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ABSTRACT

Functional and active plasmonic nanostructures and metasurfaces are at the heart of
emerging and novel optical technologies as they allow to confine and actively manipu-
late light on very small length scales. Ultimately, they will contribute to the miniatur-
ization of existing and novel optical devices necessary in a great variety of different
fields. They include but are not limited to new display and projection technologies for
augmented and virtual reality, dynamic 3D holography devices, miniaturized LiDAR
(Light Detection and Ranging) approaches, or ultra-sensitive nanooptical sensing de-
vices for explosive and toxic gases or (chiral) chemical substances. Overall, this thesis
introduces and gives an in-depth analysis of novel approaches for such functional and
active plasmonic systems and metasurfaces.

Firstly, we establish metallic polymers in the field of active plasmonics. Such poly-
mers are well known since the 1980s, yet, have mostly been used and optimized for
transparent conducting electrodes. We show that nanostructuring such polymers into
nanoantennas allows to electrically switch their plasmonic properties ON or OFF. This
concept is based on an electrically-driven metal-to-insulator transition of the poly-
mer which is triggered by CMOS compatible voltages of only £1 V. The switching
frequencies reach 33 Hz, which makes the polymer nanoantennas usable in future
display technologies. Additionally, we find a long-term stability over several hun-
dred switching cycles. As applications, we use the metallic polymer nanoantennas for
high-contrast metasurfaces. We demonstrate active beam steering with 100% contrast
ratio in transmission. Furthermore, the nanoantennas are used for novel metalenses-
on-demand. We realize an entire non-volatile metaobjective from metallic polymer
metasurfaces with unique functionalities including a state with two foci.

Besides an applied voltage, the optical properties of plasmonic nanoantennas can
also be altered, e.g., with gases. We will investigate active plasmonic systems based
on hydrogen-sensitive metals, as they find applications in active metasurfaces as well
as plasmonic hydrogen sensing. Frequently-used materials over the last years are,
e.g., palladium, yttrium, or magnesium. Here, magnesium is the most promising for
active optical applications. On the one hand, the reason lies with its comparably large
hydrogen storage capacity. On the other hand, the optical properties of magnesium
nanoantennas can be changed significantly upon hydrogen exposure. However, the
hydrogenation of magnesium nanoantennas typically takes place on very long time-



scales with a comparably high material degradation. Thus, we use scattering-type
scanning near-field optical microscopy (sSSNOM) to watch and examine the hydrogen
diffusion mechanism in magnesium on the nanometer scale. We find the hydrogen
diffusion is strongly influenced by the intrinsic poly-crystalline structure and volume
expansion of magnesium. What is more, we demonstrate that not only hydrogen gas
but also liquid alcohol can hydrogenate hydrogen-sensitive metals, which provides a
new possibility to alter the optical properties of plasmonic nanoantennas. We actively
control the plasmonic resonances of yttrium nanoantennas by immersing them in an
alcohol bath. By doing so, the nanoantennas are used as local nanooptical indicators
to optically visualize this alcohol deprotonation process.

Furthermore, in many different fields, it is important to sense the chirality or hand-
edness of chemical substances. Chirality is one of the most prominent principles in
nature and can determine, e.g., whether a drug acts as intended or becomes toxic to the
human body. Apart from distinct molecular interactions between handed molecules,
chirality can also manifest itself optically and can be measured with sophisticated
optical sensing schemes. Here, plasmonic nanoparticles can contribute to significantly
decrease the sensing volumes and consequently boost the achievable sensitivity. Thus,
we finally analyze the optical responses of single chiral plasmonic nanoparticles with
an automated chiral scatterometry technique. We show that their chiroptical responses
are greatly influenced by and correlate with the particle morphology. The investigated
chiral helicoids show tremendous optical activity on the single particle level. Con-
sequently, they can show great potential for functional chiral sensing platforms, as
they will allow to push the sensitivity of nanooptical chiral sensors to entirely new
dimensions. In combination with the switchable plasmonic materials, even actively
controllable chiral sensors become feasible.
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ZUSAMMENFASSUNG

Funktionelle und aktive plasmonische Nanostrukturen und Metaoberflachen sind das
Herzsttick von einer Vielzahl an neuartigen optischen Technologien. Sie ermoglichen
es Licht auf sehr kleinen Langenskalen zu biindeln und aktiv zu manipulieren. Insbe-
sondere werden sie zur Miniaturisierung von elektro-optischen Bauteilen beitragen,
welche fiir die Realisierung von zukunftsweisenden Technologien in verschiedensten
Bereichen vonnéten sind. Hierzu zdhlen unter anderem Technologien aus den Be-
reichen virtuelle Realitdt (VR: engl: virtual reality) und erweiterte Realitat (AR: engl:
augmented reality), dynamische drei-dimensionale Holografie, miniaturisiertes LIDAR
(engl.: Light Detection and Ranging), sowie nano-optische Sensoren fiir explosive und
giftige Gase oder fiir (hdndige) chemische Substanzen.

