is the case in the optical detection of hydrogen in pal-
ladium. ™7

This section discusses the nature of spectral shifts in antenna-
enhanced hydrogen sensing geometries consisting of a gold bow-
tie antenna next to a palladium nanodisk.” The presented in-
vestigation is carried out through extensive finite element (FEM)

This section is adapted from A. Tittl et al., Spectral shifts in nanoantenna-enhanced
hydrogen sensors, Optical Materials Express 2, 111-118 (2012). Reprinted with per-
mission. Copyright 2012 Optical Society of America.
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simulations and it is found that the hydrogen-induced spectral
behavior of the system is governed by two competing effects:
a small blueshift caused by dielectric changes in the palladium
and a much stronger redshift due to an expansion of the palla-
dium lattice. The presented findings enable the accurate numer-
ical characterization and especially the optimization of sensitive
antenna-enhanced hydrogen sensors.

The optical detection of hydrogen is of particular interest for
two applications: the detection of explosive mixtures of hydro-
gen with air at concentrations ranging from 4 to 75vol.%, and
the investigation of loading/unloading kinetics of hydrogen in
nanostructured materials, e.g., for fuel cell applications. Many
examples of plasmonic hydrogen sensing have already been pro-
posed. 128 palladium (Pd) serves as an ideal material for realizing
these two goals since it is one of the simplest model systems for
the incorporation of hydrogen in metal lattices.3?

In order to investigate palladium kinetics on minute length
scales and for very low concentrations, a move from conventional
designs relying on extended films™*? or arrays of plasmonic ele-
ments'*" towards single structures is desirable.'3° However, the
use of, e.g., simple single Pd nanodisks is precluded by the large
intrinsic damping and the resulting broad resonance profile as
well as low scattering efficiency. Antenna-enhanced geometries
can overcome these problems by coupling a highly resonant an-
tenna to the system under investigation which can greatly en-
hance nanoscale optical effects. 126131

The application of this approach to hydrogen sensing has been
demonstrated experimentally by Liu et al. through the coupling
of a single gold bowtie antenna to a Pd nanodisk.3* Unfortu-
nately, in their paper no theoretical simulations of optical spectra
were included. However, numerical modeling is crucial for the
efficient design and optimization of an optical sensor geometry.
Furthermore, simply using the dielectric functions for Pd and hy-
drided Pd given by Vargas et al. "7 in simulations will result in a
spectral blueshift upon hydrogen exposure. Contrary to this, Liu
et al. experimentally observed a redshift.

In the following, theoretical modeling and numerical simula-
tions are used to understand the underlying physics responsible
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d —» s=d/d

Figure 4.1: Schematic view of the system under consideration. Pd disk with di-
ameter d = 60nm and height 40 nm situated next to a single gold bowtie antenna
with side length a = 108 nm and height 40 nm.

for the observed spectral shifts and resolve the apparent discrep-
ancy. By not only including the index of refraction change but
also the volume expansion of Pd, for the first time, we are able
to model the sensing behavior of the experimentally investigated
Pd disk and gold antenna system. In addition, we show how
adding a second antenna arm can substantially improve the sens-
ing performance.

The antenna enhanced system under consideration is shown in
Fig. 4.1a and consists of a single gold bowtie antenna (side length
a = 108 nm, height 40nm) separated by a gap g from a Pd disk
(diameter d = 60nm, height 40nm) on a SiO, substrate.

The system is similar to the one in Ref.34, where the authors
manufacture this structure using electron-beam lithography and
record dark-field scattering spectra of single antenna-enhanced
sensor elements. In the absence of hydrogen they find a strong
scattering maximum associated with the antenna-resonance at
a wavelength of 638nm. When exposed to a concentration of
1vol.% hydrogen in nitrogen, the resonance undergoes a redshift
of 5nm as well as a strong decrease of the scattering amplitude
and significant broadening. An increase of the concentration to
2vol.% in nitrogen yields a total redshift of 9nm as well as fur-
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ther broadening. The observed effect is mostly reversible, show-
ing some hysteresis due to the hydrogen loading/unloading.

When Pd is exposed to hydrogen gas, the molecules are split
at the surface and atomic hydrogen enters the Pd lattice. At low
concentrations the hydrogen forms a solid solution in the host
lattice, the so-called a-phase. For higher concentrations a less mo-
bile palladium-hydride (PdH) B-phase with increased lattice pa-
rameter is formed. Starting from impurities or lattice defects the
B-phase forms domains and for very high concentrations most of
the system is converted, leading to a pronounced increase of the
lattice constant by as much as 4 %.3* In the following, PdH will
always refer to the hydride system with a H/Pd atomic ratio of
0.82 as given in literature. *7

Concurrent to the hydride-formation the dielectric function of
Pd is also modified. This is caused by an electron transfer from
the hydrogen atoms to the electronic system of Pd, changing the
density of states at the Fermi-surface.3° This change substantially
modifies both the real and imaginary part of the dielectric func-
tion of Pd.

A qualitative explanation for the effect of antenna-enhanced
hydrogen sensing is that the hydrogen-induced changes of the
dielectric function and the lattice constant of Pd are enhanced by
the antenna resonance, leading to a redshift. In order to obtain a
more quantitative understanding and enable optimization of this
sensor structure, detailed numerical analysis is desirable.

The numerical analysis has been performed using the HFSS
(High-frequency structure simulator, ANSYS Inc.), a commercial
finite element (FEM) electromagnetic field solver. Pd, PdH and
gold are described using tabulated refractive index data given in
literature. 127132 The permittivity of the SiO; substrate is taken as
2.25. The footprint of the single gold bowtie antenna is a regu-
lar triangle with side length I = 116 nm where the corners are
rounded with 5nm radius, resulting in an effective bowtie side
length of 2 = 108 nm.

The top edge of the bowtie as well as of the cylinder is rounded
with 2.5nm radius. The whole system is surrounded by a per-
fectly matched layer (PML) where the substrate extends into the
PML. The detector was placed parallel to the substrate surface
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at 1500nm distance and spans a solid angle (). The integrated
differential scattering cross-section s used in the following dis-
cussion is given by

-fidA
() = P S04 (4.1)
|Sinc|

where the surface integration is performed over the detector
area Aget with surface normal fi. Here Sg and Sjy, are the Poynt-
ing vectors of the scattered and incident fields, respectively.

The main advantage that simulations offer compared to exper-
iments is the possibility to study different effects related to ma-
terial property changes independently from each other. We start
with the change of dielectric function for a gap size of g = 5nm
in the top row of Fig. 4.2. The first surprising result is that a
change of the dielectric function of the disk from Pd to PdH re-
sults in the expected amplitude decrease and spectral broadening
but combined with a blueshift of 3 nm instead of a redshift.

What looks like a contradiction to the experimental results of
Ref.34 can be resolved by considering the hydrogen-induced lat-
tice expansion in the Pd disk. It can be modeled in a simple way
by multiplying both the diameter and the height of the disk with
a scaling factor s. Due to the large field-enhancement in the area
between the antenna and the disk (Fig. 4.3a), the system should
be extremely sensitive to the decreasing gap size associated with
this scaling.

Figure 4.3b shows the influence of scaling on the antenna res-
onance for a gap size of 7nm. We observe a redshift linear in
scaling that reaches a maximum of 7nm for a value of s = 1.04
while the scattering amplitude and linewidth remain mostly con-
stant. The scaling parameter ranges from 1.00 to 1.05, chosen in
accordance with PdH values of s = 1.038 given in literature.3*

The two competing effects of dielectric function mediated blue-
shift and lattice expansion induced redshift can be clearly identi-
fied in Fig. 4.2. Whereas the dielectric change causes a blueshift
of 3nm and a strong broadening of the resonance, the scaling by
a factor of s = 1.04 induces a redshift of 13nm. The superposition
of these contributions results in a total redshift of 10nm with a
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Figure 4.2: Calculated scattering spectra for two values of the dielectric function
of the Pd disk and scaling factor s, respectively. The gap size g before scaling is
fixed at 5nm. A change of the dielectric function from Pd to PdH blueshifts the
antenna resonance by 3nm, whereas scaling the Pd disk with a factor of s = 1.04
causes a redshift of 13nm. The superposition of these two competing effects
yields a total redshift of 10nm.

68



4.1 ANTENNA-ENHANCED HYDROGEN SENSORS

Field enhancement b) increasing
1100 diameter d 7
€
£ 1000} .
o
2 E bos———
g 900 5 so0] ]
5] B
A g e85t E
©
800 & 68055702 1.04 106
20 nm Scallng

640 660 680 700 720 740
Wavelength (nm)

Figure 4.3: (a) Calculated enhancement of the electric field on a plane parallel
to the substrate through the center of the bowtie. (b) Calculated single particle
scattering spectra for different disk diameters and a gap size g = 7nm. Note the
linear redshift of the antenna resonance with increasing scaling factor s.

simultaneously broadened lineshape. This behavior agrees very
well with the experimental data in Ref.34.

To examine the influence of gap size on the magnitude of these
two effects we calculated scattering spectra for different gap sizes
and the parameter cases described in Fig. 4.2. A markedly differ-
ent scaling behavior of the two competing effects can be observed
in Fig. 4.4. Whereas the blueshift induced by the dielectric change
in the Pd remains mostly constant at 3 nm, the redshift associated
with the disk’s scaling can be tuned by changing the gap size.
This scaling behavior enables the tailoring of the total hydrogen-
induced redshift.

Although we are able to numerically reproduce the direction
of hydrogen-induced spectral shifts and the concurrent resonance
broadening, there are still differences in magnitude between our
simulated results and the experimental data reported in Ref.34.
These differences are most probably due to deviations in gap
size between the antenna and the disk as well as strain effects
between the structures and the substrate which are neglected in
our numerical calculations.

Still, our approach allows us to numerically explore optimized
nanoantenna-enhanced hydrogen sensor geometries. A straight-
forward way to increase the sensitivity is to add a second antenna
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Figure 4.4: Extracted spectral shifts due to the Pd/PdH transition and the grow-
ing of the Pd disk for different initial gap sizes g. Whereas the Pd/PdH-induced
blueshift remains mostly constant at 3nm, the magnitude of the scaling-induced
redshift can be tuned by varying the gap size.

arm to the current design. To demonstrate this, we simulate a Pd
nanodisk in the center of a full bowtie antenna (Fig. 4.5a).

Figure 4.5b shows that the total hydrogen-induced redshift is
more than doubled by adding a second bowtie antenna oppo-
site the first. However, this addition also redshifts the resonance
by 52nm and thus requires a different figure of merit to accu-
rately compare the two designs. Since the full width at half max-
imum (FWHM) of our simulated spectra is difficult to determine
due to the asymmetric lineshape, we calculate and compare the
FOM, = (AA/An)/Ajin analogy to the FOM* = (AI/An)/Iy de-
fined by J. Becker et al. for plasmonic sensing using nanoholes. '33
In our case, Ag is the resonance position and the refractive index
change can safely be set to An = 1 for the purpose of comparing
similar hydrogen sensing geometries.

We obtain values of FOM, = 1.4-1072 for the single bowtie
and FOM, = 3.5- 102 for the double bowtie geometry with an
enhancement factor of 2.4. This strong enhancement can be un-
derstood in terms of the field enhancement in both geometries
(Fig. 4.3a and 4.5a). Although the maximum enhancement is sim-
ilar for both systems, the double-bowtie geometry includes two
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Figure 4.5: (a) Calculated enhancement of the electric field on a plane parallel
to the substrate through the center of the double-bowtie system. (b) Calculated
scattering spectra for a double-bowtie geometry with center Pd disk and a gap
size of g = 5nm. A significant enhancement of the total redshift can be observed.

hot spots of the electric field where the system is highly sensi-
tive to the scaling of the center disk. This field concentration in
the feed gap of an antenna pair is responsible for the strongly
increased redshift that we observe.

Interestingly, this increase of the spectral shift should be even
more pronounced in an antenna geometry that does not exhibit
field focusing behavior on its own.

To explore this, we consider a gold cutwire (cuboid) antenna
(width 60nm, length 97 nm, height 40 nm) separated by a gap of
g = 5nm from the palladium disk. The length of the cutwire
was chosen to match its resonance position to the single bowtie
results from Fig. 4.2.

Since the field hot spots of a single cutwire antenna are lo-
cated at its corners away from the Pd disk,34 we expect a de-
creased spectral shift compared to the single bowtie geometry.
Figure 4.6a shows that the cutwire system indeed exhibits a much
lower redshift of 5nm when moving from Pd to PdH and scaling
the disk by a factor of s = 1.04. This is again in excellent agree-
ment with the experimental results.

However, when considering a double-cutwire geometry by add-
ing a second antenna arm to the system, we observe a large red-
shift of 28 nm (Fig. 4.6b), comparable to the double-bowtie geom-
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Figure 4.6: (a) Calculated scattering spectra for a cutwire antenna situated next
to a Pd disk with a gap size of g = 5nm. (b) Calculated scattering spectra for
a double-cutwire geometry with center Pd disk and a gap size of ¢ = 5nm. A
significant enhancement of the total redshift comparable to the double-bowtie
geometry can be observed.

etry. This shows that in contrast to single antennas, spectral shifts
in double-antenna geometries are governed less by the shape of
the antenna and more by the field enhancement created in the
feed gap between the two antenna arms.

In summary, we have numerically investigated hydrogen-in-
duced spectral shifts in antenna-enhanced hydrogen sensing ge-
ometries and found two competing effects: a blueshift attributed
to the change of the dielectric function in Pd that is mostly un-
affected by changes in gap size and a lattice-expansion induced
redshift that can be tailored by changing the gap size. The in-
sight we gained into the behavior of this system enables us to
accurately model antenna-enhanced hydrogen sensors. The nu-
merical characterization of structures with an added second an-
tenna arm shows that this is a straightforward way to improve
the sensing performance. Our modeling allows further optimiza-
tion beyond simple antenna geometries and thus paves the way
towards the realization of extremely sensitive plasmonic hydro-
gen sensors.
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4.2 PLASMONIC SMART DUST FOR PROBING LOCAL
CHEMICAL REACTIONS

Locally probing chemical reactions or catalytic processes on sur-
faces under realistic reaction conditions has remained one of the
main challenges in materials science and heterogeneous catalysis.

Where conventional surface interrogation techniques usually
require high-vacuum conditions or ensemble average measure-
ments, plasmonic nanoparticles excel in extreme light focusing
and can produce highly-confined electromagnetic fields in sub-
wavelength volumes without the need for complex near-field mi-
croscopes.

This section introduces an all-optical probing technique based
on plasmonic smart dust for monitoring local chemical reactions
in real time.* The silica shell-isolated gold nanoparticles which
form the smart dust can work as strong light concentrators and
optically report subtle environmental changes at their pinning
sites on the probed surface during reaction processes.

As a model system, we investigate the hydrogen dissociation
and subsequent uptake trajectory in palladium with both “dust-
on-film” and “film-on-dust” platforms. Using time-resolved sin-
gle particle measurements, we demonstrate that our technique
can in-situ encode chemical reaction information as optical sig-
nals for a variety of surface morphologies. The presented tech-
nique offers a unique scheme for real-time, label-free, and high-
resolution probing of local reaction kinetics in a plethora of im-
portant chemical reactions on surfaces, paving the way towards
the development of inexpensive and high-output reaction sensors
for real-world applications.

Conventional probing methods often rely on ultra-high vac-
uum conditions. 3435 Scanning tunneling microscopy, for exam-
ple, offers a unique tool to gain insight into well-defined reac-
tion systems, but has difficulties to provide pervasive informa-
tion at realistic reaction conditions. Surface-enhanced Raman
spectroscopy is a powerful alternative to characterize the kinet-

This section is adapted from A. Tittl et al., Plasmonic smart dust for probing local
chemical reactions, Nano Letters 13, 1816-1821 (2013). Reprinted with permission.
Copyright 2013 American Chemical Society.
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ics of chemical reactions.’3® However, the interpretation of Ra-
man spectra can be time-consuming as trace contaminants may
contribute additional peaks. Tip-enhanced Raman spectroscopy
(TERS) allows for the investigation of arbitrary substrates. 3738,
but suffers from weak Raman scattering signals'39'4° Also, the
fabrication of robust, reproducible, and highly enhancing tips is
still challenging. Thus, there is a critical unmet need for sen-
sitive, robust, and easy to implement techniques to probe local
chemical reactions while they occur under diverse environmen-
tal conditions.