Die vorliegende Arbeit befasst sich mit mehreren Ansédtzen fiir funktionelle und
aktive plasmonische Systeme und Metaoberflichen. Hierbei analysieren wir insbeson-
dere deren Funktionalitdten als auch die zugrundeliegenden Schaltmechanismen. Wir
fiihren zundchst metallische Polymere fiir schaltbare plasmonische Systeme ein. Diese
Polymere sind zwar seit den 1980er Jahren bekannt, wurden jedoch hauptsachlich fiir
transparente und leitfahige Elektroden verwendet sowie optimiert. Wir zeigen, dass
die Nanostrukturierung solcher Polymere es ermoglicht, Nanoantennen mit elektrisch
schaltbaren optischen Eigenschaften herzustellen. Deren plasmonische Resonanzen
lassen sich hierbei elektrisch ein- oder ausschalten. Unser Konzept basiert auf einem
elektrisch-schaltbaren Metall—zu—Isolator—Ubergang des Polymers, der durch CMOS-
kompatible Spannungen von lediglich +1 V kontrolliert werden kann. Schaltzeiten
erreichen Displayfrequenzen von 33 Hz, was es unseren Nanoantennen ermoglicht,
Anwendung in zukiinftigen Display-Technologien zu finden. Zudem demonstrieren
wir Langzeit-Stabilitdt {iber mehrere Hundert Zyklen. Durch gezielte periodische An-
ordnung unserer metallischen Polymer-Nanoantennen erschaffen wir ultra-diinne Me-
taoberflichen zur aktiven Laserstrahlablenkung sowie zur aktiv-steuerbaren Lichtfo-
kussierung mit sehr hohem Kontrast. Wir realisieren zudem ein Metaobjektiv aus
metallischem Polymer, welches neuartige Funktionalitdten, wie z.B. einen bifokalen
Zustand, aufweist.

Als Néchstes untersuchen wir aktive plasmonische Systeme auf Basis von wasser-

stoffsensitiven Metallen. Solche schaltbaren plasmonischen Antennen finden Anwen-
dung in aktiven Metaoberflichen sowie in plasmonischen Wasserstoffsensoren. Haufig
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verwendete Materialien sind hierbei Palladium, Yttrium, oder Magnesium. Letzteres
bietet hierbei den Vorteil, dass es ein exzellenter Wasserstoffspeicher ist. Zudem kon-
nen die optischen Eigenschaften von plasmonischen Nanoantennen aus Magnesium
mit Hilfe von Wasserstoff sehr stark beeinflusst werden. Jedoch sind die damit ein-
hergehenden Schaltzeiten héufig sehr lang und die Degradierung von Magnesium
wahrend der Schaltvorgiange sehr hoch. Um die hierbei limitierenden Faktoren her-
auszufinden, vermessen wir Magnesium wihrend der Hydrogenisierung mittels auf
Streuung basierender optischer Rasternahfeldmikroskopie. Hiermit konnen wir die
Wasserstoff-Diffusionsprozesse in Magnesium auf der Nanometer-Skala detailliert un-
tersuchen. Es lasst sich dabei feststellen, dass diese Diffusionsprozesse stark von der
polykristallinen Morphologie von Magnesium sowie durch dessen Volumenausdeh-
nung beeinflusst werden. Dartiber hinaus zeigen wir, dass nicht nur Wasserstoff in
Form von Gas, sondern auch Alkohole in der Lage sind Metalle zu hydrogenisieren.
Am Beispiel von Yttrium demonstrieren wir, dass sich die optischen Eigenschaften von
plasmonischen Nanoantennen durch deren Eintauchen in Alkohol verdndern lassen.
Dabei fungieren die Nanoantennen als lokale nanooptische Indikatoren, um diesen
fliissigen Hydrogenisierungsprozess optisch zu visualisieren.

In verschiedensten Bereichen ist es zudem nétig die optische Aktivitat/Chiralitat
bzw. Handigkeit einer chemischen Substanz zu ermitteln. So entscheidet, z.B., die
Héndigkeit einer Substanz dartiber, ob sie als Medikament eingesetzt werden kann
oder giftig fiir den menschlichen Korper ist. Diese Chiralitdat kann optisch detektiert
und gemessen werden. Hierbei konnen plasmonische Nanoantennen die Sensitivi-
tit entscheidend verbessern. Deshalb analysieren wir zuletzt die spektrale Antwort
einzelner chiraler Nanopartikel. Hierzu verwenden wir unsere automatisierte Mess-
methode, mit welcher sich die chiralen Streuspektren der Einzelpartikel detailliert
untersuchen lassen. Dabei zeigen wir, dass die chiralen Einzelpartikelspektren stark
von der jeweiligen Morphologie des Partikels abhdngen. Unsere untersuchten Partikel
weisen im Allgemeinen eine spiralférmige Struktur auf, welche zu einer enormen
optischen Aktivitat fiihrt. Folglich kénnen diese chiralen plasmonischen Nanopartikel
in verschiedensten Sensorplattformen vielversprechende Anwendungen finden. Unter
anderem konnte mit deren Verwendung die Sensitivitit bzw. Empfindlichkeit von
nanooptischen Sensoren fiir chirale Molekiile bzw. Fliissigkeiten enorm gesteigert wer-
den. In Kombination mit schaltbaren plasmonischen Materialien riicken sogar aktiv
steuerbare chirale Sensoren in greifbare Néhe.
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INTRODUCTION

Structuring metallic materials to sizes below the wavelength of the impinging electro-
magnetic wave will give rise to unique optical phenomena. In these so-called plas-
monic nanoparticles/-structures the quasi-free conduction electrons will start to os-
cillate collectively resulting in very strong local electric fields in the vicinity of these
nanoparticles (so-called "hot spots"). By changing their size, distance, material, or
surrounding material, one can control their resonance frequency and thus the amount,
efficiency, wavelength etc. of light being absorbed and re-emitted by the particles. This
means that one can tailor specific optical properties necessary for a desired application.

Consequently, the plasmonic nanoparticles have gained significant interest in several
different fields of research over the last couple of years. First studies on plasmonic
nanoparticles were introduced for particles made from noble metals such as gold.
These nanoparticles possess static optical properties, i.e., their plasmonic resonances
are fixed at a specific wavelength/frequency. By exploiting their hot spots, one can
for example detect molecular species in liquid mixtures. In addition, the nanoparti-
cles can be even made highly sensitive to circularly polarized light and thus to chiral
substances by, e.g., imprinting chiral features in the particle morphology. In that
sense, researchers all over the world are on the quest to find chiral nanoparticles or
arrangements with the highest optical chirality and thus optical asymmetry. Proposed
are ultra-small sensing volumes and thus ultra-high sensitivities for chemical (chiral)
molecules and substances.