Plasmonic nanoparticles can concentrate light into a nanoscale
volume, converting incident optical radiation into highly local-
ized electromagnetic fields at a prescribed spot with subdiffrac-
tion-limit size.®* In recent years, plasmonics has also branched
out into other research fields, tackling intriguing problems in
pharmacology, biology, and chemistry, among others. 9128141

Particularly, large near-field enhancements have been shown to
significantly increase the efficiency of photocatalytic water split-
ting for hydrogen production, laying the groundwork for solar
to chemical energy conversion.'#* Burning hydrogen produces
no pollutants, making it ideal for clean energy storage and con-
version in an economy increasingly based on green fuels. Con-
sequently, safe chemical hydrogen storage requires the sensitive
and reliable detection of hydrogen uptake in such materials.*?3

The plasmonic smart dust used in this study consists of chemi-
cally grown SiO; shell (10 nm) isolated Au nanoparticles (150 nm).
To produce the complex core-shell nanoprobes, Au nanoparti-
cles with a target diameter of 150nm were first synthesized by
a two-step seed-mediated growth method. Starting from seed
Au nanoparticles with a diameter of 40nm prepared using a
standard citrate reduction method, the seeds were grown to a
diameter of 150 nm using HONHj3Cl as a reducing agent at room
temperature.

The obtained 150 nm Au nanoparticles were used for the sub-
sequent silica coating process.'#3 Typically, a certain amount of
freshly prepared aqueous solution of 0.5mM (3-Aminopropyl)
triethoxysilane (APTES) was added to the Au sol under vigor-
ous magnetic stirring in 20 minutes. Then the pH of a 0.54 wt.%
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sodium silicate solution was adjusted in the range of 10.3 to 10.5
using 0.2M H3POy solution added upon fast shaking. 2.8 ml of
the acquired sodium silicate solution was added to the Au sol
under stirring at room temperature.

Five minutes later, the mixture was placed in a 100 °C water
bath with continuous stirring. After 60 min, the same amount of
pH adjusted sodium silicate solution was again added to the sol
and the mixture was continually heated for another 60 min, after
which the mixture was cooled in an ice bath to stop the reaction.

Figure 4.7b presents an exemplary transmission electron mi-
croscopy (TEM) image of such a smart dust nanoparticle. The
energy-filtered TEM image using the Si L-edge of the same parti-
cle is shown in Fig. 4.7c in which the Au core and the SiO; shell
can be nicely distinguished. The key virtue of our plasmonic
smart dust is its uniform and ultra-thin SiO, shell, which allows
the Au core to generate strong electromagnetic near-fields and
simultaneously protects it from the chemical environment.

The scattering spectra of single plasmonic smart dust particles
are recorded in-situ by dark-field microscopy. Importantly, the
ultra-thin SiO, shell of the smart dust separates the Au core from
direct contact with the probed agents. This constitutes a clear
advantage of our platform over TERS-based methods that require
complex tip-to-sample approaches, whereas our smart dust can
simply be spread onto a catalytic or reactive surface.

Our method also allows for simultaneous imaging of chemi-
cal processes at different reaction sites, combining indirect plas-
monic sensing3* and the highly uniform core-shell nanoprobes
previously developed for SERS enhancement. '3 Furthermore, the
smart dust particles can work as resonant antennas whose plas-
mon resonance can be tuned to the excitation wavelength of a
probing laser.

To demonstrate the versatility of our approach for diverse sur-
face morphologies, two representative probing platforms are in-
vestigated: “dust-on-film”, where the plasmonic smart dust is
dispersed on a thin Pd film, and “film-on-dust”, where the smart
dust is covered with a highly curved Pd film. In both cases,
careful dilution and drop-coating of the smart dust yield sam-
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(@)
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Figure 4.7: Plasmonic probing of local chemical reactions. (a) Sketch of the probing
platform. Plasmonic smart dust (shell-isolated Au nanoparticles) are spread on
a thin Pd film to locally probe diffusion of atomic hydrogen in Pd. (b) Exem-
plary TEM bright-field image of a smart dust nanoparticle deposited on a car-
bon membrane. (c) Energy-filtered TEM image using the Si L-edge of the same
nanoparticle. The orange color indicates the presence of Si. The homogeneity of
the ultra-thin SiO; shell is excellent. (d) Exemplary SEM image of the smart dust
deposited on a 15nm thick Pd film via drop-coating. The particle separations are
ideal for single-particle spectroscopy.

ples with inter-particle distances suitable for single-particle spec-
troscopy (Fig. 4.1d).

We first investigate the “dust-on-film” platform as shown in
the inset of Fig. 4.8a. Here, the smart dust nanoparticles are dis-
persed on a thin Pd film, which resides on a quartz substrate.
After placing the sample in a stainless-steel reaction chamber,
the concentration of hydrogen during the reactions is controlled
by tuning the ratio of high-purity hydrogen and nitrogen gas
through mass-flow controllers.

The hydrogen uptake processes are probed in-situ by record-
ing the scattering spectra of single smart dust particles using a
Nikon TE2000UE inverted microscope combined with a Roper
Scientific SP-2500i spectrograph and a Peltier-cooled PIXIS 256E
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CCD-camera. Spectra were taken in transmission and using lin-
early polarized incident light. The samples were placed into a
home-built titanium sensor chamber connected to a mass-flow
system that allowed for the precise control of the hydrogen con-
centration in the chamber. All presented experimental spectra
were taken with an integration time of 8s, with one spectrum
recorded every 10s.

Figure 4.8a shows the complete time-resolved optical response
of a single smart dust particle on a 15nm Pd film at different
hydrogen concentrations. Upon introducing hydrogen into the
reaction chamber at concentrations as low as 0.5vol.%, the res-
onance of the smart dust particle at roughly 600nm shows an
immediate response both in intensity and wavelength position,
indicating the onset of hydrogen molecule dissociation and sub-
sequent atomic hydrogen diffusion into the Pd.

More specifically, the plasmonic resonance shifts to the blue
and its intensity increases. Hydrogen uptake in Pd leads to a
phase transition, turning it into more semiconductor-like than
metal-like, which is manifested in a pronounced change of the
dielectric function.3>127

Due to the strong electromagnetic near-fields associated with
the plasmon excitation, the smart dust particle can capture this
information arising from the chemical reactions at its specific lo-
cation and converts it into optical spectral changes. As a result
of the evanescent nature of particle plasmons, the smart dust par-
ticle works as a point probe which only conveys the hydrogen
uptake information in a confined subwavelength sensing volume
at its location. The information beyond this sensing volume is
fully discarded, making it an ideal local reaction reporter.

To test the ability of our plasmonic smart dust for resolving dif-
ferent hydrogen contents in Pd, the sample is repeatedly exposed
to hydrogen concentrations ranging from 0.5 vol.% to 3 vol.%. As
shown in Fig. 4.8a, different hydrogen concentrations can be iden-
tified as intensity changes of the plasmonic resonance, with re-
sponse times on the order of seconds. The observed fast reac-
tion kinetics compared to bulk palladium systems are due to the
shorter diffusion lengths associated with Pd thin films and nano-
materials."#4 In general, higher hydrogen concentrations lead to
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increased resonance intensity and spectral blue-shift of the reso-
nance position.

To resolve the small spectral shifts associated with low hydro-
gen concentrations, we employ a centroid analysis method.™5.In
contrast to simply tracking the scattering spectral maximum, the
centroid method computes the “center of mass” of the scatter-
ing spectrum, providing a highly reliable way to determine the
resonance wavelength position.

To carry out this analysis, we first chose a wavelength span of
S = 150 nm approximately centered at the maximum of the scat-
tering intensity I(A). The data in this range was then fitted using
a polynomial p(A) of degree 20 in accordance with literature. 4>
The centroid wavelength A, was then calculated using

f/\0+5 pO} dA
f)\o+5

(4-2)
Po]

where Ay denotes the starting wavelength of the centroid span
and pg = p(Ap) is a constant background that can be subtracted.
In addition, a bootstrapping approach 447 is used to estimate
the statistical error (standard deviation) of the retrieved centroid
wavelength position.

To demonstrate the spatially confined nature of our plasmonic
probes, we alter the local environment of the plasmonic smart
dust by using a thinner Pd film (10nm). We compare the time-
resolved centroid wavelength position changes under the same
reaction conditions for samples with 10 and 15nm Pd films, re-
spectively (Figs. 4.9a,b). In both cases, clear shifts of the reso-
nance position are observed upon hydrogen uptake and release.
The 15nm Pd sample displays a much more pronounced optical
response compared to the 10nm Pd sample at identical hydro-
gen concentrations. More specifically, the former exhibits a pro-
nounced blue-shift as large as 8 nm at 3 vol.%, whereas the latter
only leads to half of this blue-shift value.

A Pd film thickness change of 5nm already suffices to induce a
notable influence on the hydrogen storage behavior. In turn, this
elucidates that our plasmonic smart dust can optically resolve the
difference of hydrogen uptake processes arising from extremely
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Figure 4.8: Optical trajectories of local hydrogen uptake and release. Color-coded spec-
tral scattering intensity over time. (a) “dust-on-film”, single smart dust particle
on a 15nm Pd film. (b) “film-on-dust”, single smart dust particle covered by a
15nm Pd film. In both cases, the black lines denote the centroid wavelengths and
serve as guides to the eye. The plasmonic smart dust detects the local chemi-
cal reactions and converts the information into optical signal changes, which are
manifested in resonance intensity and resonance position with a response time
on the order of seconds. The single particle measurements are carried out using
dark-field microscopy in real time. (c) Concentration of hydrogen in nitrogen
carrier gas during the reactions.
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small environmental changes at its probing site. This is of great
importance for studies of heterogeneous catalysis, where local
structural characteristics such as size, shape, geometry, and sur-
face morphology of catalysts are crucial. For gaining a broader
view, the plasmonic smart dust may be used to produce a local re-
action map by pinning multiple nanoparticles at reaction sites of
interest and optically monitoring spatially distinct local chemical
reactions simultaneously.

To further demonstrate the ability of our plasmonic smart dust
to probe local chemical reactions for more complex surface mor-
phologies, we investigate the second sensor platform: “film-on-
dust” (see the inset of Fig. 4.8b). The plasmonic smart dust is dis-
persed on a quartz substrate and a Pd film (15nm) is evaporated
on the nanoparticles through titled angle evaporation, forming
a highly-curved Pd surface on the particles. The sample is then
placed in the reaction chamber. The experimental procedures are
the same as those in Fig. 4.8a, and results are plotted in Fig. 4.8b
and Fig. 4.9c for the same smart dust particle. All concentration
steps are again clearly identified through the changes of the opti-
cal response.

The resonance intensity does not change as dramatically as that
in the “dust-on-film” configuration. Still, the resonance exhibits a
pronounced 8 nm red-shift at a hydrogen concentration of 3 vol.%.
Strikingly, the direction of the spectral shift is reversed with re-
spect to the “dust-on-film” case in Fig. 4.8a. Our plasmonic smart
dust can therefore sensitively distinguish subtle changes at its
probing site, yielding large associated optical changes.

This shows that our method can easily be adapted for a multi-
tude of different surface morphologies and associated local chem-
ical reactions. In addition, the low statistical error of the centroid
wavelength position (standard deviation o = 0.13 nm) together
with a spectral shift of 1.5nm at 0.5 vol.% hydrogen holds great
promise for sensitively detecting low amounts of hydrogen in the
ppm range.

To theoretically support our experimental observations, the
scattering spectra of a plasmonic smart dust particle upon hydro-
gen uptake are calculated for the “dust-on-film” and “film-on-
dust” platforms, respectively. The calculations were performed
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Figure 4.9: Experimental time-resolved centroid wavelengths in response to hydrogen
uptake and release. (a) “dust-on-film”, single smart dust particle on a 10nm Pd
film. (b) “dust-on-film”, single smart dust particle on a 15nm Pd film (same
particle as in Fig. 4.8a). The minute 5nm film thickness change can easily be
resolved optically under the same reaction conditions. (c) “film-on-dust”, single
smart dust particle covered by a 15nm Pd film (same particle as in Fig. 4.8b). The
spectral response shifts completely to the opposite direction compared to that in
the “dust-on-film” platform. This underlines the suitability of our technique for
studying local reactions on various surface morphologies. Gray areas behind the
red curves denote the errors of the centroid analysis, estimated using a bootstrap-
ping method. The statistical error (standard deviation) of the calculated centroid
wavelengths is below ¢ = 0.13 nm in all cases.
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Figure 4.10: Numerical simulations for the “dust-on-film” platform. (a) Simulated
scattering spectra for a single smart dust particle on an infinitely extended 15nm
Pd film before and after hydrogen uptake. A fully hydrided state PdH is used
in the calculation to establish the maximum spectral shift in the reaction. A
maximum blue-shift of AA = 11nm together with a resonance intensity increase
is predicted. (b) Electric near-field distribution at resonance. The intense near-
fields are strongly localized at the touching point between the smart dust and
the Pd film. (c) Hybridization model for interpreting the observed spectral blue-
shift. The localized plasmon of the Au nanoparticle hybridizes with the induced
mirror plasmon in the Pd film, leading to the observed bonding mode. The higher
energy anti-bonding mode is not allowed in this configuration. When changing
from Pd to PdH, the properties of the film become less metallic. This leads to
weaker plasmonic coupling and therefore a reduced energy splitting, resulting in
a resonance blue-shift.
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using a commercial implementation of the method of moments
(MoM) based on the surface equivalence principle (FEKO 6.2, EM
Software & Systems-S.A.).

The infinite multilayered substrate was taken into account us-
ing the planar Green’s function formalism. The linearly polar-
ized incident plane wave propagates perpendicular to the sample
surface and arrives from top. The integrated differential cross-
section o5 is defined as the scattered power into the solid angle
Q(6, ¢) with 6 = [170,180] and ¢ = [0,360] normalized to the
incident power flux. Optical constants for Pd and Au are taken
from literature. **7"32 The numerical results for the “dust-on-film”
configuration are shown in Fig. 4.10a.

In the case of a 15nm Pd film, a clear spectral blue-shift of
AA = 11nm together with an increase of the resonance intensity
is predicted when changing the dielectric function of the film
from pure Pd to fully hydrided Pd, i.e.,, PdH.™7 In the experi-
ment, the blue-shift is around 8 nm at a hydrogen concentration
of 3vol.%, which is still below the fully hydrided state. Thus, the
numerical calculations neatly confirm the trend of the spectral
changes in response to hydrogen uptake in the experiment.

The highly localized nature of our plasmonic nanoprobe be-
comes evident from the simulated electric near-field distribution
at resonance (Fig. 4.10b). Intense near-fields are strongly concen-
trated around the touching point of the smart dust particle with
the Pd film, allowing for the interrogation of local reactions with
high spatial resolution. When linearly polarized light impinges
on a smart dust nanoparticle, it excites an oscillating particle plas-
mon in the Au core. This charge distribution induces the oscilla-
tion of a mirror plasmon in the underlying Pd film. The particle
and mirror plasmons mix and hybridize, resulting in a lower-
energy bonding mode and a higher-energy anti-bonding mode
(Fig. 4.10c). The latter cannot be observed due to the parity of
the mirrored charge distribution. 143

When transitioning from Pd to PdH upon hydrogen uptake,
the real part of the Pd film’s dielectric function becomes less neg-
ative,'?7 giving rise to a less metallic character of the film and
thus weaker coupling between the particle and mirror plasmons.
This leads to reduced plasmonic mode-splitting and the bond-
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ing mode shifts to a higher energy or, when considering wave-
lengths, to the blue. The reduction in metallic character during
the Pd/PdH transition also explains the increase in the scattering
amplitude due to increased light transmission through the film.

Numerical results for the “film-on-dust” platform are shown
in Fig. 4.11a. We again compare the scattering spectra for the
Pd and PdH cases. In contrast to the “dust-on-film” platform, a
resonance red-shift of AA = 10nm upon hydrogen uptake is pre-
dicted and the resonance intensity increases only slightly due to
the lack of a fully closed Pd film, which is in excellent agreement
with the observations in our experiment.