Additionally, by controlling the relative orientation, angle, height, etc. of the sub-
wavelength nanoparticles in a periodic arrangement, so called metasurfaces with
unique optical properties and functionalities can be created. The applications of these
artificial sheet "materials" range from metasurfaces for lensing, sensing, beam steering,
ultra-thin waveplates all the way to metasurfaces for future 3D holography displays.
Via the individual geometrical nanoantenna arrangement, any arbitrary phase profile
and thus functionality of the metasurface can be achieved. Most importantly, metasur-
faces will allow to further miniaturize such optical systems as it is inevitable to realize,
e.g., emerging and future displaying technologies where ultra-small pixel sizes are
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necessary. Furthermore, the technologies will benefit from a dynamic spatiotemporal
control of the nanoantenna material. This means that the functionality of metasurfaces
can be actively controlled by an external stimulus. Consequently, significant research
is devoted to finding sophisticated switching mechanisms to dynamically change the
optical properties of plasmonic nanoparticles. Among others, such stimuli can be
gases, chemicals, temperature, or an applied voltage, with the latter being the most
suitable for electro-optical devices.

There are mainly two possibilities to realize such active plasmonic nanoparticles or
metasurfaces. Firstly, indirect approaches use static plasmonic nanoparticles, typically
fabricated from, e.g., gold or aluminum. Hereby, the only possibility to tune the reso-
nance frequency is, e.g., by changing the refractive index of the surrounding material.
Secondly, tremendous efforts have been undertaken to not only change the surround-
ing but rather directly switch the plasmonic nanoparticle material itself. Typically,
this approach utilizes materials with metal-to-insulator transitions to switch between
a plasmonic metallic state and an insulating state of the nanoparticles. A widely
used material is magnesium (Mg), as this allows to reversibly switch the plasmonic
resonances of nanoparticles via a hydrogen exposure. However, the metal-to-insulator
transition in Mg is typically very slow and comes with strong degradation of the mate-
rial.

The work presented in this thesis will mainly tackle three different topics. First, we
demonstrate directly and electrically switchable plasmonic nanoparticles. Instead of
using noble metals, we use a metallic polymer with an electrically-driven metal-to-
insulator transition allowing for high-contrast active plasmonics and metasurfaces. We
will demonstrate several superior properties of our metallic polymer nanoantennas in
comparison to previous approaches. This includes high switching speeds at display
frequencies, long-term stability, high switching contrasts, CMOS compatible switching
voltages of only £1 V, as well as operation in transmission. Applications of dynamic
beam steering and metalenses-on-demand are demonstrated. Second, we investigate
hydrogen-sensitive plasmonic systems, e.g., made from Mg or yttrium (Y). We give
detailed insights into the exact switching mechanism of magnesium upon hydrogen-
exposure. We find that the nanoscale crystallinity and morphology limits the diffusion
time and causes very slow transition times. Furthermore, we propose an alternative
switching scheme based on a liquid hydrogenation with alcohols. Last, we shift
towards non-ensemble investigations of single particle chirality. We investigate static
highly asymmetric chiral nanoparticles and use chiral scatterometry to analyze the
optical activity of these helicoid gold nanoparticles on the single particle level. As
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mentioned above, this will, e.g., aid the improvement of the sensitivity of (chiral)
optical plasmonic sensors.

THESIS OUTLINE

The thesis is structured into three main chapters covering the topics mentioned above.
Due to the rather different nature, each chapter will feature its own INTRODUCTION,
ConcrusioNs & OuTLOOK, and, where ever needed, specific THEORETICAL BAck-
GROUND. The outline is as follows:

¢ Chapter 2 will introduce the concept of using metallic polymers for electri-
cally switchable plasmonic nanoantennas and metasurfaces. The theoretical
background on general optical properties of metals and dielectrics will be intro-
duced as well as theory on localized surface plasmons and optical properties
of metallic polymers. The chapter continues with an experimental part on the
fabrication technique of metallic polymer nanoantennas and the electrochemical
setup. This is followed by a detailed analysis and experimental investigation of
the electrically switchable metallic polymer nanoantennas. It includes the overall
concept, the optical resonance tuning, as well as the investigation of switching
contrast and switching speed. It is shown that the plasmonic resonance of these
nanoantennas can be switched entirely OFF and back ON at display frequencies.
Subsequently, the metallic polymers will be structured into metasurfaces for
electro-active beam steering and into metalenses-on-demand. This concept of
metalenses which can be turned ON and OFF on demand is used to demonstrate
an entire metaobjective. A detailed analysis of the achieved optical states is given
including a novel state with two foci.

¢ Chapter 3 is based on hydrogen-sensitive metals and will tackle the in-depth
understanding of the hydrogen diffusion in magnesium as well as the liquid
hydrogenation of yttrium. We will first discuss the theoretical background of
scattering-type scanning nearfield optical microscopy (sSNOM) as well as phonon
vibrations and optical properties in magnesium. This is followed by a sec-
tion where we experimentally watch the hydrogen diffusion in magnesium on
the nanoscale. We use in-situ sSNOM as a measurement technique and will
answer the question what is limiting the rather slow hydrogen-triggered metal-
to-insulator transition from Mg to magnesium hydride (MgH,). Hereby. we will
discuss that, in fact, the material crystalline morphology has a tremendous influ-
ence on the hydrogen diffusion properties. Furthermore, we will propose in this
chapter a liquid hydrogenation scheme for plasmonic nanoantennas based on al-
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cohol deprotonation. It will be shown that Y nanoantennas can be hydrogenated
to yttrium dihydride (YH,) and thus switch their optical plasmonic properties
upon exposure to, e.g., ethanol. This way a nanooptical indicator platform to
detect alcohol deprotonation is demonstrated.

¢ Chapter 4 shifts gears by analyzing the optical properties of single chiral plas-
monic gold nanoparticles via chiral scatterometry. First, the home-built and
fully automated measurement technique of chiral scatterometry is explained.
Subsequently, it is used to investigate large sets of helicoid single nanoparticles.
We unravel that these helicoids posses very large optical activity. Thus, they
show tremendous potential for being used in chiral sensing platforms to further
decrease sensing volumes. We will give a detailed comparison between a single
nanoparticle response and the response from nanoparticles in ensemble. Further-
more, we explain the exact influence of particle morphology on the chiroptical
responses. The chapter will finish with an investigation on the evolution of the
nanoparticle chirality by measurements of the chiroptical responses at different
steps of the helicoid nanoparticle synthesis.



ELECTRO-ACTIVE METALLIC POLYMER NANOANTENNAS
AND METASURFACES

This chapter is based on the following published work:

e J. Karst, M. Floess, M. Ubl, C. Dingler, C. Malacrida, T. Steinle, S. Ludwigs, M.
Hentschel, and H. Giessen
Electrically Switchable Metallic Polymer Nanoantennas
Science 374, 612 (2021).

¢ J. Karst, Y. Lee, M. Floess, M. Ubl, S. Ludwigs, M. Hentschel, and H. Giessen
Electro-Active Metaobjective from Metalenses On-Demand
Nature Communications, under review (2022).

2.1 INTRODUCTION

Miniaturizing optical components is key to achieve ultimate spatiotemporal control
of light. This will allow for the realization and improvement of emerging and critical
optical technologies such as augmented reality (AR) and virtual reality (VR), dynamic
holography, light detection and ranging (LiDAR), or high-resolution wavefront and
polarization shapers.

Subwavelength nanoantennas have proven to be a prime candidate to achieve this
goal [1-5]. Due to their resonant nature, they allow a highly efficient local interac-
tion with light. Further, the nanostructures can locally enhance the manipulation,
detection, or modulation of light on ultra-small subwavelength scales. The advent
of metasurfaces has given us tools to realize first plasmon-based spatially dependent
static light control on nanometer scales [6-9]. This includes ultrathin optical elements
with functionalies ranging from beam steering devices for LiDAR [1, 4, 10-12], to
dynamic metalenses [13—22], metasurfaces for VR and AR applications [3, 23-28], or
photonic spatial light modulators [4, 29, 30]. They are typically made from metals
but also from dielectrics in order to achieve generalized amplitude and phase control
[31-37]. Besides these tremendous achievements it is obvious that for the integration
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into dynamic electro-optical components, an active spatiotemporal light control with
nanoantennas is necessary [38—40]. This requires a dynamic change of the optical
properties upon an external stimulus. One possibility is to operate nanoantennas close
to a phase transition which can result in switchable plasmonic resonances and active
metasurfaces with high contrast ratios [28, 41-43]. Such direct modifications rely on
structural or chemical material transitions that were stimulated, until now, by chemical
reactions [41, 44], gas exposure [45—48], or temperature [49, 50]. They usually exhibit
slow transitions, incomplete reversibility, or switching schemes which are complicated
to integrate into electro-optical devices. One alternative is an indirect alteration of the
optical properties typically via an electrically- or temperature-driven change of the
surrounding medium [11, 12, 17, 23, 25, 29, 51-56]. This results, however, only in a
tuning of the resonance intensity, position, and linewidth, thus limiting the achievable
contrast in active metasurface applications. Yet, to date, a directly electrically switch-
able nanoantenna with the possibility to turn the nanoantenna resonance fully ON
and OFF at high frequencies has not been realized.

In this chapter we introduce such electrically switchable nanoantennas, made from
a metallic polymer with an electrochemically driven metal-to-insulator transition in
the near-infrared spectral range caused by a variation of the charge carrier density.
Our polymer nanoantennas possess a full ON- and OFF-state in their metallic and
insulating optical state, respectively, and are switchable at video-rate frequencies of up
to 30 Hz by applying voltages of only 1 V. Based on this concept, we realize a purely
electrically switchable metasurface for active beam steering with 100% contrast ratio in
the diffracted beam. Furthermore, we demonstrate active metalenses-on-demand and
a multi-functional metaobjective composed of electrically switchable metallic polymer
nanoantennas.
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2.2 THEORETICAL BACKGROUND

Metallic materials and plasmonic nanoparticles can interact with electromagnetic fields.
It is important to predict, alter and understand their optical responses. For frequencies
up to the visible part of the electromagnetic spectrum, metals typically show a high
reflectivity. That means, they limit electromagnetic fields to be absorbed, scattered,
or transmitted. Yet, at higher frequencies the response of metals and nanoparticles
can be more complicated. In the following, we will thus give a short introduction
into theoretical background to understand especially plasmonic phenomena in metals,
especially in metallic polymers, in more detail. !

2.2.1 MAXWELL’s Equations

The fundamental MAXWELL's equations are the starting point for the explanation of lots
of electrodynamic phenomena. For light-matter interaction the MAXWELL equations
are given as

V -D = pext, (2.1a)
V-B=0, (2.1b)
JB
VxE=-—>, (2.1¢)
D
V X H = jext + aETt’ (2.1d)

representing relations between the dielectric displacement D, electric field E, mag-
netic flux density B, the magnetic field H, the external charge pext and the external
current density jext. These four macroscopic fields are linked with each other via the
magnetization M and the polarization P by

D =¢E+P, (2.2a)
H- 1B_ M, (2.2b)
Ho

where ¢ is the electric permittivity? and pg is the magnetic permeability® of vacuum.