The electric near-field distribution at resonance is again calcu-
lated for this configuration (Fig. 4.11b). Unlike the “dust-on-film”
platform where a clear focusing of the near-fields at the base of
the nanoparticle is observed, the intense fields are localized more
at the side surfaces of the smart dust particle, indicating strong
interaction between the gold core and the curved Pd shell. For
simplicity, we utilize a continuous Pd shell around the dust par-
ticle in our hybridization model (Fig. 4.11c).

Here, the particle plasmon of the smart dust particle hybridizes
with the particle plasmon excited in the Pd shell, leading to a
lower-energy bonding and a higher-energy anti-bonding mode.
Due to the large intrinsic damping in gold at short wavelengths,
the anti-bonding mode is not clearly observable in the wave-
length range of interest. When changing the dielectric function
of the shell from Pd to PdH, the shell plasmon shifts to a lower
energy, leading to a red-shift of the bonding mode, which agrees
well with the spectral shift trend in the experiment.

The presented single-particle platform enables simultaneous
probing of chemical reactions at various surface morphologies
and local reaction environments under identical reaction condi-
tions. By combining two-dimensional imaging and spectroscopic
techniques, synchronized mapping and chemical sensing on a
subdiffraction-limit scale could be achieved.™® Our method can
be extended to investigate a plethora of chemical reactions on
surfaces, ranging from the reduction and oxidation steps in fuel
cells. 5%75" to catalytic water splitting. '>*
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Figure g.11: Numerical simulations for the “film-on-dust” platform. (a) Simulated
scattering spectra for a single smart dust particle coated with a 15nm Pd film.
When changing the dielectric function of the shell from Pd to PdH, a red-shift of
AA = 10nm is predicted. The resonance intensity increase is not as large as that
in Fig. 4.10a. (b) Electric near-field distribution at resonance. The electric near-
fields are more localized at the side surfaces of the smart dust, indicating resonant
coupling of the particle plasmons in the Au and Pd parts of the structure. (c) Hy-
bridization model for interpreting the observed spectral red-shift. For clarity, a
continuous Pd shell is utilized. The particle plasmon in the Au core hybridizes
with the particle plasmon in the Pd shell, resulting in a lower-energy bonding
mode and a higher-energy anti-bonding mode. When changing from Pd to PdH,
the Pd shell plasmon shifts to a lower energy level, leading to a corresponding
red-shift of the bonding mode.
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4.3 DNA-ASSEMBLED BIMETALLIC PLASMONIC NANOSENSORS

Plasmonic hybrid nanomaterials are highly desirable in advanced
sensing applications. Different components in these materials un-
dertake distinct roles and work collectively. One material compo-
nent may act as an efficient light concentrator and optical probe,
whereas another provides specific chemical or biological func-
tionality.

This section presents chemically synthesized DNA-assembled
bimetallic plasmonic nanostructures and demonstrates their ap-
plication for the all-optical detection of hydrogen.” Specifically,
gold (Au) nanorods are functionalized with DNA strands, which
serve both as linkers and seeding sites for the growth of palla-
dium (Pd) nanocrystals and facilitate reliable positioning of Pd
satellites around a Au nanorod at an ultrashort spacing in the
nanometer range.

By monitoring dark-field scattering spectra of single Au-DNA-
Pd nanorods during controlled cycles of hydrogen gas exposure,
an unambiguous concentration-dependent optical response was
observed. With this, our method enables, for the first time, the all-
optical detection of hydrogen-induced phase-change processes in
sub-5nm Pd nanocrystals at the single antenna level. By substi-
tuting the Pd satellites with other functional materials, our sensor
platform can be extended to detect a multitude of chemical and
biological reagents, both in liquid and gaseous phases.

In recent years, plasmonics has led to tremendous progress in
optical sensors on the single-particle level. Recently, advanced
wet chemical methods have enabled the controlled synthesis of
metal nanoparticles with various shapes, sizes, and configura-
tions.?53715% Such metal nanoparticles possess remarkable mate-
rial quality and are highly viable for industrial mass production.

In particular, metal nanoparticles composed of materials such
as gold (Au) and silver (Ag) exhibit excellent plasmonic prop-
erties and have been widely applied for sensing low-level and
label-free analytes in complex media due to their simple and

This section is adapted from N. Li, A. Tittl et al., DNA-assembled bimetallic plas-
monic nanosensors, Light: Science & Applications 3, €226 (2014). Reprinted with
permission. Original article under creative commons attribution-noncommercial-
sharealike 3.0 unported license
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cost-effective sensing strategy.®912 Traditionally, a sensing ex-
periment is performed by tracking the resonance shift of a plas-
monic nanoparticle in the presence of analytes, which alter its
local environment. By combining multiple materials, biological
or chemical functionality can be added to such well-established
but mostly inert noble metal nanoparticle systems.

Building on the rapid progress in the field of novel nanomate-
rials, various metal nanoparticles with hybrid components have
been developed. For example, Au-Ag core-shell nanoparticles
were used to successfully map the sulfide content in live cells
through irreversible Ag,S formation.*” Further applications of
core-shell particles include the investigation of hydrogen catalytic
processes in Au-Pd particles as well as the sensitive detection of
carbon monoxide using a Cu-CuO geometry. 5391

In the context of complex synthetic nanomachines, Al-Ga Janus
nanoparticles were utilized for the creation of water-driven mi-
cromotors.5® Additionally, approaches such as on-wire lithog-
raphy ' were used for the reliable fabrication of Au-Ni-Pt gap
structures with nanometer precision.

Thus far, most hybrid metal nanomaterials have been based on
direct contact between different material components, which can
be detrimental when applied in plasmonic sensing because com-
ponents with poor plasmonic properties can lead to increased
damping in the hybrid system, yielding low sensitivity. To over-
come this issue, DNA-based nanotechnology has been utilized
for the fabrication of various metal nanoclusters and hybrid metal
nanostructures. 160165

Here, we utilize chemical synthesis to fabricate DNA-assem-
bled bimetallic plasmonic nanoparticles, in which DNA serves as
both the construction material and a natural spacer between the
two metal components (Fig. 4.12a). Furthermore, we demonstrate
that such bimetallic nanoparticles can be used for the all-optical
plasmonic detection of hydrogen in real time.

In our system, the Pd nanocrystals act as a functional medium,
which can absorb and release hydrogen. Previous experimental
studies using single nanodevices have focused on catalytic reac-
tions on extended Pd films93 or in Pd nanodisks with diameters
down to 30nm. 343> By contrast, our nanosensor devices achieve,
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for the first time, the all-optical detection of hydrogen-induced
phase changes in extremely small (sub-5nm) Pd nanocrystals on
the single-antenna level.

The catalytic reaction under investigation involves the chemi-
sorption of hydrogen on the Pd surface, its near barrierless dis-
sociation, and diffusion of atomic hydrogen into Pd to form pal-
ladium hydride.3*>'** The Au nanorod concentrates strong elec-
tromagnetic fields near its surface, where the chemical reactions
occur. Simultaneously, the Au nanorod acts as an optical probe
that transforms the localized information of hydrogen absorption
and desorption in Pd to the far field.

The preparation of our nanooptical sensor particles began with
the synthesis of Au seeds, following a silver-assisted seed-growth
or binary surfactant-assisted seed-growth procedure, depending
on the sizes of the Au nanorods.?53'5® DNA-assisted assembly
and growth of the Pd satellite nanocrystals then proceeded, as
illustrated in Fig. 4.12b.

First, the S-S bond in thiolated DNA was reduced by adding
10 pL of 100 mM tris (2-carboxyethyl) phosphine (TCEP) to 50 uL
of 100 uM DNA solution, and the sample solution was incubated
for 4 hours. Excessive TCEP was removed using a spin column.
Subsequently, purified thiolated DNA sDNA-SH and its comple-
mentary strand com-sDNA-SH were obtained.

Freshly synthesized Au nanorods with the desired dimensions
were then added to the purified sDNA-SH in a buffer solution.
The molar ratio of SDNA-SH to Au nanorods was more than
2000:1. After 12 hours, the mixture was centrifuged, the su-
pernatant was discarded, and the Au-sDNA-SH nanorods were
suspended in a 1X Tris/Borate/EDTA (TBE) buffer containing
100 mM NacCl.

The buffered Au-sDNA-SH nanorods were then incubated with
the complementary com-sDNA-SH and were annealed in PCR in
a thermocycler from 45 °C to 25°C over 12 hours. The mixture
was then centrifuged twice, the supernatant was discarded, and
the pellet was suspended in ultrapure water. The concentration
of these Au-DNA conjugates was estimated using UV-Vis spec-
troscopy.
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Figure 4.12: (a) Schematic of the DNA-assembled bimetallic nanosensor, which
is composed of palladium (Pd) nanoparticles that are connected to a gold (Au)
nanorod via DNA linkers. (b) Synthesis details for the self-assembled device.
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The Au-DNA nanorods were then mixed with 20 uL of a freshly
prepared 2.5 mM Pd(CH3COO); solution and 20 uL of 1% poly-
vinylpyrrolidone (PVP). The mixture was stirred for 4 hours at
room temperature and subsequently centrifuged three times at
5000 rpm for 5 minutes. Again, the supernatant was discarded
and the pellet was suspended in ultrapure water. Finally, the
mixture was reduced by 10 pL of 5mM freshly prepared ice-cold
NaBHy4 to obtain the Au-DNA-Pd hybrid nanoparticles.

To first assess the quality of our Au-DNA-Pd nanoparticles,
transmission electron microscopy (TEM), scanning TEM (STEM),
and elemental mapping using a FEI Tecnai F20 electron micros-
copy system were performed. The samples for TEM imaging
were prepared by drop-casting 10 uL of the sample solution on a
carbon-coated TEM grid.

Figure 4.13 presents the TEM images of the Au-DNA-Pd nano-
particles with different dimensions, demonstrating the high struc-
tural homogeneity of our synthesis method. The three batches
of Au-DNA-Pd nanoparticles (labeled 1 to 3) have dimensions
(length x width) of 36 nm x 12nm, 46 nm x 12nm, and 98 nm x
43nm. The Pd nanocrystals are approximately 3-5nm in diam-
eter, as evident from high-resolution bright-field TEM measure-
ments (Fig. 4.14a). In all cases, the individual satellite Pd nano-
crystals are clearly visible at high magnifications.

Successful assembly of the different metal components was
demonstrated using STEM imaging and elemental mapping of
the Au-DNA-Pd nanoparticles from batch 1 (Fig. 4.14a). By fil-
tering the STEM image with respect to the electron energy in the
scanning beam, the elemental contributions of Au and Pd to the
total signal could be quantified (Figs. 4.14b,c). A composite of
the color-coded results for Au and Pd is presented in Fig. 4.14d,
which clearly illustrates that small Pd satellite nanocrystals form
a dispersive layer around the center Au nanorod. This finding
proves the viability of our synthesis method for the precise and
reliable creation of complex hybrid nanostructures.

To investigate the optical properties of our Au-DNA-Pd nano-
particles, UV-VIS spectra of the three nanorod batches, before
and after the Pd growth, were measured (Fig. 4.15). For all three
batches, the pronounced plasmonic absorbance peak red-shifts
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Figure 4.13: Transmission electron microscopy (TEM) images of the three batches
of DNA-assembled nanosensors with different design dimensions.
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Figure 4.14: (a) High-resolution transmission electron microscopy (HRTEM) im-
age of a Au-DNA-Pd nanorod from batch 1. The sub-5nm satellite Pd nanocrys-
tals are clearly visible. (b) Scanning TEM image of two nanorods from batch 1.
(c-e) Element-resolved (energy filtered) STEM images of the same nanorods.
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Figure 4.15: Ensemble absorbance spectra for three batches of Au nanorods of dif-
ferent design lengths, with and without DNA-assembled Pd nanocrystals (solid
and dashed curves).

by approximately 50nm after the growth of the Pd nanocrys-
tals. The hybrid plasmonic nanoparticles clearly exhibit excellent
wavelength tunability by controlling the the length and structural
aspect ratio.

To move from the sensing behavior of a nanoparticle ensem-
ble towards progressively smaller detection volumes, we utilize
single-particle dark-field spectroscopy. In hydrogen-sensing ex-
periments, we recorded the scattered light from single Au-DNA-
Pd nanoparticles while cycling the gas concentration in a gas cell
between pure nitrogen and different hydrogen concentrations in
nitrogen carrier gas.

Time-resolved dark-field scattering spectra were recorded us-
ing a Nikon TE2000UE inverted microscope combined with a
Roper Scientific SP-2500i spectrograph and a Peltier-cooled PIXIS
256E CCD-camera. Spectra were taken in transmission and using
unpolarized incident light. The samples were placed into a home-
built titanium sensor chamber connected to a mass-flow system
that allowed for the precise control of the hydrogen concentra-
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tion in the chamber. All experimental spectra presented here
were taken with an integration time of 8s, with one spectrum
recorded every 10s.

Figure 4.16a presents the scattering spectrum of a single plas-
monic nanosensor particle P1 from batch 3 (length 98 nm x 43nm),
which exhibits a pronounced peak centered at approximately
700nm. Compared with the ensemble measurements in aque-
ous solution, the single particle resonance is slightly blue-shifted
on the glass substrate.

To reliably track the resonance wavelength of the nanosensor
over time, we employed a centroid detection method.%'45 This
analysis technique computes the first moment, or center of mass,
of the scattering spectrum, considering all the data points in a
certain wavelength span . This procedure allows us to track small
spectral shifts with high signal-to-noise ratios.

The resonance peak of nanosensor particle P1 undergoes a
fast and reversible red-shift when exposed to hydrogen concen-
trations of 10, 20, and 30vol.% Hj in Ny carrier gas, with re-
sponse times on the order of seconds. Additionally, we observed
a clear concentration dependent response, with spectral shifts
ranging from 0.2 to 0.4 nm (Fig. 4.16b). When examining a second
nanosensor particle on the same substrate, we again observed a
clear concentration dependence optical response (Fig. 4.16c¢).

Although the magnitude of the spectral shifts is different, the
qualitative behavior is similar. This difference in magnitude is
due to small changes in local material distribution and can be
further reduced by optimizing the synthesis process. Most im-
portantly, we were able to, for the first time, detect the hydrogen-
induced phase-change processes in extremely small Pd particles
on the order of 3-5nm at the single-antenna level.

In conclusion, we demonstrated a novel nanooptical single par-
ticle hydrogen sensor utilizing wet-chemical synthesis of Au nano-
rods with adjacent, DNA-assembled Pd nanocrystals. Our ap-
proach results in hybrid plasmonic nanoparticles with tunable
particle dimensions and ultra-short Au-Pd distances on the order
of several nanometers. The precise positioning of the Pd satellite
nanospheres with respect to the Au nanorods was verified using
energy-filtered scanning TEM measurements.
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Figure 4.16: (a) Dark-field scattering spectrum of a single Au-DNA-Pd nanorod
on a glass substrate. S indicates the wavelength span included in our centroid
calculation. Comparison of the wavelength of the scattering maximum Amax and
the centroid wavelength A, (inset). (b) Time-resolved sensing performance of the
DNA-assembled nanosensor particle P1 when exposed to cycles of 10, 20, and
30vol.% Hj in Np and N carrier gas. (c) Similar measurements on a second
sensor particle P2 on the same substrate. The gray line represents the centroid
wavelength from scattering spectra taken every 10s with an integration time of
8s. The red line is a running average over 5 data points.
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As a next step, the number of Pd nanocrystals linked to each
Au nanorod could be controlled by the amount and ratio of thio-
lated DNA and complementary strands. Additionally, we demon-
strated that our Au-DNA-Pd nanoparticles exhibit an unambigu-
ous concentration-dependent optical response to hydrogen ex-
posure at the single particle level. Using appropriate satellite
nanoparticle components, one could prepare hybrid plasmonic
nanosensor devices with different functionalizations, enabling
the reliable detection of a multitude of other gases for practical
applications.