Furthermore, one can define for linear and isotropic media
D = ¢g¢E, (2.3a)
B = pouH. (2.3b)

1 Please note that sections 2.2.1 to 2.2.4 are based on [57], which follows the notation of [58].
2 g9 =8.854-10712 F/m
3 po = 1.257-107° H/m
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The relative permittivity € and the relative permeability u are material-dependent. For
a non-magnetic material (all materials in this thesis) y can be set to y = 1.

An important relation, especially for the quantum mechanical treatments of the
optical response [59], is

P = ¢pxE, (2.4)

where x = &€ — 1 denotes the dielectric susceptibility. One can find a linear relationship
between the current density j and E as

j=0E. 2.5)

The optical conductivity o(k,w), as a function of the wave vector k and the angular
frequency w, can be correlated with &€ by means of the fundamental equation

B ic(k,w)
elk,w)=1+ Teow (2.6)
In general,
e(w) = g (w) +ig(w), (2.7a)
o(w) = 01(w) + io(w) (2.7b)

are complex variables, where k = 0 in the limit of a spatially local response (the
wavelength A in matter is significantly longer than the size of the unit cell and the
mean free path of the electrons).

The complex refractive index of a medium 7 = n + ix is linked to &(w) via

=4/ (2.8a)
- g =n*—x (2.8b)
— & =2nk, (2.80)

resulting in relations between the real and imaginary part of ¢ and the real part n
(normal refractive index) and the imaginary part x (extinction coefficient) of 7. These
equations (eqs. 2.8b and 2.8¢c) lead to the assumption that the change of the phase ve-
locity ¢, in a medium is mostly determined by €; and the absorption by ;.

The extinction coefficient x

cx
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Oz

1 Wy In(w) 1/t

F1GURE 2.1. Theoretical dispersion in Drude model. Qualitative progression of the real
part (blue) and the imaginary part (red) of the frequency dependent (a) conductivity ¢
and (b) dielectric function ¢ for the free electron gas described via the DRUDE model.

is directly related to the optical absorption of electromagnetic waves travelling through
a medium, which is expressed by the absorption coefficient « of BELL’s law. It describes
the exponential attenuation I(x) = Ipe~** of a wave propagating through the medium.
The appropriate wave equations for electromagnetic waves in matter are consequently
given as

1 9%E
AE = HoHT - + aMeag (2.10a)
oH 1 0%H

2.2.2 DRuUDE Model

The easiest way to explain the optical properties of metals at high frequencies around
the plasma frequency wp is via the DRUDE model. It describes the electrons in a metal
as a free electrons gas which oscillates in response to an external field E = Ege /",
The equation of motion for such an electron in the electron gas is given by

mX + myx = —eE, (2.11)

where v = 1/7 is now representing the characteristic collision frequency. In this
context, T is the relaxation time of the free electron gas.
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Again, one uses the assumption x(t) = xge~/“’! to determine an expression for the
displacement x as

e
x=————E. 2.12
m(w? + iyw) (212)
Similar to the LORENTZ model, the electrons account for the macroscopic polarization
P = —Nex. By inserting P into equation (eq. 2.2a) one maintains the dielectric function
of the free electron gas/metal

wp?
R 2.13a
(w) w? +iyw ( )
wpl . wp't (2.13b)
=1- i . .

14+ w212 w(l + w?12)

—_—

real part & imaginary part &

The conductivity can be calculated with equation (eq. 2.6). The plasma frequency (in
units Hz) is given as

e (2.14)
wp = e .

where 7, denotes the charge carrier density, e the elemental charge, and m* the effec-
tive mass of an electron. wyp defines the frequency or wavelength, where the real part
of the dielectric function ¢; becomes zero. Here, the material transitions from a metal
g1 < 0 for w < wp to a dielectric &; > 0 for w > wp. This can be seen in the qualitative
progression of € and ¢ in Figure 2.1.

For frequencies near wyp, the damping is negligible and the dielectric function con-
tains only a real part

(2.15)

which can be dedicated to the undamped free electron gas. This simplification is only
valid for metals which show no interband transition.

As mentioned, for frequencies higher than the plasma frequency w > wp, metals
lose their metallic character and become dielectric with &y > 0. Actually, the dielectric
constant ¢(w) shows a limit value of ¢ = 1 for w — oo. For the most noble metals
one has to take into account the influence of ¢+, because the filled d-band close to

10
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FIGURE 2.2. Drude model on experimental data. (a) Real part and (b) imaginary part of
the dielectric function of the DRUDE model fitted to the measured data of Johnson and
Christy [60]. The plots are taken from [58].

the Fermi surface causes a highly polarized environment. One rewrites equation
(eq. 2.13a) as

wp2

= e — . 2.16

() = oo = g @.16)
In Figure 2.2 one can see the limits of the DRUDE model. It shows the curves for
the real and imaginary part of ¢ to the measured data of gold [60]. The model breaks

down for visible frequencies due to the interband transitions of gold.

The free electron gas model can be linked to the classical DRUDE model [61]. DRUDE
made the assumption that electrons with the momentum p hit other particles after a
characteristic relaxation time 7. In doing so they lose their momentum p. One can
easily identify DRUDE’s equation of motion

p:—g—ﬁ 2.17)

with equation (eq. 2.11) by using p = mx. The result of this equation of motion is an
expression for the optical AC conductivity

70
=" 2.1
o(w) =77 (2.18)
with the DC conductivity
Ne’t
= . 2.1
(2] m ( 9)

11
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&1

wo\/»p In(w) W W, W In(w)

F1GURE 2.3. Theoretical dispersion in Lorentz model. (a) Qualitative progression of
the real part (blue) and the imaginary part (red) of the frequency dependent dielectric
function ¢ in (a) and the conductivity o in (b) for the LORENTZ model.

2.2.3 LoRENTZz Model

The more complex LORENTZ model is typically used to describe the optical properties
of materials around a resonance wy. Such resonances can be infrared (IR) vibrations
of molecules, optical phonon resonances, or localized nanoparticle plasmons. The
LoreNTz model treats molecules as a damped harmonic oscillator. The electrons with
the charge e and mass m are linked to the atomic core and oscillate with the frequency
w. This damped harmonic oscillator has a resonance frequency wy and a damping
constant 7. The equation of motion of such an oscillator with the displacement x from
its zero point in an external electric field E = Ege i@t ig given by

mX 4+ myx + mw% = ¢E. (2.20)

With the assumption for the displacement x(t) = xpe ¥, one obtains

e 1
= 221
X m w3 — w? — iyw @21)
The displacement is linked to the dielectric function ¢ via the polarization P = —Nex =
N&E (N atoms per unit cell) and the corresponding polarizability &
N N ex
=1+—a=1+——. 2.22
e=1l+ =1+ 3 (2.22)
This leads to the complex dielectric function of the LORENTZ model
gw)=1+w o1 (2.23)
P —w? —iyw '

with the known plasma frequency wyp, from (eq. 2.14).

12
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FIGURE 2.4. Excitation of localized surface plasmon in a metallic nanoparticle. An
external light field (green) propagating in direction k with electric field E is incident on
a metallic particle. Hereby, collective oscillations of the quasi-free conduction electrons
can be excited. This excitation causes a periodic displacement of the electron cloud (with
respect to the ionic background) leading to strong local electric fields in the vicinity of
the nanoparticle.

As we know from above, the dielectric function ¢ is linked to the conductivity ¢
via (eq. 2.6). The qualitative progression of real and imaginary part of ¢ and ¢ can be
found in Figure 2.3.

2.2.4 Localized Surface Plasmons

In general, there are three different types of plasmons in existence: volume plasmons,
surface plasmons, and localized surface plasmoms (LSPs). Hereby, the LSPs are the
only ones directly excitable with light and are the basis for all plasmonic nanoparticle
resonances in this thesis. These non-propagating excitations of the conduction elec-
trons of metallic nanostructures can be directly coupled to the electromagnetic field
(see Figure 2.4). Mandatory is that the nanoparticles are smaller than the wavelength
of the incident light.

Depending on the size and shape of the nanopartice, a resonance wavelength due
to collective oscillations of the quasi-free conduction electrons is observed. To under-
stand the physics behind this phenomenon, one starts from the simple model of a
homogeneous, isotropic sphere. As mentioned, this calculation follows the notation of
[58]. A sketch of this sphere with the radius 4 < A and the dielectric function &(w)
can be seen in Figure 2.5. It is placed at the origin of a uniform, electrostatic field

13
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Eo

g(w)
€m
FIGURE 2.5. Sketch of a homogeneous sphere with dielectric function ¢(w) and radius

a, which is placed in the origin of a uniform, electrostatic field. It is surrounded by a
medium with dielectric constant ep,. Sketch reproduced from [58]]

E = Epz. The sphere is surrounded by an isotropic, non-absorbing medium with the
dielectric constant &p,.

The following calculation is aimed at a solution E = —V® for the Laplace equation
V2P = 0. (2.24)
Due to the azimuthal symmetry of the problem, the general solution is of the form
®(r,0) Y. {Alrl + Blr*““)] Py(cos ), (2.25)
1=0

where P;(cos 6) are the LEGENDRE Polynomials of the order / and 6 is the angle between
vector r at point P and the z-axis. The coefficients A; and B; are determined by
boundary conditions at the surface of the sphere with r = a and at r — co. After
separating the potential ® into a potential inside and a potential outside the sphere,
one can determine the coefficients and obtains the solutions for ®;, and Pyt as

_ 3em
€+ 2em

Eyrcos6, (2.26a)

in =
£€—€&m 3cosf
et 2em O 2
By having a closer look at the potential outside the sphere, one can take ®qy; as a
sum of the field of a dipole (dipole moment p located at the particle center) and the
applied field. Equation (eq. 2.26b) can be rewritten as

cbout = —E(]T cosf +

(2.26b)

T

Oout = —Egrcosb + Afnso emrS, (2.27a)
e—¢

- p= 4regema’ Y 2;: Ey, (2.27b)

14
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which means that the external field induces a dipole moment inside the sphere.

By using the equation
P = 0emdEo, (2.28)

one arrives at an expression for the polarizability

E—E
& =A4ma® m 2.29
* e e+ 2em 229)

This equation for & is the most important result of this calculation. The polarizability
shows a resonant enhancement for |¢ + 2em, | being a minimum. Around the resonance,
if Im[e] is small, the resonance condition simplifies to

Rele] = —2¢p,. (2.30)

This relation is called the Frohlich condition for a dipole surface plasmon of the
nanoparticle. A DRUDE metal in air fulfills this Frohlich criterion for a frequency of
w
P
w = —.
LSP /3

The resonance wavelength/frequency shows a strong dependence on the surrounding

(2.31)

media/dielectric, which means that the resonance red-shifts as ¢, is increased.

Furthermore, one can determine the electric field E = —V® with the calculated
potentials (egs. 2.26a and 2.26b):

_ 3em
Em - £+28m 0 (232a)
3n(n-p)— 1
Eout = Eo + Sn(n-p)—p 1 (2.32b)

47egem r3

Fulfilling the condition (eq. 2.30), the electric field inside and outside of the spherical
nanoparticle becomes resonantly enhanced.

If one has a look on the scattering and absorption cross sections of a nanoparticle,
one asserts that they are also dependent on the polarizability &, which means that they
are also resonantly enhanced. This result can be transferred to darkfield spectroscopy.
Thus, it is possible to see nanoparticles which are smaller than the wavelength of
visible light using e.g. a darkfield microscope. The resonance contribution leads to an
enhancement in the efficiency with which a nanoparticle absorbs and scatters light.