In the future, plasmon-assisted detection of transformations
in nanoparticles of such small sizes will open the door toward
investigations of size-dependent phase transitions on nanoscales
below 10 nm.
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PERFECT ABSORBERS FOR SENSING AND
ACTIVE PLASMONICS

5.1 PALLADIUM-BASED PERFECT ABSORBER SENSOR

As introduced in section 2.3, sub-wavelength metallic nanostruc-
tures exhibit unique optical properties, which are dominated by
localized surface plasmon resonances. Their resonance wave-
length strongly depends on the shape, size, and material proper-
ties of the nanoparticles as well as on the dielectric function of
the surrounding medium, enabling a multitude of applications
in chemical and biological sensing.9

In recent years, plasmonic structures with large (or “perfect”)
absorption in a certain wavelength range have attracted consid-
erable interest. So far near perfect absorption has been realized
experimentally in the GHz/THz range?®"** as well as in the near
infrared. % A design in the visible based on a sub wavelength
hole array has so far only been studied theoretically. 67

This section presents the experimental realization of a palla-
dium-based plasmonic perfect absorber at visible wavelengths
and its application to hydrogen sensing.” The proposed design
exhibits a reflectance < 0.5% and zero transmittance at 650 nm
and the operation wavelength of the absorber can be tuned by
varying its structural parameters. Exposure to hydrogen gas
causes a rapid and reversible increase in reflectance on a timescale
of seconds. This pronounced response introduces a novel optical
hydrogen detection scheme with very high values of the relative
intensity response.

We chose palladium because of the strong change of its optical
properties upon hydrogen absorption. Due to hydrogen incorpo-
ration palladium undergoes a phase transition from a metal to

This section is adapted from A. Tittl et al., Palladium-Based Plasmonic Perfect
Absorber in the Visible Wavelength Range and Its Application to Hydrogen Sensing,
Nano Letters 11, 4366-4369 (2011). Reprinted with permission. Copyright 2011
American Chemical Society.
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Figure 5.1: Sketch of the perfect absorber hydrogen sensor. Palladium nanowires
are stacked above a gold mirror. The layers are separated by a MgF, spacer.

a metal hydride which leads to an expansion of the palladium
lattice.’®® Additionally, the incorporation leads to a shift of the
Fermi level of the conduction electrons3® and therefore signifi-
cantly changes the real and imaginary part of the dielectric func-
tion of palladium.

Optical detection is of particular interest since hydrogen forms
an explosive atmosphere when it mixes with air at volume con-
centrations ranging from 4 vol.% to 76 vol.%. All-optical sensors
minimize the risk of explosion and therefore are highly desirable
for industrial and automotive applications.

Early optical hydrogen sensing schemes were based on the
measurement of optical change in thin palladium films due to
hydrogen incorporation.’® Recently, several new types of hy-
drogen sensors based on nanoplasmonic effects have been pro-
posed.3334111 In contrast to traditional plasmonic refractive in-
dex sensors, novel plasmonic sensing concepts utilize a hydrogen-
induced frequency shift of the plasmon oscillations excited in pal-
ladium nanostructures.

In our perfect absorber structure we utilize the plasmonic re-
sponse of palladium nanowires stacked above a 200nm thick
gold film. The two layers are separated by a 65nm dielectric
MgF, spacer layer as depicted in Fig. 5.1.

When light polarized perpendicular to the wires impinges on
our structure, localized plasmon oscillations are excited in the
palladium wires. The resulting charge distribution leads to the
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antiphase oscillation of a mirror plasmon in the thick gold film
below, giving rise to a circular current distribution and conse-
quently a magnetic response of our structure.' This leads to
efficient coupling of the incident light into the structure where
it is dissipated as heat in both the metallic components and the
dielectric spacer layer.

In a simple model, the structure can be described as an effec-
tive medium with complex electric permittivity e(A) and mag-
netic permeability y(A). By carefully choosing the geometric pa-
rameters of the structure, both € and y can be adjusted such that
its complex impedance Zsyye = +/ /€ is matched to the vacuum
impedance Zy,c = 1 (in cgs units) for a given wavelength A,
resulting in zero reflectance. For more details on the working
principle of plasmonic perfect absorbers see section 2.5.

In order to examine the optical properties of our structure we
perform numerical calculations based on a scattering matrix ap-
proach.'7° The dielectric functions ¢ of palladium and gold are
taken from tabulated data reported in literature.'*7'3> For the
MgF, spacer layer ¢ = 1.97 is assumed.

To obtain a cohesive picture of our design’s absorptive charac-
teristics, we compute reflectance spectra for a multitude of pa-
rameter combinations of the crucial geometric parameters wire
width and spacer height. Wire height and periodicity are fixed
at 20 and 450nm, respectively. We then extract the lowest re-
flectance value as well as its spectral location from the result-
ing data. Figure 5.2a shows a color-coded plot of the lowest re-
flectance for every point of the parameter space. A region of
minimal reflectance can be seen for wire widths around 100 nm
and spacer heights around 60 nm.

Absorption remains > 99% for a fixed spacer height in this
parameter range whereas the spectral location of the reflectance
dip can be tuned from 630 to 820 nm by changing the wire width
from 90 to 130 nm as shown in 5.2b. The minimum reflectance di-
agram also identifies regions that are not very sensitive to spacer
height variations, which aids reliable fabrication.

The perfect absorber can be utilized as a sensor since hydrogen-
induced changes of ¢ in the palladium wires result in an in-
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Figure 5.2: (a) Simulated lowest reflectance for different values of the structure
parameters wire width and spacer height. A large number of value pairs suitable
for utilization in a perfect absorber geometry can be identified next to the dashed
line. (b) Simulated spectral location of the reflectance minimum. The spectral
location of the perfect absorption can easily be controlled by varying the wire
width. (c) Simulated response of the sensor structure to hydrogen exposure. High
values of AR,¢ = (Ru, — Ro)/Rg can be achieved close to the spectral location of
perfect absorption.
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creased impedance mismatch and consequently in a reduction
of the perfect absorption.

To investigate the response of one of the target structures to hy-
drogen exposure, we calculate reflectance spectra for palladium
wires with a hydrogen content of 0% and 82 %, which consti-
tutes full hydrogenation.'?7 The results together with the relative
intensity change AR = (Rnu, — Ro)/Rg are shown in Fig. 5.2c.
Since the reflectivity at Ag is R =~ 0, very high AR, values of
more than 500 can be achieved. This shows that our plasmonic
structure offers a very large potential for hydrogen sensing.

It is important to note that our structure does not offer a com-
pletely angle-independent optical response. The reasons are the
periodicity of 450 nm and the associated Rayleigh anomaly. How-
ever, since our sensor is designed to operate only at normal inci-
dence, angle-independence is not required in our case.

We fabricated the samples under investigation in a multi-step
process at cleanroom conditions. Starting from a clean substrate
(Heraeus Infrasil) we subsequently deposited films of 200nm
gold and 65nm MgF, at a pressure of 10~® mbar using thermal
evaporation. The spacer layer thickness of 65nm was chosen to
compensate for the material’s granularity.

Palladium gratings with different widths of the wires at a fixed
grating period of 450nm were fabricated using a standard elec-
tron-beam lithography lift-off technique. The structure area size
of the single fields is 300 pm x 300 pm. After evaporation of
20nm palladium the lift-off procedure was performed in the sol-
vent NMP. Scanning electron micrographs were taken to deter-
mine the period and width of the wires. In principle, these
structures might also be fabricated over areas as large as square
decimeters using interference lithography.'7*

In order to optically characterize our perfect absorber we mea-
sure the reflectance of the sample in the visible wavelength range.
Collimated and linearly polarized white light from an arc source
is focused to the single arrays using a microscope objective with
numerical aperture NA = 0.3. Light reflected from the sample is
separated from the incident light via a 50/50 beamsplitter cube
and detected as a function of wavelength using a commercial
spectrometer (Roper Scientific SP 2500i) with an attached Peltier-

101



PERFECT ABSORBERS FOR SENSING AND ACTIVE PLASMONICS

cooled PIXIS 256E CCD camera. As a reference we use the re-
flectance of a plain gold mirror.

Figure 5.3a shows a minimal reflectance of 0.5 % at Ay = 650 nm
and thus near-perfect absorption for a wire width of 100 nm. This
is in excellent agreement with the simulated behavior of the struc-
ture. The same sample is used for measuring time-resolved re-
flectance spectra in the presence of 0.5 to 4.0 vol.% Hj in N car-
rier gas (Fig. 5.3a).

For the 4.0 vol.% Hj concentration, which represents the explo-
sion threshold, we detect a maximum spectral shift of 19 nm and
an increase of the reflectance at Ag from 0.5 % to 4.9 %. Due to the
low values of the reflectance at resonance we obtain a large rel-
ative change of reflectivity AR, = (Ru, — Ro) /Ro of 8.8. Com-
pared to conventional thin film palladium hydrogen sensors**?
we can increase AR by one order of magnitude.

To further characterize the sensor we measure the temporal
response at a fixed wavelength of Ay = 650nm during three
sensor cycles where the hydrogen concentration was repeatedly
changed from 0 to 4vol.% as depicted in Fig. 5.3b. We are able
to detect hydrogen concentrations down to 0.5vol.% reliably and
reproducibly.

To demonstrate the spectral tunability of the reflectance dip we
examine samples with different widths of the palladium wires
at a constant spacer height of 65nm. For all samples we ob-
serve a reflectance Rg < 5% while increasing the wire width
from 90nm to 130 nm. This results in a red shift of the reflection
dip (Fig. 5.3¢). Since for a fixed spacer height perfect impedance
matching cannot be obtained for different wire widths, the mod-
ulation depth of the reflectance has a maximum for w = 100 nm
and decreases with higher or lower widths. We can also observe
an increase of the linewidth of the dip for higher wire widths.

To summarize, we have experimentally demonstrated that near-
perfect absorption at visible wavelengths can be obtained using a
simple design based on plasmonic palladium nanowires in com-
bination with a dielectric spacer layer and a gold mirror. Our
structure shows a reflectance of 0.5 % which in combination with
a complete suppression of transmission yields an absorbance of
A =~ 99.5%. The spectral location of maximum absorbance can
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Figure 5.3: (a) Reflectance of the absorber for different hydrogen concentrations.
Our sensor exhibits near-perfect absorption at 650nm and hydrogen incorpora-
tion leads to a pronounced change of the reflectance spectrum. (b) The relative
change of reflected intensity measured over time at the wavelength of perfect
absorption Ag. Three cycles of hydrogen exposure for two different concentra-
tions are shown. (c) Reflectance spectra for absorber samples with different wire
widths and constant spacer height. The use of palladium is also optically advanta-
geous, since its large losses lead to a rather broadband perfect absorber response.
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be tuned over a range of approximately 100nm by varying the
width of the palladium wires.

Furthermore, we utilized our Pd perfect absorber structure for
hydrogen sensing and were able to reliably detect concentrations
down to 0.5% Hj in air with response times in the range of sec-
onds. Optimizing sample fabrication and measurements even fur-
ther, this already pronounced response should enable extremely

sensitive optical gas detection schemes down to the ppm range
in the future.
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5.2 IMPEDANCE MATCHING IN PLASMONIC
PERFECT ABSORBERS

As demonstrated in the preceding section, plasmonic perfect ab-
sorbers can act as central building blocks for plasmonic sensing
geometries, while simultaneously enabling a multitude of other
applications ranging from spectroscopy to photovoltaic efficiency
enhancement. #2425 A crucial requirement for such elements is
the angle-independence of the absorptive performance.

This section presents the theoretical development and and ex-
perimental verification of a quantitative model for the angular
behavior of plasmonic perfect absorber structures based on an
optical impedance matching picture.” To achieve this, we utilize
a simple and elegant k-space measurement technique to record
quantitative angle-resolved reflectance measurements on various
perfect absorber structures. Especially, this method allows quan-
titative reflectance measurements on samples where only small
areas have been nanostructured, for example by electron-beam
lithography.

Combining these results with extensive numerical modeling,
we find that matching of both the real and imaginary parts of
the optical impedance is crucial to obtain perfect absorption over
a large angular range. Furthermore, we successfully apply our
model to the angular dispersion of perfect absorber geometries
with disordered plasmonic elements as a favorable alternative to
current array-based designs.

So far, detailed experimental studies on the underlying rea-
son for the angular dispersion of plasmonic perfect absorbers
at visible and near-infrared wavelengths are missing. This is
associated with the fact that angle-resolved reflectance measure-
ments with quantitative accuracy, especially in the infrared spec-
tral range, are not easily performed, particularly in common FTIR
microscopy setups. Samples where only small areas have been
nanostructured, for example by electron-beam lithography, pose
further challenges.

This section is adapted from A. Tittl et al., Quantitative Angle-Resolved Small-Spot
Reflectance Measurements on Plasmonic Perfect Absorbers: Impedance Matching and
Disorder Effects, ACS nano 8, 10885-10892 (2014). Reprinted with permission.
Copyright 2014 American Chemical Society.
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This problem is overcome by utilizing a k-space measurement
approach to record large-angle and polarization dependent re-
flectance measurements on different perfect absorber geometries.
Combining these results with extensive numerical modeling, we
develop and verify a quantitative model for the angular behavior
of plasmonic absorbers. Especially, we determine the imaginary
part of the optical impedance in our plasmonic absorbers to be
the key factor for angle-independent performance. One key ad-
vantage of our experimental method is the ability to measure the
angular response of plasmonic samples with small structured ar-
eas, making it ideally suited for the investigation of nanoscale
devices fabricated using electron-beam lithography.

To shed light on the angular absorptive performance of our
systems, we examine the angle-dependent reflectance from four
different perfect absorber designs in p-polarization (Fig. 5.4a,b).
The experimental setup is depicted in Fig. 5.4c.

The perfect absorber sample is illuminated (red beam) and the
corresponding reflected beam (light red beam) is collected by the
objective. The back focal plane (which constitutes the Fourier
plane'7?) of the objective is imaged onto the entrance slit of a
spectrometer mounted with a Princeton Instruments PIXIS 256E
CCD (in the visible spectral range) or OMAV array (in the in-
frared). Using the spectrometer adds the ability to analyze the
spectral response along with the angular response of the system.

The polar angles 0, ¢ are related to the k-space (Fourier plane)
by the following relation:

k:kx§<+ky§':%sin@cosq)f(—l—%sin@sin(pff (5.1)

The measurement setup is aligned at ¢ = 0, with the polar-
ization parallel to the incident plane as shown in Fig. 5.4a, so
only the polar angle 0 is resolved. In the case of samples in the
visible range, the CCD camera resolves the full spectral-angular
response of the sample in one single measurement. Generally, the
angular range of this measurement is only limited by the numer-
ical aperture of the objective. In the case of samples in the NIR
spectral range, the OMAV array records the spectral response
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Au absorber
(array of disks)

Au absorber
(disperse disks)

Pd absorber
(p =450 nm)

Pd absorber
(p =300 nm)

Figure 5.4: System under investigation (a) Schematic of the angle-dependent re-
flectance measurements discussed in this work. We can study the optical response
for incident light parallel and perpendicular to the plane of incidence (p- and s-
polarization). (b) Overview of the four investigated plasmonic perfect absorber
structures. (c) Schematic drawing of the spectral-angular k-space experimental
setup used to obtain quantitative large-angle reflectance measurements from our
structures. The back focal plane of the lens, which is the Fourier plane of the
illuminated sample, is imaged onto the entry slit of a spectrometer to obtain re-
flectance spectra for a large range of incident angles simultaneously.
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only for a specific angle. Therefore, a motorized stage is used to
scan the imaged Fourier plane on the spectrometer slit to resolve
the full angular response of the perfect absorber.

This spectral-angular k-space imaging technique is easy to im-
plement and can measure small area plasmonic structures effi-
ciently and with high precision.*”3 In our case, when using sam-
ples nanostructured by electron-beam lithography, only an area
of 100 pm X 100 pm is measured. We note that in most previous
works, the optical response of perfect absorbers was commonly
shown only for normal incidence, and no full angular characteri-
zation was demonstrated experimentally.