15
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F1GURE 2.6. Influence of dielectric function on resonance position of plasmonic nanoan-
tennas. Relative permittivity £; as a function of wavelength for two different materials.
Material 1 (olive, e.g. gold) possesses a shorter plasma wavelength A,/ higher plasma
frequency wp than material 2 (red, e.g. poly(34-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS)). Additionally, &;mat1(A) has a steeper slope in comparison to
€1 Mat2, strongly influencing the resonance position Agesonance 0f @ nanoantenna with
Eigenvalue <. Each value of ¢; requires a specific Eigenvalue v (translating into a specific
nanoantenna length), to fulfill the resonance condition eq. 2.33. The wavelength where
material 1 or 2 matches this value of €; defines the resonance wavelength Agesonance Of
the nanoantenna.

This whole theory is based on a homogeneous, isotropic sphere. Of course this is
just a model. But it gives a basic understanding of the excitation of localized surface
plasmons. For different shapes, it is very challenging to calculate the electric fields or
the resonance positions analytically. The most of them need a numerical calculation
method. Moreover, one can calculate the resonances of a sphere more accurate. There-
fore, one has to consider for example the oscillating time-dependent electromagnetic
field which interacts with the nanoparticle. Especially for nanoparticles with a size
near to the wavelength of visible light, it is important to consider this fact. Therefore,
one can use theories such as the Mie theory. In the book “Absorption and Scattering of
Light by Small Particles” by Bohren & Huffman one can have a closer look at profound
calculations [62]. The conclusion of the upper calculations, especially the strong depen-
dence of the electric field on the surrounding dielectric e, is very important when it
comes to understanding the resonances of plasmonic nanoparticles and metasurfaces.

16
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Besides the dielectric function of the surrounding medium, also the dielectric func-
tion (relative permittivity) of the nanoparticle material £; yp influences the nanoparti-
cle resonance. In general, one finds a resonance condition [63]

YleLne (W) + em] = e1np (W) — €m, (2.33)

where the Eigenvalue v is defined by the nanoparticle geometry. This concept is
illustrated in Figure 2.6. We plot the relative permittivity 1 as a function of wavelength
A for two different nanoparticle materials. Material 1 (for example gold) is plotted
in olive, whereas material 2 (for example metallic polymer PEDOT:PSS) is plotted in
red. Material 1 has a short plasma wavelength ApMat1 in comparison to Ap pat2 0f
material 2. Furthermore, the overall slope of & par is larger compared to e par- In
this qualitative comparison, each value of ¢; defines an Eigenvalue v, translating into
a specific nanoantenna length, as it is illustrated on the y-axis in Figure 2.6. We now
assume nanoantennas with a length of 200 nm (corresponding to e; = —5) once made
from material 1 (gold) and once from material 2 (PEDOT:PSS). The resonance condition
eq. 2.33 states that we will find the gold nanoantennas with a length of 200 nm to
resonate at resonance wavelength AResonance,1, Whereas identical nanoantennas from
PEDOT:PSS will resonate at a higher wavelength Aresonance2- Vice versa, in order to
obtain a gold nanoantenna with a plasmonic resonance at AResonance 2, its length needs
to be increase to 2 ym, as it is marked in Figure 2.6. In conclusion, the course of
e1,np(w) of the nanoparticles strongly influences the resonance position. Hereby, not
only the plasma frequency wp / plasma wavelength A, but also the slope of & np(w)
plays an important role.

2.2.5 Metallic Polymers

This chapter uses no standard metals such as gold or aluminum for plasmonic nanoan-
tennas. Rather, we use polymers, which become metallic in a certain spectral range. As
explained in section 2.2.2, this spectral range is given wherever the real part 1 (w) of
the dielectric function e(w) = & (w) + iez (w) becomes negative and thus the material
becomes optically metallic. An example of a dielectric function for such a metallic
polymer (PEDOT:PSS) has been shown in Figure 2.6 (red curve). Plasmonic nanoanten-
nas from such a metallic polymer can consequently show a plasmonic resonance for
w < wp, respectively A > Ap. A plasmonic high-frequency and collective oscillation
optimization problem is in stark contrast to the common quest in polymer material
science to improve and enhance the DC (direct current) conductivity of conductive
polymers. Here, the general charge carrier transfer mechanism (e.g., hopping transfer)
over large distances has a much bigger influence on the DC conductivity than it has on
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the plasma frequency at very high AC (alternating current) frequencies in small scale
plasmonic systems. Consequently, an increase/decrease of the DC conductivity of an
optically metallic polymer does not directly coincide with an increase/decrease of its
plasma frequency. Rather, as seen from eq. 2.14, a change of wy, is mostly influenced by
a change in the local charge carrier density 1, of the metallic polymer. This becomes
even more clear by roughly estimating the periodic displacement As of the electron
cloud (with respect to the ionic background) in a plasmonic nanoantenna when illu-
minated with an optical high-frequency electro-magnetic wave. The displacement in
such a plasmonic system can be estimated with

As =vxt=0Vp%T, (2.34)

where v is the FERMI-velocity and T is the period of the impinging electromagnetic
wave. We assume an illumination wavelength of A = 600 nm, corresponding to an
optical frequency of 500 THz which is equivalent to a period T = 2 fs. Furthermore,
we assume a typical FErmI-velocity for metallic materials in the range of vr = 10° m/s.
Consequently, the maximum displacement of the electron cloud during one collective
oscillation period is found to be only

As ~ 2 nm. (2.35)

On such small length scales the long-range order as well as conductivity and mobil-
ity of charge carriers over multiple polymer chains become negligible. Rather, the
short-range order and local charge carrier density determines the optical properties
of the metallic polymer. Further theoretical background on metallic polymers will
be discussed directly in section 2.4. A more detailed discussion on the chemical and
physical properties of metallic/conductive polymers can be found in [64].
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FIGURE 2.7. Fabrication of plasmonic nanoantennas made from metallic polymer. PE-
DOT:PSS is used as metallic polymer. It is spin-coated with no pre- or post-treatment onto
20 nm indium-tin-oxide (ITO) (for electrical contact) on glass substrates. The PEDOT:PSS
is overcoated with poly(methyl methacrylate) (PMMA) as positive tone-resist for electron
beam lithography (EBL). After development a 30 nm SiO; etch mask is deposited via
electron-gun evaporation, followed by a standard lift-off in acetone. After a subsequent
argon (Ar) etching to remove uncovered polymer a nanoantenna from PEDOT:PSS on ITO
is obtained.