Particularly, perfect absorbers are usually measured using a
goniometric approach, which requires tilting the detectors, the
samples, or both. This approach is very sensitive to alignment er-
rors and since each angle is measured separately, it requires very
long measurement times. Also, typical goniometric reflection
setups in commercial ellipsometers have minimum beam sizes
in the millimeter range, making them unsuitable for measuring
small area plasmonic structures. The angular resolution is also
limited by the mechanical steps of the goniometric stage. With
the spectral-angular k-space imaging technique, we can resolve
the spectral-angular response of small-area samples without any
alignment errors, with high spectral and angular resolution, and
with a very fast measurement.

As a first demonstration of our method, we examine a well-
known near-infrared perfect absorber design consisting of an ar-
ray of gold (Au) nanodisks stacked above a magnesium fluoride
(MgF,) spacer layer and an Au mirror.™# In the original work,
an absorbance of 99 % was experimentally demonstrated at nor-
mal incidence. However, the angular dispersion was only inves-
tigated using numerical simulations.

The full angular dispersion of this perfect absorber design in a
wide angular range from —36° to 36° (limited by the numerical
aperture of the objective) is shown in Fig. 5.5a for a structure
with disk diameter 330 nm, disk height 20 nm, periodicity 600 nm,
spacer height 30 nm, and mirror height 200 nm.

We observe a clear reflectance dip at a wavelength of 1480 nm,
with a minimum reflectance of around 2 % and reflectance values
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Figure 5.5: (a) Spectral angular reflectance measurements of the near-infrared
Au-based perfect absorber. (b) Numerical simulation of the same system. The
colorbar represents the reflectance with perfect absorption corresponding to zero
reflectance (blue).

below 10 % over the whole angular range. Thus, we experimen-
tally verify, for the first time, the near angle-independence of this
perfect absorber design.

To support our measurements theoretically, we perform numer-
ical simulations using a scattering-matrix-based Fourier modal
method. '7%'74 All structures are defined on a glass substrate (n =
1.5). The array-based Au perfect absorber consists of Au nan-
odisks (diameter 320 nm, periodicity 600 nm, height 20 nm) placed
above a MgF, spacer layer (thickness 30nm, n = 1.38) and an Au
mirror (thickness 200nm). Optical constants for Au were taken
from literature. 32

The palladium-based perfect absorber design with large peri-
odicity consists of a Pd wire grating (wire width 125nm, periodic-
ity 450 nm, wire height 20nm), placed above a MgF, spacer layer
(thickness 50nm) and an Au mirror (thickness 200nm). Optical
constants for Pd are again taken from literature.*” The palladium-
based perfect absorber with small periodicity consists of a Pd
wire grating (wire width 85nm, periodicity 300 nm, wire height
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30nm), placed above a Al,O3 spacer layer (thickness 35nm, n =
1.75) and an Au mirror (thickness 200 nm).

We find an excellent agreement between simulation and exper-
iment, with a pronounced reflectance dip again at a resonance
wavelength of 1480 nm (Fig. 5.5b). The angle-independence over
the full range is also well reproduced. Still, we find a some-
what broader spectral response of the resonance in the experi-
ment when compared to the simulations. This is most likely due
to inhomogeneous broadening as well as additional grain bound-
aries introduced during the nanostructuring of the Au disks.

The performance and especially the angular dispersion of per-
fect absorbers can be well understood by considering an optical
impedance matching picture. In general, a reflectance of zero
in an optical element can be obtained by matching is optical
impedance Z to the value of the surrounding space. In perfect
absorbers, this impedance can be tuned by varying geometric
parameters such as the size of the resonant structure or the thick-
ness of the spacer layer. Since the thick metallic mirror below the
structure ensures zero transmittance, perfect impedance match-
ing consequently results in perfect absorption at a certain design
wavelength.

The impedance of our structure can be calculated from the scat-
tering parameter results of our numerical simulations using

7 _ (1 + 511)2 — S%l (5 2)
=, —5—2 .
(1—511)"— 83,

where S11 and Sj; denote the scattering matrix coefficients of
normal incidence reflection and transmission in p-polarization,
respectively. Due to the presence of the thick metallic mirror,
S»1 can safely be set to zero. It is important to note that the
impedance Z = Z' +i- Z" is, in general, a complex value.

Figure 5.6 shows the simulation results for the real and imagi-
nary parts of the optical impedance compared to the reflectance
for the Au disk array-based perfect absorber. We can clearly ob-
serve that both the real and the imaginary parts are perfectly
matched to the respective vacuum values of one and zero (in

110



5.2 IMPEDANCE MATCHING IN PLASMONIC PERFECT ABSORBERS

— —T 1.0
Real part >
1.5 Imaginary part s
> 08
1.0
® [0]
s} 06 8
§ ks
3 5
a 0.5 =
£ 04 8
-0.5

- . 0.0
1350 1400 1450 1500 1550 1600
Wavelength (nm)

Figure 5.6: Numerical calculation of the reflectance and optical impedance of the
Au disk array-based plasmonic perfect absorber from Fig. 5.5 at normal incidence.
Both the real and imaginary parts of the optical impedance are perfectly matched
to the vacuum values of one and zero, resulting in angle-independent perfect
absorption.

cgs units) at resonance, resulting in angle-independent perfect
absorption.

In nanostructured plasmonic absorber arrays, the main reason
for a lack of angle-independence is a coupling of the absorber
resonance to the first diffraction order associated with the grating
periodicity of the array. For a given incident angle 6, this Rayleigh
anomaly appears at wavelengths given by

AR=1p- (”env + Sing) (5-3)

where p is the periodicity of the array and neny is the refrac-
tive index of the surrounding medium or the spacer layer, respec-
tively. The presence of the Rayleigh anomaly introduces addi-
tional impedance, causing a loss of the perfect impedance match-
ing and thus reduced absorption. 75777 Consequently, the design
of angle-independent perfect absorber structures requires suffi-
ciently small periodicities to ensure adequate spectral separation
between the particle plasmon mode and the Rayleigh anomaly
for all required incident angles 6.
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In this way, interaction between the grating mode and the
perfect absorber resonance can be suppressed, leading to angle-
independent absorbance. The spectral separation condition is
neatly fulfilled in the Au absorber case. For a periodicity of
p = 450nm, and considering the interface of the spacer layer
(MgF,, n = 1.38), the Rayleigh anomaly is found at Az = 830nm,
which is well away from the perfect absorber resonance position
at Ap = 1480 nm.

However, the concept of spectral separation between Rayleigh
anomaly and perfect absorber resonance does not allow to judge,
in a quantitative way, whether a given perfect absorber design is
angle-independent or not. In the following, we will show that
perfect matching of the imaginary part of the impedance is cru-
cial to obtain fully angle-independent perfect absorption.

To prove the reliability of this model, we will now focus on
the more challenging concept of a perfect absorber in the visible
wavelength range. To elucidate the influence of the grating mode,
we compare two palladium-based (Pd) perfect absorbers with dif-
ferent periodicities. In both cases, the designs consist of Pd wires
stacked above a dielectric spacer and an Au mirror that ensures
zero transmission. >3

Figure 5.7a shows the spectral angular reflectance measure-
ments of a Pd-based perfect absorber with periodicity 450 nm,
wire width 100 nm, wire height 20 nm, MgF; spacer height 65 nm,
and mirror thickness 200 nm. Even though the absorbance reaches
a maximum of 95% at a wavelength of 720nm at normal inci-
dence, we observe a strong angular dispersion when moving to
higher incident angles. Consequently, this design can only be
used up to an acceptance angle of # = £14° while maintaining
an absorbance of A > 90 %. This result is again well-supported
by our numerical simulations (Fig. 5.7b).

The angular optical response of a Pd-based perfect absorber
with a smaller periodicity of 300nm, wire width 85nm, wire
height 30nm, Al,O, spacer height 35nm, and mirror thickness
200nm is shown in Fig. 5.7c. For this optimized geometry, the
angular dispersion is greatly reduced. The small periodicity de-
sign again offers very high absorbance of 98 % at a wavelength
of 690nm, and maintains absorbance A > 90 % for acceptance
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Figure 5.7: (a) Spectral angular reflectance measurements on a Pd-based perfect
absorber in the visible wavelength range. The periodicity is p = 450nm. (b) Nu-
merical simulation of the same system. (c) Spectral angular reflectance measure-
ments on a Pd-based perfect absorber in the visible wavelength range. The pe-
riodicity is p = 300nm. Note the greatly reduced angle-dependence due to the
smaller periodicity. (d) Numerical simulation of the same system.
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angles up to § = £36°. This constitutes an increase of the ac-
ceptance angle by close to a factor of 2.5 over the absorber with
larger periodicity, which is again in excellent agreement with our
simulations (Fig. 5.7d).

The optical impedance matching model now allows quantifi-
cation of the influence of grating modes on the angular behav-
ior of the perfect absorber resonance. For the large periodicity
case (p = 450nm, Fig. 5.8a), only the real part of the optical
impedance is perfectly matched to one, which ensures zero re-
flectance at normal incidence. However, there is pronounced mis-
match of AZ” = —0.2 in the imaginary part of the impedance (in
cgs units).

This indicates the presence of a grating mode close to the res-
onance, which causes the strong angular dispersion. The fact
that the reflectance at normal incidence is near zero despite the
impedance mismatch can be understood by calculating the re-
flectance as a function of the complex impedance Z = Z' +i-Z".
Assuming near-perfect matching of the real part of the impedance
(Z' = 1) and a small mismatch of the imaginary part (|Z"| < 1),
this yields

(2 -0 2 @2
i@y T s T o4

Consequently, a small impedance mismatch of the imaginary
part has only a negligible influence on the reflectance at normal
incidence. When moving to larger angles, however, this mis-
match quickly increases, leading to the observed strong angular
dispersion. 78

In contrast, for the small periodicity case (p = 300nm), both
the real and the imaginary parts of the impedance are perfectly
matched to the respective vacuum values of one and zero, result-
ing in “true” angle-independent perfect absorption (Figure 5b).

To further examine the transition from small to large periodic-
ities, we examine a continuous transition from the p = 300 nm to
the p = 450nm case. To achieve this, we consider the small pe-
riodicity design from Fig. 5.7¢, and introduce a gradual increase
of the periodicity as the sole parameter variation (Fig. 5.9).
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Figure 5.8: Numerical calculation of the reflectance and optical impedance of
the two previously discussed Pd-based plasmonic perfect absorbers. (a) For a
large periodicity of p = 450nm, only the real part of the impedance is perfectly
matched. The mismatch in the imaginary part indicates the presence of prop-
agating modes and thus leads to stronger angle-dependence of the absorption.
(b) For a small periodicity of p = 300nm, both the real and imaginary parts of
the optical impedance are perfectly matched to the vacuum values, resulting in
angle-independent perfect absorption.
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Figure 5.9: Impedance at resonance and at normal incidence of a Pd-based per-
fect absorber for increasing periodicity. The real part of the impedance remains
mostly constant while the imaginary part moves away from the vacuum value of
zero for larger periodicities.

The real part of the optical impedance remains close to one for
the whole periodicity range while the imaginary part deviates
strongly, reaching a maximum impedance mismatch of
AZ" = —0.6 for the largest periodicity of 450nm. Thus, even
though the absorbance at normal incidence of this system re-
mains very high (A > 92 %) for increasing periodicity, the angu-
lar behavior is strongly modified. This proves that the imaginary
part of the optical impedance is a reliable design parameter and
quantitative indicator for the angle-independence of array-based
plasmonic perfect absorber geometries.

Thus, an array-based perfect absorber design which exhibits
R = 0 at normal incidence as well as Z" = 0 will not be strongly
influenced by grating effects and should consequently provide
the highest possible acceptance angles and, for most applications,
the best performance.

One intriguing alternative approach for obtaining angle-inde-
pendent perfect absorbers are systems where the plasmonic res-
onators are placed on the spacer layer in a disordered fashion
rather than in an array. However, the numerical design and op-
timization of such structures is challenging due to the very large
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computational domains associated with disordered systems. Con-
sequently, we start our numerical design process with an array-
based sample and optimize the geometry to obtain perfect ab-
sorption at the desired resonance wavelength. A disordered ge-
ometry with a similar surface coverage is then realized experi-
mentally using colloidal nanofabrication.'7? For such disordered

samples, our measurement method enables high-throughput char-
acterization of the angular response of such structures at a wide

range of operating wavelengths.

Figure 5.10a shows spectral angular reflectance measurement
of a disordered Au-based perfect absorber with disk diameter
160nm, disk height 20nm, MgF, spacer height 40 nm, and mir-
ror thickness 120 nm. Importantly, this Au-based absorber works
in the red part of the visible spectral range, where the design
of angle-independent perfect absorbers is challenging. The dis-
ordered Au nanodisks were produced using colloidal etching
lithography (see SEM image in Fig. 5.10b, fabrication details can
be found in Ref.79).

In this system, we observe a high absorbance of A = 92%
at a wavelength of 780 nm for normal incidence, which remains
above 90 % for acceptance angles up to § = £36°. The perfor-
mance of the disordered design can be understood in terms of
our impedance matching model by considering two determining
factors: the local impedance matching of individual absorber ele-
ments, and the suppression of inter-particle coupling and grating
effects via their spatial arrangement.

To first examine the local impedance matching, we calculate
the optical impedance of an individual perfect absorber element
consisting of one Au nanodisk stacked above a MgF, spacer layer
and an Au mirror. This simulation is carried out using a FDTD
approach (Lumerical FDTD Solutions). To this end, a single par-
ticle calculation employing a cubic 450nm total-field-scattered-
field source containing the complete absorber geometry (120 nm
Au mirror, 40nm MgF; spacer, and one single Au disk with di-
ameter 160 nm and height 20 nm) is carried out.

The entire FDTD simulation domain spans a 5pm side length
cube bounded by perfectly matched layers. The boundaries of
the scattered-field region, which coincide with the boundaries
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Figure 5.10: (a) Spectral angular reflectance measurements on a disordered Au-
based perfect absorber in the 800nm wavelength range. (b) SEM image of the
disordered absorber structure. (c) Simulated reflectance and optical impedance of
an individual Au disk perfect absorber element. Both the real and the imaginary
parts of the optical impedance are perfectly matched to the vacuum values of one
and zero. (d) Histogram of the median inter-particle distances extracted from the
SEM image in b. We find a median distance of around 345nm with a standard
deviation of 140 nm. Due to the disorder and the spread of available periodicities,
grating effects are effectively suppressed.
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of the simulation domain, were chosen such that the fields at the
Au mirror were already sufficiently decayed to ensure the conver-
gence of the simulation. This isolates the absorptive performance
of a single absorber element.

The impedance extracted from this simulation is thus equiva-
lent to the impedance of a surface covered with non-interacting
absorber elements of an average density of at least 1/(450nm)?,
effectively excluding grating effects. The amplitude and phase of
a normal incidence backward scattered wave were then extracted.
In order to obtain the scattering matrix parameter S1; from this,
we corrected for the propagation phase from the source to the ab-
sorber and back to the monitor. The impedance is then calculated
according to Eq. (5.2).

The results of this simulation are shown in Fig. 5.10c. We find
a distinct reflectance minimum close to the experimental reso-
nance position, as well as perfect matching of the real and imag-
inary parts of the optical impedance to vacuum values of one
and zero. Thus, when considered separate from possible grating
contributions, our design should already exhibit excellent angle-
independent performance.

Regarding the spatial arrangement of the individual absorber
elements, there are two crucial requirements for angle-indepen-
dence: The inter-particle distance needs to be large enough to
prevent near-field coupling of adjacent resonators, and the spatial
arrangement of the particles needs to deviate sufficiently from an
exact array to suppress the formation of grating modes.

In our sample, the Au nanodisks form a disordered structure
with a surface coverage of approximately 25%, corresponding
to a half-pitch grating in the array case. To further quantify
the particle distribution in our sample, we extract the locations
of all nanodisks from the SEM image and find a median inter-
particle distance of around 345nm with a standard deviation of
140nm (Fig.5.10d). Considering the strong decay of plasmonic
near-fields on the order of several tens of nanometers, this yields
mostly uncoupled single plasmonic absorber structures. 180181

Together with the fabrication-induced disorder, the significant
spread of inter-particle distances (which constitute different avail-
able periodicities) in the system leads to an effective suppression
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of grating effects.82 Thus, the perfect impedance-matching of in-
dividual perfect absorber elements combined with a suppression
of the grating contribution yields fully angle-independent perfor-
mance.

In summary, we have developed and verified a quantitative
model for the angular behavior of plasmonic perfect absorber
structures based on the optical impedance picture. Using high-
throughput angle-resolved reflectance measurements and numer-
ical simulations, we have found that it is crucial to match both
the real and imaginary parts of the optical impedance to vacuum
values to obtain “true” angle-independent perfect absorption. Es-
pecially, we identified the imaginary part of the impedance as a
reliable design parameter and quantitative indicator for the angle-
independence of plasmonic perfect absorber geometries.

Our model was successfully verified for both array-based and
disordered perfect absorber geometries in the visible and near-
infrared spectral ranges, and can be easily extended towards
other resonance wavelengths. The insights gained from the pre-
sented impedance model enable the rapid design of angle-inde-
pendent plasmonic perfect absorber geometries, and will lead to
a multitude of applications of absorbing elements with high ac-
ceptance angles in the future.
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5.3 YTTRIUM NANOSTRUCTURES FOR RECONFIGURABLE
ANTENNAS AND ABSORBERS

In a push towards novel applications, plasmonics research has
recently focussed on moving from passive geometries towards
nanophotonic devices with active control over the optical proper-
ties. One particular goal has been the development of plasmonic
structures which can be reconfigured using external stimuli such
as laser pulses, mechanical strain, heat, or electrical currents.

From a materials science point of view, this requires the re-
placement of commonly used but passive plasmonic materials
like silver and gold with novel materials with active external con-
trol over their dielectric properties.

Phase change materials provide an ideal toolkit for the real-
ization of such active nanodevices and several materials with
heating- or laser-induced switching behavior such as vanadium-
dioxide (VO,)83, gallium lanthanum sulphide (GLS)™+ or ger-
manium antimony telluride (GST)>4 have already been investi-
gated in the context of plasmonics.

Taking a somewhat different approach, Huiberts et al. discov-
ered a switchable mirror effect in thin films of yttrium when
exposed to hydrogen gas.3” They demonstrated that a fully re-
flecting metallic yttrium mirror becomes dielectric and almost
completely transparent after absorbing a sufficient amount of hy-
drogen. This work was expanded to the field of nanoparticles
by Stepanov et al., who showed that hydrogenated spherical yt-
trium nanoparticles under ultrahigh vacuum conditions can have
switchable Mie resonances.85 However, no detailed studies of
the reversible switching of yttrium under standard atmospheric
conditions have been carried out.

In this section, we demonstrate the design, fabrication, and
full optical characterization of reconfigurable YH, nanoanten-
nas, which exhibit a pronounced plasmonic resonance in their
metallic YH, state.” The resonance wavelength and width can be

Parts of this section are adapted from N. Strohfeldt, A. Tittl et al., Yttrium Hydride
Nanoantennas for Active Plasmonics, Nano Letters 14, 1140-1147 (2014). Reprinted
with permission. Copyright 2014 American Chemical Society.
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widely tuned through a straightforward variation of the antenna
dimensions.

In contrast to the very small, bottom-up produced nanoparti-
cles from Stepanov et al., we demonstrate antennas and antenna
assemblies with large oscillator strength and varying size, show-
ing custom-designed plasmonic properties in the near- and mid-
IR spectral regions. The transition between metallic and dielectric
yttrium hydride antennas is induced by simple hydrogen expo-
sure from the gas phase under ambient atmospheric conditions
and shows a drastic change of the spectral response.

Compared to other promising phase change materials used in
plasmonic devices, yttrium dihydride has the advantage of com-
paratively low intrinsic damping and can therefore support plas-
monic resonances itself, whereas the metallic phases of VO,, GST,
or GLS are known to exhibit only a weak plasmonic response, if
any. Despite the advantage of much faster switching times, they
can often be used only in hybrid plasmonic systems, i.e., in com-
bination with gold or other good plasmonic metals.

However, the use of hybrid systems drastically lowers the op-
tical switching contrast, since only the dielectric environment of
the resonant material changes and not the antenna itself. There-
fore, yttrium dihydride is a highly relevant and very promising
alternative for plasmonic applications that require a high switch-
ing contrast and are less dependent on ultrashort switching times.
Furthermore, as a metal, yttrium and its hydrides can be struc-
tured easily using standard nanofabrication techniques.

During hydrogen absorption, metallic yttrium (Y) transforms
first into yttrium dihydride (YH;, Fig. 5.11a), which has an even
higher electrical conductivity than pure yttrium. This transition
from a metal in hcp configuration into a fcc metal is non-reversible
under normal conditions. Through further exposure to hydrogen,
the material undergoes a second, reversible, phase change into yt-
trium trihydride (YH3, Fig. 5.11b), a transparent semiconductor
with hcp structure. More details on this phase transition can be
found in section 2.5.2.

The transition from YH; to YHj3 induces strong and reversible
changes in the dielectric properties that can be triggered at low
partial pressures of hydrogen. Even though yttrium hydride thin
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YH, rods (metallic) YH; rods (dielectric)

Figure 5.11: (a) Schematic drawing of a metallic yttrium dihydride (YH) nanorod
array on a fused silica substrate in hydrogen-free environment. (b) Formation of
dielectric yttrium trihydride (YH3) nanorods under hydrogen exposure. (c) Ex-
emplary SEM image of the fabricated YH; nanorods.

films exhibit a large hysteresis effect,®® the ability to switch re-
versibly (in the sense that after a full hysteresis loop it returns to
the original dihydride phase) from metal to a transparent semi-
conductor upon hydrogen absorption makes yttrium an attrac-
tive candidate for active plasmonic applications.

Moreover, due to the drastic change from metal to insulator,
the plasmonic response vanishes completely when the yttrium is
in the trihydride phase and recovers when switched back into the
yttrium dihydride phase.

In order to demonstrate the functionality of such a switchable
plasmonic system, we fabricate arrays of yttrium nanorods. We
choose nanorods as a model system because they exhibit a strong
plasmonic response and approximately dipole-like behavior and
therefore constitute an ideal development platform for new plas-
monic materials such as yttrium dihydride.

To realize this system experimentally, we prepare a PMMA
mask on a fused silica substrate using a standard electron-beam
lithography process. Afterwards, yttrium and platinum are evap-
orated onto the developed PMMA mask via electron beam as-
sisted evaporation. Platinum on top of the yttrium rods serves as
catalytic layer to dissociate the Hy molecules into atomic hydro-
gen. Hydrogen can then be incorporated into the yttrium lattice
to form the hydride states.
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Catalytic materials such as platinum or palladium next to yt-
trium are necessary because yttrium itself is not able to catalyt-
ically dissociate Hy molecules into atomic hydrogen. Addition-
ally, the platinum cover prevents oxidation at the top surface of
the yttrium rods. Such oxidation is common in transition metals
like yttrium, which easily form an oxide layer (Y,O3) of several
nanometers when exposed to oxygen.®> This impedes hydrogen
from penetrating into the particle volume. Although the thin
layer of platinum introduces some additional damping to our
system, the overall influence on the plasmonic response is weak.

Figure 5.12 shows typical extinction spectra of the different
hydrogenation states of yttrium nanoantennas measured with a
commercial Fourier transform infrared spectroscopy system (Bru-
ker FTIR) and an incident electric field polarization parallel to the
rods. Here, the rods have dimensions of 385nm x 160nm and a
height of 50 nm yttrium plus 6 nm platinum.

Pure yttrium is a metal with relatively low electrical conduc-
tivity 187 and therefore Y nanoantennas do not exhibit a distinct
plasmonic response in the visible and near-IR spectral region
(Fig. 5.12, grey dotted line). The decrease in extinction towards
longer wavelengths can be attributed to the tail of a very strong
and broad electronic resonance at about 3.1 eV (400 nm). 88

In contrast to Y, YH; is a good metal with a markedly different
atomic and electronic structure.® To transform the yttrium into
YH;, we expose our sample to 4 vol.% hydrogen in nitrogen for
10 min. According to literature, this is more than sufficient to
reach the dihydride and even the trihydride state.®7

However, the transition between yttrium and YH; is non-re-
versible at room temperature, whereas the second transition be-
tween YH; and YHj is fully reversible. Therefore the rods auto-
matically settle in the YH, state after the hydrogen is turned off
and equilibrium is reached.

The red line in Fig. 5.12 shows an extinction spectrum of such
a hydrogenated rod array in the YH, state. The YH, rods have
a clear extinction maximum at approximately 1720nm that can
be attributed to a localized surface plasmon resonance. This YH,
state can be seen as the ground state of our switchable plasmonic
structure, because the system will not return to the unhydrided
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Figure 5.12: Extinction spectra of yttrium, YH, and YH3 nanorods. The metallic
YH, rods (red line) show a distinct particle plasmon resonance at 1720nm. In
contrast, the YH3 rods (blue line) are almost transparent in the same spectral
region. The increased extinction in Y nanorods (grey dotted line) towards lower
wavelengths can be attributed to the tail of an electronic transition occurring at

around 400 nm.
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state without extremely harsh and destructive measures such as
strong heating and ultra-high vacuum. Therefore the yttrium
nanostructure can only be switched reversibly between the dihy-
dride and trihydride phase. However, this does not constitute a
disadvantage, since there is a large contrast in extinction between
YH; and YH3 (see Fig. 5.12).

When continuously exposed to hydrogen (in this case 5vol.%
H, in Ny carrier gas at room temperature), the yttrium nano-
structures switch into the trihydride phase within seconds. This
dramatic change from a metal to a Mott-insulator also leads to
a drastic change in the extinction spectrum. In fact, yttrium hy-
dride is one of the few strongly correlated systems with a contin-
uous Mott-Hubbard metal-insulator transition. '8

The particle plasmon resonance fully vanishes and the extinc-
tion spectrum becomes almost flat, as shown by the blue line in
Fig. 5.12. This proves that it is possible to completely turn off the
plasmon resonance by introducing only small amounts of hydro-
gen into the system.

The switching results in a relative extinction change at the peak
wavelength (1720 nm) of almost 70 %, which translates to an abso-
lute change in transmittance of 23 % that can easily be observed
by the naked eye. Thus, such a nanorod system may serve as a
versatile basic building block for active plasmonic devices with a
variety of applications.

As a first example, a reconfigurable perfect plasmonic absorber
in the near-infrared which utilizes yttrium as the active material
is presented. The proposed design is shown in Fig. 5.13. The
structure consists of square Au/Y nanostacks placed on top of
a platinum (Pt) mirror. Compared to previous passive perfect
absorber designs, ™ the dielectric spacer layer in the absorber ge-
ometry is replaced with an yttrium nanopatch to obtain active
control over the absorptive properties via the environmental hy-
drogen concentration.

Importantly, square gold nanoantennas are used on top of the
nanostacks instead of a platinum layer as shown in Fig. 5.11. This
allows for sharper resonances compared to Pt, which has much
higher intrinsic damping. This change of the reaction environ-
ment necessitates the inclusion of a platinum mirror, which is
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Figure 5.13: Proposed reconfigurable perfect absorber design. The structure con-
sists of square Au/Y nanostacks placed on top of a platinum mirror.

required for the catalytic splitting of hydrogen molecules for sub-
sequent diffusion into the yttrium lattice.

To obtain a functional design for this reconfigurable absorber
concept, we again calculate reflectance spectra for a multitude of
parameter combinations of the geometric parameters nanostack
side length and ‘spacer height’, which denotes the thickness of
the square Y nanopatch.

The heights of the square Au nanoantennas in the nanostack
and the Pt mirror are fixed at 20nm and 200 nm, respectively. Pe-
riodicity in both directions is 450nm. Importantly, we perform
this calculation with the yttrium already in the dihydride (YHj)
state, since the Y to YH, transition is irreversible at room temper-
ature, as mentioned above.

The reflectance minimum in the wavelength range from 700
to 1750 nm is extracted from the full calculated reflectance spec-
tra and shown, color coded, in Fig. 5.14. A region of minimum
reflectance can clearly be identified for nanostack side lengths
around 220nm and spacer heights around 90 nm.

To further explore the possible switching contrast of our recon-
figurable perfect absorber device, we calculate reflectance spec-
tra for an optimized design for both the YH, and YHj state
of the spacer nanopatch. Structure parameters are: nanostack
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Figure 5.14: Numerical design of the reconfigurable perfect absorber device.
Color coded simulated lowest reflectance values for different values of the square
nanostack side length and spacer height are shown. A large number of parameter
pairs suitable for perfect absorption in the near-infrared can be identified.

side length 210 nm, periodicity 450 nm, Au antenna height 20 nm,
YH;/YH3 nanopatch height 90 nm, Pt mirror height 200 nm.

Focusing first on the YH state, we find pronounced reflectance
dip at a resonance wavelength of around Ayp; = 800nm with a
reflectance Ry < 1%, indicating near-perfect absorption (Fig. 5.15,
red line). When moving from the dihydride (YH;) to the trihy-
dride (YH3) state, the resonance undergoes a large spectral red-
shift of AA = 600nm to Aypz = 1400 nm while maintaining very
high absorbance (Fig. 5.15, blue line). This leads to very large
absolute reflectance contrast values of AR = 0.55 and AR = 0.7
at the YH,; and YHj3 resonance wavelengths of Ay and Ayps,
respectively.

Due to the high absorbance A > 95% in both states combined
with the pronounced spectral shift AA, our reconfigurable ab-
sorber design allows to switch between two distinct absorption
bands in the near-infrared. This behavior is enabled by a con-
ceptual advantage of such perfect absorber designs: the ability
to obtain near-perfect absorptive performance for different Au
nanoantenna configurations and a single thickness of the spacer
nanopatch. 423
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Figure 5.15: Calculated switching performance of the reconfigurable perfect ab-
sorber when going from the yttrium dihydride (YH», red line) to the the yttrium
trihydride (YH3, blue line) phase upon hydrogen exposure. The resonance un-
dergoes a pronounced redshift of AA = 600nm while maintaining very high
absorbance. The side length of the nanostack is 210nm and the height of the
YH;/YHj3 nanopatch is 90 nm.

Even though the presented design offers excellent optical per-
formance, there are some challenges when trying to integrate it
into a technologically viable device. First, switching between the
two states requires a change of the environmental hydrogen con-
centration, which may require complex gas mixing and moni-
toring equipment. Second, whereas the transition from YH, to
YH3 occurs on the order of seconds, the relaxation of the system
back into the YH, state can take several hours.8® The hydrogen
unloading process can be sped up by external heating or by ap-
plying vacuum, however, such approaches may not be feasible
for every application.

Consequently, different active materials are needed to produce
perfect absorber devices with faster switching dynamics of the
optical absorption control. This topic is explored further in the
next section.
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5.4 SWITCHABLE MID-INFRARED PLASMONIC PERFECT
ABSORBER FOR MULTISPECTRAL THERMAL IMAGING

Optical imaging devices in the mid-infrared play a key role for
many technological applications in areas as diverse as thermog-
raphy, surveillance, automotive safety, and astronomy. A funda-
mental enabling factor for the crucial technological importance of
mid-infrared optical imaging devices are the atmospheric trans-
mission windows in the 3-5um and 8-12 um spectral ranges, al-
lowing such devices to work independently of water vapor, dust,
or other atmospheric disturbances.*9°

Traditional microbolometer arrays utilize temperature sensi-
tive pixels combined with a broadband absorbing layer to image
spectrally uniform objects. To effectively detect and differenti-
ate objects with distinct temperatures and corresponding peak
blackbody emission wavelengths, spectrally selective absorptive
coatings are needed.'9" Further requirements for such absorbers
are the ability to resolve several different wavelengths simultane-
ously, known as multispectral imaging, > and the possibility of
active control over the absorptive performance for band-selectiv-
ity, background-correction, and lock-in detection approaches.®
As introduced in section 2.4, plasmonic perfect absorbers can pro-
vide important building blocks for efficient and highly selective
absorbing elements with a variety of working wavelengths.

However, in order to use plasmonic absorbers in a microbolo-
meter geometry, it is crucial to integrate the plasmonic struc-
tures on areas on the order of, or smaller than, the current in-
dustrial state of the art for microbolometer pixels in the 20 pm
range. 93194 Furthermore, a suitable material system has to be
chosen, which combines active optical control and full compati-
bility with standard industrial chip processing technology.

This section presents the design and experimental realization
of a mid-infrared plasmonic perfect absorber with switchable ab-
sorption control and multispectral thermal imaging capability
at sub-10 pm pixel sizes.* Our fully CMOS compatible design

This section is adapted from A. Tittl et al., A Switchable Mid-Infrared Plasmonic
Perfect Absorber with Multispectral Thermal Imaging Capability, Advanced Materi-
als, DOI: 10.1002/adma.201502023 (2015). Reprinted with permission. Copyright
2015 WILEY-VCH Verlag GmbH & Co. KGaA.
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incorporates arrays of square aluminum nanoantennas above a
germanium antimony telluride (GST) spacer layer and an alu-
minum mirror. By tailoring the size of the resonant nanoan-
tennas, we achieve efficient and wavelength-tunable absorption
in the 3-5 pm atmospheric window with peak absorbance larger
than 90 %.

Utilizing the amorphous to crystalline phase transition in GST,
our device offers band-selective active absorption control with
strong reflectance contrast and a phase-change-induced spectral
shift of up to 25%. Using pixels with spectrally distinct ab-
sorption bands on a single chip, our design achieves simultane-
ous multispectral and temperature-selective absorption, making
it ideally suited for advanced imaging applications in materials
science, chemistry, and defence.

The basic building blocks of our design are absorber pixels
consisting of an array of square aluminum (Al) nanoantennas
stacked above a Ge3SbyTeg (GST-326) spacer layer and an Al mir-
ror (Fig. 5.16a). Each absorber pixel is uniquely characterized by
the side length d of the Al nanoantennas, which determines the
resonance wavelength, and by the total size of the array, referred
to as the pixel size.

In contrast to other hybrid absorber designs,9519 we utilize
Al instead of gold (Au) for the metal nanostructures and mirror to
obtain a device which is fully compatible with industry standard
complementary metal-oxide-semiconductor (CMOS) wafer-scale
processing technology. Furthermore, the choice of Al avoids Au-
GST interdiffusion, which impedes the GST phase transition in
switching experiments.47

Compared to previous thin-film-based approaches, 57183197 the
resonant plasmonic character of our device enables straightfor-
ward geometrical wavelength tunability by varying the antenna
side length and allows our design to efficiently absorb radiation
for a wide range of design wavelengths. In principle, there are
two limiting factors for this geometrical tunability: the minimum
structure size of the Al nanoantennas, as determined by the fabri-
cation method, and the periodicity of the antennas, which needs
to be small enough to prevent coupling of the grating mode to
the absorber resonance.’”® Working within these constraints, a
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Figure 5.16: Switchable plasmonic perfect absorber in the mid-infrared.
(a) Sketch of the switchable absorber device. Arrays of square aluminum (Al)

nanoantennas are stacked above a spacer layer of the phase change material GST-
326 and an Al mirror. (b) Working principle of our temperature-selective perfect
absorber device. The amorphous to crystalline phase transition in GST and the
associated refractive index change result in a pronounced resonance redshift.
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tuning range from the near-infrared to the 8-12 um long-wave in-
frared (LWIR) atmospheric window can easily be achieved with
our design.

In particular, we optimize our absorber geometry to exhibit
near-perfect absorption at a given wavelength in the 3-5 pm mid-
wave infrared (MWIR) atmospheric window (Fig. 5.16b, solid
line). The MWIR spectral range plays a key role in industry,
since it covers wavelengths where objects with temperatures rang-
ing from approximately 300 to 700 °C exhibit peak thermal emis-
sion. Thus, each individual absorber pixel with a given resonance
wavelength will most efficiently absorb radiation associated with
a corresponding temperature. Integrated as the absorbing layer
on top of a microbolometer geometry, this results in an imaging
device with sensitivity for thermal radiation ideally suited for
applications in materials science, industrial process monitoring,
and exhaust tracking.

To achieve the switchable, temperature-selective performance
of our design, we utilize the amorphous to crystalline phase
transition in GST-326, which is selected due to its lower mid-
infrared losses compared to more common stoichiometries. 54198
As prominent examples of chalcogenide-based phase change ma-
terials, GST compounds are widely used in rewritable optical
data storage.'99*°° They can be stabilized in two different phases
(amorphous and crystalline) at room temperature, which show
significant contrast in their optical and electrical properties.4°

This non-volatility at room temperature constitutes a signifi-
cant advantage over active optical devices based on vanadium
dioxide, 13197 which undergoes a semiconductor-to-metal phase
transition when heated above a transition temperature of 67 °C in
bulk.?°" However, since vanadium dioxide requires constant heat-
ing above the transition temperature to maintain the material in
its high-temperature state, it is not well-suited for incorporation
in a microbolometer-targeted absorber device. Also, the previ-
ously reported vanadium dioxide absorber designs were intrinsi-
cally broadband, whereas our approach allows for narrowband
and spectrally tunable absorption, even for the large acceptance
angles associated with practical devices.7®
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As a further benefit, the GST phase transition is reversible and
can be induced by external heating or triggered optically on nano-
and possibly even picosecond timescales.#77>° In recent years,
these advantageous properties have enabled several active plas-
monic devices based on GST.47:542° Electrical switching on very
fast timescales is also possible.5'™3

In our design, the amorphous to crystalline phase transition
and the associated strong refractive index increase cause a pro-
nounced redshift of the perfect absorber resonance (Figure 1b,
dashed line). Importantly, the high absorbance of our design is
maintained for both phases of the GST spacer layer, allowing us
two switch between two spectrally distinct mid-infrared absorp-
tion bands for a single antenna length. The spectral locations of
the two bands can again be related to temperatures of thermal ra-
diation, thus allowing for the temperature-selective performance
of our device.

To first demonstrate wavelength-tunable and switchable per-
fect absorption in the mid-infrared, we fabricate 100 pm x 100 pm
absorber pixels consisting of Al nanoantenna arrays with varying
antenna side lengths d, stacked above a 85nm GST-326 spacer
layer and a 100nm Al mirror. The height and periodicity of the
nanoantennas are fixed at 40nm and 800 nm, respectively, for all
devices presented in this manuscript. Figure 5.17a depicts the
reflectance from two representative absorber pixels before (solid
lines) and after (dashed lines) the heat-induced amorphous to
crystalline transition, measured using a FTIR spectrometer with
attached microscope.

Our design exhibits low reflectance and hence very high ab-
sorbance in the MWIR spectral range, with a peak absorbance
value of at a wavelength of 3um. Furthermore, our design al-
lows for the straightforward geometrical tuning of the resonance
wavelength via a variation of the nanoantenna side length d. Fig-
ure 5.17b shows SEM images of the two nanoantenna arrays with
antenna side lengths of d = 400nm and 4 = 450nm, which
correspond to resonance wavelengths of 2.75um and 3 um, re-
spectively. Importantly, our design is not limited to these wave-
lengths, and full geometrical tunability of the perfect absorber
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resonance over the whole MWIR spectral range is experimentally
demonstrated in Fig. 5.20.

Furthermore, due to the incorporation of square nanoantennas
and a low-periodicity impedance matched design, 78 our device
offers full polarization independence and high absorptive perfor-
mance for incidence angles up to 65°, as confirmed by numerical
simulations of the system.

To obtain active control over the absorptive behavior, we in-
duce the amorphous-to-crystalline phase transition in GST-326
by heating the sample above the phase transition temperature
of 160 °C.>* Specifically, our samples are placed on a 180 °C hot
plate under nitrogen atmosphere for 30 minutes to avoid oxida-
tion of the GST layer. When performing switching experiments
in air, this effect may be avoided by covering the entire sample
with a very thin 10nm ZnS/SiO, capping layer. 2%

During the phase transition, the resonances undergo a pro-
nounced redshift of up to 0.7 um, or 25 % of the resonance wave-
length, while maintaining high absorbance. This behavior is
caused by the strong refractive index increase of phase change
materials such as GST-326 when going from the as-deposited
amorphous (1 = 3.5) to the crystalline (n = 6.5) phase.4%54
Because of the strong phase-change-induced spectral shift and
the low full width at half maximum (FWHM) of approximately
0.5pm, our absorber device exhibits a pronounced reflectance
contrast of AR = 0.6 at resonance.

Compared to recent GST-based thin-film approaches,>* our de-
sign can achieve resonant absorption with low FWHM over the
full working range of the device, providing increased reflectance
contrast. Additionally, the active absorption control and band-
selectivity in our device represents a clear advantage over current
passive mid-infrared absorber designs. 2037206

Common wavelength-tunable plasmonic perfect absorber de-
vices are fabricated lithographically and feature nanostructured
areas on the order of 100 pm x 100 um. However, to enable ad-
vanced technological applications such as high-resolution imag-
ing, plasmonic printing, color filtering, or novel displays,>°72'2
current plasmonic and nanooptical designs need to be imple-
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Figure 5.17: Wavelength-tunable and switchable absorption in the mid-infrared.

(a) Our design exhibits low reflectance and hence very high resonant absorp-
tion (A > 90 %) in the MWIR spectral range. Geometrical tunability of the reso-
nance wavelength is achieved by varying the side length d of the resonant square
Al nanoantennas, with larger antennas corresponding to higher resonance wave-
lengths. Structure dimensions are d = 400nm (blue lines) and d = 450 nm (red
lines). Full tunability of the resonance over the MWIR spectral range is demon-
strated in Fig. 5.20. When heating the sample above the GST crystallization tem-
perature of 160 °C, the resonance undergoes a pronounced phase-change-induced
spectral redshift of up to 0.7pm while maintaining high absorbance (dashed
lines). This results in a pronounced reflectance contrast of up to AR = 0.6 at
resonance for d = 450nm. (b) SEM images of the two representative perfect
absorber devices with the GST spacer layer in the amorphous phase.
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mented for pixel sizes approaching the device operating wave-
length.

To prove the viability of the presented design for state-of-the-
art microbolometer pixel sizes in the 20 ym range,**3 we fabricate
a checkerboard pattern composed of perfect absorber pixels with
two distinct design wavelengths Ay = 3.4pm and A, = 3.9um
(Fig. 5.18a). To achieve this dual-wavelength behavior, the indi-
vidual absorber pixels incorporate arrays of square Al nanoan-
tennas with antenna side lengths of d = 400nm and d = 500 nm,
respectively, stacked above a 75nm GST-326 spacer layer and a
100nm Al mirror. Due to the difference in GST thickness, reso-
nances are redshifted compared to the results for 100 pm pixel
size from Fig. 5.17.

We then image this pattern using a focal plane array (FPA)
detector attached to a FTIR spectrometer, allowing us to record
the full spectral response of a whole pattern simultaneously. In
particular, spectroscopic infrared imaging of our perfect absorber
devices (Fig. 5.18 to Fig. 5.21) was carried out with an IR micro-
scope (Bruker Hyperion 1000) connected to a Fourier-Transform-
Infrared (FTIR) spectrometer (Bruker IFS 66v/S) at the ANKA
synchrotron light source (Angstrom Source Karlsruhe).

The described measurements were done with a globar to en-
sure a uniform illumination of the sample. The IR microscope
was equipped with a liquid nitrogen-cooled mercury cadmium
telluride (MCT) focal plane array (FPA) detector consisting of
64 x 64 elements with 40 um pixel pitch. A 36X magnification
Schwarzschild- objective (NA = 0.52) was used to project a pixel
size of 1.1 pm in the focal plane, combined with a total field of
view of 71um x 71 um. A detailed characterization of the imag-
ing setup is provided in literature.>'4

Reflectance spectra of our perfect absorber design and a bare
gold mirror were acquired between 2.5pm and 12.5pm with a
resolution of 8cm~! and a minimum of 100 scans. After data
smoothing (a moving average Savitzky-Golay filter with a data
point span of 40 and polynomial degree 2), the relative reflection
is calculated and normalized in the range of 7 to 7.5um to ac-
count for the different sensitivities of each pixel. Conventional in-
frared spectroscopic measurements as presented in Fig. 5.17 were
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Figure 5.18: Sub-10 um pixel size in a plasmonic perfect absorber.

The sample consists of a checkerboard pattern of absorber pixels with two dif-
ferent design wavelengths (3.4 and 3.9 um). Reflectance data is recorded using
a focal-plane array (FPA) detector connected to a FTIR spectrometer. (a) Repre-
sentative reflectance spectra for the two pixels. (b) Color coded reflectance at
the design wavelengths of the two distinct perfect absorber pixels for a pixel size
of 20pm. The pixel arrangement can be clearly distinguished. (c) Perfect ab-
sorber pixels with 10 um size. The regular arrangement is again neatly visible.
(d) Perfect absorber pixels with 5pum size on the order of the device operating
wavelength. A logarithmic reflectance scale is used in panels b-d. Please note the
smaller scale bar in panel d. The GST spacer layer is in the amorphous phase for
all measurements.
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recorded with a single element detector in our labs as described
previously. ">

The spatially resolved reflectance at the two design wavelengths
is shown in Fig. 5.18b. At the first design wavelength (A1 =
3.4pm), square 20pm x 20 pm areas with low reflectance (blue
color) can be clearly identified, exhibiting excellent contrast and
spatial separation from adjacent areas of the pattern.

When examining the reflectance at the second design wave-
length (A2 = 3.9 um), the situation is reversed, with reflective pix-
els at A; now appearing absorptive and vice versa. This behavior
is due to the high absorption of our device combined with the
low FWHM of the resonances, which enables a spectrally non-
overlapping pixelated absorber design. For a more challenging
design with 10um pixel size, individual pixels in the checker-
board pattern are still clearly visible with high contrast and good
spatial separation (Fig. 5.18c).

When reducing the pixel size to 5pm, which is on the order
of the device operating wavelength, the reflectance contrast at
the two design wavelengths is decreased. However, individual
pixels containing only 6 x 6 Al nanoantennas can still be clearly
distinguished. Importantly, this pixel size is close to the diffrac-
tion limit of mid-infrared radiation and approaches the ultimate
limit of a single resonant nanostructure pixel.

Building on this two-wavelength design, we now extend our
perfect absorber device towards multispectral absorption in the
mid-infrared, allowing for the simultaneous imaging of several
distinct wavelength bands, similar to the RGB color filter arrays
in digital camera sensor chips. To achieve this, we utilize a con-
ceptual advantage of our design: the ability to obtain near-perfect
wavelength-tunable absorptive performance for different nanoan-
tenna side lengths on a single GST spacer layer thickness.

This enables pixelated patterns with a wide range of different
operating wavelengths on a single integrated infrared absorber
chip. The maximum number of absorption bands that can be
implemented without significant spectral overlap is highly de-
pendent on the FWHM of the resonant absorption, which has an
experimental value of around 0.5pm in our design. Consider-
ing a minimum spectral separation of adjacent absorption bands
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Figure 5.19: SEM image of the multispectral absorber design. Square Al nanoantennas
with sizes ranging from 300 to 450 nm in 50 nm steps are clearly visible. The GST
spacer layer is in the crystalline phase for this measurement.

on the order of the FWHM, this yields a limit of five distinct
absorption bands in the 3-5pm MWIR range. This number can
be increased by incorporating materials with lower mid-infrared
losses,4* or by utilizing optical devices with more complex Fano-
type lineshapes. ¢

We realize this multispectral concept experimentally by fabri-
cating a perfect absorber device with a periodic superpixel ar-
rangement composed of four individual pixels with distinct res-
onance wavelengths in the 2.5 to 4pum range. The design inte-
grates Al nanoantenna arrays with side lengths ranging from 300
to 450 nm in 50 nm steps, stacked above a 75nm GST-326 spacer
layer and a 100nm Al mirror (Fig. 5.19).

To more clearly demonstrate the multispectral operation of
the superpixel geometry, we extract the wavelength of lowest
reflectance (resonance wavelength) from spatially resolved FTIR
measurements on this pattern (Fig. 5.20a). The four different de-
sign wavelengths are clearly visible with excellent spatial sepa-
ration. Additionally, representative reflectance spectra from the
four individual pixels clearly demonstrate the high absorptive
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performance (A > 80%) and non-overlapping spectral charac-
teristics of our design even for multiple mid-infrared absorption
bands (Fig. 5.20b-e).

Multispectral plasmonic device designs can simultaneously re-
solve multiple wavelengths of incident radiation on a single in-
tegrated detector chip. This is achieved via the geometrical tun-
ability of the absorber resonance, which is inherently passive. In
addition, the phase change tunability of our design allows for
active control over the absorption performance and consequently
for the switching of the absorption between different bands. Also,
compared to multispectral imaging, active control of individual
absorber pixels does not reduce the final resolution of the micro-
bolometer detector chip, resulting in a more versatile device.

For further validation of the thermal imaging capability of our
absorber device, we relate the spectral locations of the four dis-
tinct mid-infrared absorption bands to the peak emission wave-
length of an ideal blackbody with a specific temperature via
Planck’s law. That is, for every resonance wavelength (Fig. 5.21a),
our design is especially sensitive to the thermal emission from
a heated object with a certain temperature (Fig. 5.21b). Conse-
quently, this calculated peak detection temperature can be used
to characterize the thermal detection range and temperature-se-
lective operation of our superpixel design.

Focusing on an individual superpixel, we find multispectral
thermal imaging capability for peak detection temperatures rang-
ing from 740 to 1150 K, allowing to simultaneously resolve objects
with four distinct temperatures (Fig. 5.21c). The range of detec-
tion temperatures can now be tailored by utilizing the reversible
amorphous to crystalline phase transition in GST. When heating
the sample above the transition temperature, the multispectral
thermal imaging capability is maintained and undergoes a shift
to the temperature range from 605 to 930K, again with high ab-
sorptive performance (A > 75 %) and spectrally distinct absorp-
tion bands (Fig. 5.21d).

Thus, our versatile thermal imaging chip offers the ability to
actively switch between different temperature ranges, enabling
applications such as selective thermography and chemical imag-
ing. Due to the wavelength tunability of our design, other tem-
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Figure 5.20: Multispectral imaging in the mid-infrared. (a) Color coded resonance
wavelength of a four-wavelength pixelated plasmonic perfect absorber chip for
multispectral imaging. Our device covers a wavelength range from 2.5 to 4 um.
This is achieved using Al nanoantenna arrays with antenna side lengths varying
from 300 to 450 nm in 50 nm steps. The four individual pixels in the superpixel
arrangement (white square) deliver a peak absorbance of A > 80 % at resonance
while providing 20 um pixel size. (b-d) Representative reflectance spectra for the
individual pixels. The resonance wavelength in panel a is taken as the reflectance
minimum in the spectral range from 2.5 to 5um. The GST spacer layer is in the
amorphous phase for all measurements.
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Figure 5.21: Thermal imaging capability with switchable temperature detection range.
(a) Color coded resonance wavelength of an individual perfect absorber super-
pixel with four distinct mid-infrared absorption bands. (b) Representative re-
flectance spectra for the top right pixel from panel a with the GST layer in the
amorphous (solid line) and crystalline phase (dashed line), respectively. The peak
detection temperature is calculated from the resonance wavelength of the perfect
absorber pixels using Planck’s law. (c) Color coded peak detection temperature
for the multispectral superpixel geometry. Our device offers multispectral ther-
mal imaging capability for temperatures ranging from 740 to 1150K. The nu-
merical overlay in the lower right corner of each individual pixel represents the
average peak detection temperature for this pixel. (d) Color coded peak detection
temperature after heat-induced switching of the GST layer from the amorphous
to the crystalline phase. The multispectral imaging capability is maintained and
shifted to the temperature range from 605 to 930K. Pixel size is 20 um for all
pixels shown in panels a, ¢, and d.
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PERFECT ABSORBERS FOR SENSING AND ACTIVE PLASMONICS

perature ranges can be implemented easily, possibly enabling the
simultaneous imaging of the 3-5 and 8-12 um spectral windows
on a single detector chip.

As a first demonstration of active control in a multispectral
mid-infrared perfect absorber, our device utilizes the heat-induced
phase change of a GST-326 spacer layer. However, due to the
robust material and phase change properties of our design, re-
versible optical switching should be possible as recently shown
for Al nanoantenna arrays covered with a thin GST-326 film.47 If
necessary, the optical accessibility of the phase change material
in our design can be optimized further by utilizing fully GST-
covered Al antennas placed on a CMOS compatible dielectric
spacer layer.

In order to obtain full electrical control of the absorption, our
design can be extended to incorporate square germanium/Al/-
GST-326/germanium nanostack structure (side length 350 nm)
placed on top of an Al mirror (Fig. 5.22a). This design incor-
porates several design requirements for electrical switching.

First, individual nanostacks can be contacted electrically by us-
ing Germanium (Ge) to contact them to the Al back contact and
to an electrode above. In our initial design, we utilize Ge to as
contact material due to its optical transparency at mid-infrared
wavelengths combined with its DC conductivity. The nanostack
design can be easily modified to incorporate other electrode ma-
terials such as titanium nitride or indium tin oxide.>"

Second, the GST is not incorporated as an extended film but
as square nanostructures with dimensions of 350 nm x 350 nm X
20nm, similar to previous experimental electrical switching dem-
onstrations. The sandwich structure is embedded in PC-403, an
insulating dielectric, which prevents electrical contact between
the top and bottom electrodes. By applying a voltage pulse to in-
dividual nanostacks, reversible electrical switching of the nanos-
tructured GST can be carried out.>"

Further device integration on the detector chip level requires
electrical connections for each individual nanostack, which can
be accomplished in a cross-point geometry as demonstrated ex-
perimentally for phase change memory cells.*'7
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Figure 5.22: Possible perfect absorber device suitable for electrical switching.

(a) Cut-away view of a perfect absorber device suitable for electrical switching,
which consists of square Ge/Al/GST/Ge nanostack structures placed on top of
an Al mirror. Al nanostructures and mirror are shown in grey, germanium is
green and the nanostructured GST-326 is shown in purple. The embedding di-
electric PC-403 layer is shown in red. (b) Numerically calculated reflectance of the
proposed design. Pronounced phase-change-induced switching is clearly visible.
The blue line denotes the amorphous phase and the red line the crystalline phase.

Importantly, high reflectance contrast at resonance and pro-
nounced phase-change-induced spectral shifts are maintained for
the initial nanostack design, as shown by numerical calculations
(Fig. 5.22b). Electrical switching, especially on fast timescales,
may also be useful for background-correction, and lock-in detec-
tion approaches.

Moving closer to the technological realization of multispectral
switchable microbolometer devices, future studies will need to
focus on heat generation and transfer in the plasmonic absorp-
tion layers, 28219 optimizing them to exhibit both low heat capac-
ity and high thermal conductivity. Especially, such devices may
need to combine GST, which has a comparatively low thermal
conductivity,*** with highly heat conducting CMOS compatible
dielectrics such as aluminum nitride, to obtain microbolometer
imaging devices with high sensitivity and fast response times.

In summary, we have demonstrated a switchable mid-infrared
perfect absorber with temperature-selective thermal imaging ca-
pability. Our design exhibits high absorptive performance inde-
pendent of incident angle and polarization, and can be integrated
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in sub-10 pm absorber pixels, which enable near diffraction-lim-
ited imaging in the mid-infrared. The low FWHM of the ab-
sorption bands in our design combined with the use of a GST-
326 spacer layer enables efficient band- and thus temperature-
selective detection.

By simultaneously increasing the number of pixels and reduc-
ing the FWHM of the resonances in our multispectral design,
more wavelengths can be resolved simultaneously, paving the
way towards hyperspectral imaging and applications in meteorol-
ogy, geoscience, or defence. Integrating the possibility of switch-
ing the GST-326 layer using all-optical or electrical means, our
perfect absorber design can serve as a building block for highly
selective absorptive coatings with ultrafast control and a wide
range of design wavelengths in the future.
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This thesis has covered a variety of hybrid plasmonic devices
for applications ranging from chemical sensing to active mid-
infrared imaging.

Focusing first on the all-optical detection of chemical and cat-
alytic reactions down to very small reagent concentrations and
detection volumes, the behavior of antenna-enhanced hydrogen
sensing geometries was investigated using numerical simulations.
Particularly, the catalytic dissociation of hydrogen molecules and
the subsequent hydride formation in palladium structures was
chosen as a model system.

Analyzing a palladium nanodisk placed in the nanofocus of a
triangular gold nanoantenna, it was found that it is crucial to con-
sider the hydrogen-induced lattice expansion of the palladium
in addition to the dielectric change introduced during the palla-
dium/palladium hydride phase transition.

Moving beyond top-down fabricated nanoantenna geometries,
highly engineered, chemically synthesized nanosensor particles
were investigated. Such plasmonic ‘smart dust’ geometries com-
bine an efficient optical probe with a reagent sensitive material
to obtain a wide range of functionalities.

Utilizing Au@SiO; core-shell nanoprobes, this concept was ap-
plied to the detection of hydrogen-induced catalytic events in ad-
jacent palladium films of different thicknesses and morphologies.
Importantly, these smart dust nanoprobes can be easily dispersed
on arbitrary catalytically active surfaces, allowing for the inves-
tigation and spatial mapping of a wide range of reactions. Re-
garding sensitivity, it was found that a change of the palladium
film thickness of only 5nm was enough to change the sensing
response by as much as 50 %. Furthermore, changes of the film
morphology (specifically from a ‘dust on film’ to a ‘film on dust’
arrangement) led to a complete reversal of the direction of the
hydrogen-induced spectral shifts.
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Whereas the previous Au@SiO, nanoprobes were ideal to lo-
cally map chemical reactions on extended reactive films, the de-
tection of events involving only a very small number of molecules
requires a move to extremely small sensing volumes. To achieve
this, sub-5nm palladium nanocrystals were attached to chemi-
cally synthesized gold nanorods using DNA self-assembly.

The use of DNA nanotechnology allowed for the precise posi-
tioning of the Pd satellite nanocrystals at ultrashort distances ad-
jacent to the gold rods, making optimal use of the electric near-
field enhancement next to the rod antenna. Performing optical
hydrogen sensing experiments on these complex smart dust par-
ticles, it was possible to reliably track the hydrogen loading and
unloading kinetics of the sub-5nm Pd crystals at the single an-
tenna level and in real time.

A second focus of this thesis was the investigation of plasmonic
perfect absorbers, nanostructured optical devices designed to ab-
sorber all light of a certain design wavelength. Compared to
smart-dust-based sensor geometries (which are ideal to push the
limits of detection volume and sensitivity), perfect absorbers can
act as a central building block for technologically relevant sens-
ing applications due to their background-free detection scheme.

Applying this again to chemical sensing, a geometry of pal-
ladium nanowires stacked above a magnesium fluoride spacer
layer and a gold mirror was used to detect hydrogen concentra-
tions down to 0.5 % in nitrogen carrier gas. This was achieved by
optimizing the structure parameters to obtain a perfect absorber
with very low reflectance and (since zero transmittance is a as-
sured via the thick gold mirror) absorbance A > 99 % in the red
part of the visible spectrum. Due to the near-zero reflectance
at resonance, small hydrogen-induced changes of the optical re-
sponse thus resulted in large relative intensity changes, enabling
excellent sensitivity.

A further crucial point for technological applications is the
need for angle-independence of the optical response from perfect
absorber devices. This allows for enhanced stability and align-
ment tolerance in an integrated sensor geometry, and permits
the utilization of all light from the forward-facing half-space in
energy harvesting and imaging applications.
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In order to understand the underlying principles of angle-inde-
pendence in perfect absorbers, extensive angular reflectance mea-
surements on various perfect absorber geometries were carried
out. Comparing these results with thorough numerical simula-
tions on the systems allowed to construct an optical impedance
matching model for the optical behavior of the investigated ab-
sorber structures.

Specifically, perfect matching of the imaginary part of the opti-
cal impedance to its vacuum value of zero was identified as a cru-
cial factor for angle-dependent performance. Building on this de-
sign rule for angle-independent perfect absorber structures, this
impedance matching model was verified for an absorber geom-
etry consisting of disordered plasmonic resonators, underlining
the versatility of the approach.

Finally, this thesis focused on extending the previous concepts
towards active plasmonic devices, where the optical properties
can be strongly modified by an external stimulus. As a first basic
building block, yttrium hydride (YH,) nanoantennas were inves-
tigated, which allow to completely turn a plasmonic resonance
on and off by controlling the external hydrogen partial pressure.
Continuing from this, a switchable perfect absorber design based
on Au/YH, nanostacks placed on top of a platinum mirror was
introduced.

Even though the use of yttrium hydride nanostructures yields
high dynamic range, it was found that the switching times in
this system were comparatively low. Especially, hydrogen des-
orption occurred on timescales on the order of minutes or even
hours, making this material system unsuitable for optical control
in realistic technological applications.

To overcome this, germanium antimony telluride (GeSbTe, or
GST) was investigated for use in a mid-infrared perfect absorber
geometry with active post-fabrication absorption control. As a
material, GST is widely used in optical data storage applications
and can be switched all-optically and electrically on nano- and
potentially picosecond timescales.

The incorporation of this material enabled the realization of
an active mid-infrared plasmonic perfect absorber consisting of
square aluminum nanoantennas stacked above a GST-326 spacer
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layer and an aluminum mirror. Absorbance > 90 % was obtained
experimentally in the 3-5 pm spectral range, with straightforward
geometrical tunability of the resonance wavelength via the side
length of the Al nanoantennas.

By utilizing the amorphous to crystalline phase transition in
GST and the associated strong refractive index change, large re-
flectance contrast at resonance and a large spectral tuning range
were realized, allowing for band- and consequently temperature-
selective absorptive performance. Extending this to a pixelated
design with four distinct absorption bands in the mid-infrared,
an integrated perfect absorber chip with multispectral thermal
imaging capability and external control over the temperature de-
tection range was realized in a fully CMOS compatible device.

Building on the presented results, there are several promising
research directions where hybrid plasmonic devices can be ap-
plied in the future.

First, the concept of silica shell-isolated smart dust nanoprobes
(section 4.2) could be applied to perform spatially resolved map-
ping of catalytic processes on extended reactive surfaces. By
dispersing numerous nanoprobes on the surface and perform-
ing imaging spectroscopy, on would be able to the record time-
resolved optical response of all nanoprobes in a certain viewfield
simultaneously.

Correlated with electron microscopy or atomic force microscopy
characterization of the reactive surface, this would allow to quan-
tify the influence of localized defects, cracks, and other morpho-
logical deviations of the surface on the local catalytic reactions.
Insights gained with such measurements could be used to fur-
ther understand and optimize catalytic systems in industry and
materials science.

Second, the the proposed DNA-assembled bimetallic nanosen-
sors (section 4.3) could be extended to incorporate satellite nano-
spheres composed of different materials, allowing for the detec-
tion of other chemically significant reagents. Furthermore, the
use of such nanoprobes in biological systems could be explored,
aiming to resolve the chemical reactions occurring in a variety
of organisms down to the microorganism scale. This approach
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would enable the all-optical and potentially in vivo monitoring of
physiological processes with unprecedented flexibility.

Finally, the concept of an active mid-infrared metasurface (sec-
tion 5.4) could be extended towards the full spatial control of the
phase and amplitude of incident light, addressing the current
lack of efficient mid-infrared spatial light modulators.

The basic building blocks of such a light modulating metasur-
face would be arrays of hybrid plasmonic oligomer structures
with an adjacent GST layer, providing both a Fano-type optical
response with the required phase modulation and mid-infrared
transmission window as well as active external control over the
optical properties.

Furthermore, by subdividing the proposed metasurface into
distinct pixels with side lengths of several microns, the proposed
device could be extended to obtain full spatial control over am-
plitude and phase of the light. Importantly, electrical switching
of individual pixels could be realized using a cross-bar geome-
try common in phase-change memory cells, aiding technological
device integration.

Going beyond the ideas outlined here, the versatility of hybrid
plasmonic geometries will lead to a multitude of new designs and
applications, potentially bringing nanophotonics-based concepts
to technological devices that are used every day.
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