2.3 INSTRUMENTATION
2.3.1 Fabrication Routine

As mentioned, we use in the following work metallic polymers to obtain electrically
switchable plasmonic nanoantennas. As material of choise we use the metallic polymer
PEDOT:PSS. Structuring PEDOT:PSS is remarkably straightforward, underpinning the
broad applicability of the material for plasmonic nanoantennas and metasurfaces
(Figure 2.7). Commercially available PEDOT:PSS (Heraeus Clevios PH1000, Ossila) is
spin-coated from an aqueous dispersion onto ITO-coated glass substrates with 2500
RPM (5 s) followed by 3000 RPM (55 s) using a 0.45 um syringe filter. Drying is
performed at 120° C for 15 min. We explicitly use no pre- or posttreatment as this
can drastically influence the plasmonic properties of the polymer [65]. This results in
smooth 90 nm thick metallic polymer films, well suited for the subsequent EBL process.
For EBL we use a two-layered PMMA positive tone-resist (Allresist AR-P 642.06 200k
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+ Allresist AR-P 672.02 950k) allowing for high-resolution nanoantenna structures.
After development in methylisobutylketone (MIBK), a 30 nm silicon-dioxide (SiO5)
layer is deposited via electron-gun evaporation followed by a lift-off in acetone. This
dielectric SiO, layer is used as etch-mask for the subsequent Ar etching process to
remove uncovered PEDOT:PSS. Consequently, this leads to a polymer nanoantenna
from PEDOT:PSS on ITO. There is the possibility that part of the SiO, mask might
remain on the nanoantennas. Consequently, the electrolyte might not have access to
the entire antenna, which can reduce switching/diffusion times.

2.3.2  Electrochemical Setup

We use a home-built electrochemical cell (optical thickness: 1.5 mm) for the electrical
switching of the polymer nanoantennas with a three-electrode setup. Our cell is sealed
on the top and bottom with thin glass windows for the optical access in transmission
experiments. The sides have fittings for in- and out-flow of the electrolyte, as well
as fittings for the reference and counter electrode. We use 0.1 mol/1 TBAPFg in
Acetonitrile as electrolyte. The PEDOT:PSS nanoantennas on ITO serve as the working
electrode. The ITO is connected outside of the electrochemical cell. A platinum wire
is used as counter electrode, silver/silverchloride (Ag/AgCl) is used as reference
electrode. All electrodes are connected to a potentiostat (BioLogic SP-200) which
controls the voltage applied to the polymer nanoantennas. Please note that the exact
arrangement of samples inside the electrochemical cell varies throughout this chapter.
This is why we will give details on the individual measurement procedure and setup
in necessary sections.
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Ficure 2.8. Concept of electrically switchable nanoantennas. Illustration of the elec-
trical switching of an individual plasmonic nanoantenna made from metallic polymers
with metal-to-insulator transition. Right: An applied voltage of +1 V turns the polymer
nanoantenna ON into the metallic plasmonic state, exhibiting a plasmonic resonance as
illustrated below. Left: This plasmonic property/resonance is turned off when a voltage
of -1 V is applied as the polymer becomes insulating. The switching between the two
states reaches video-rate frequencies of 30 Hz. ITO on glass substrates is used for the
electrical contact.
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241 Concept

The main concept of our electrically switchable plasmonic system made from metallic
polymers is illustrated in Figure 2.8. Nanoantennas made from the metallic polymer
can be electrically switched via the applied voltage. When we apply a voltage of +1 V
(Figure 2.8, right), the polymer is electrochemically doped and is fully oxidized with a
high carrier density, leading to metallic optical properties. The polymer nanoantenna
is turned ON, and a strong plasmonic nanoantenna resonance can be observed. In
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FIGURE 2.9. Dielectric function of PEDOT:PSS upon electrical switching. (a) Real part &;
and (b) imaginary part ¢, of the dielectric function &€ = &1 4 ie; of PEDOT:PSS thin films
in the metallic (red) and insulating state (blue). ). A metallic polymer with ¢; < 0 is
obtained in the near-infrared (NIR) and mid-infrared (MIR) for wavelengths A > 1.3 ym.
Via the applied voltage, the polymer can be switched into an insulating state with &; > 0
in the entire wavelength range. The inset shows the structural conversion of the metal-
to-insulator transition.

contrast, when the applied voltage is changed to -1 V (Figure 2.8, left), the optical
properties of the polymer become insulating as the carrier density is drastically re-
duced. This leads to a nanoantenna with no plasmonic properties and resonances - the
plasmonic nanoantenna is turned OFF. The electrical switching between ON and OFF
state occurs very fast and allows for switching speeds at video-rate frequencies of 30
Hz - this is significantly faster than any state-of-the-art directly switchable plasmonic
nanoantenna made from phase change materials.

Our fundamental building block for our electrically switchable plasmonic nanoan-
tennas is an electrochemically driven metal-to-insulator transition of our used poly-
mer PEDOT:PSS. It has excellent electrical and optical properties as shown in Figure 2.9,
where the real part 1 (a) and imaginary part &, (b) of the dielectric function ¢ = &1 + ey
of PEDOT:PSS are depicted. The metallic and insulating state are illustrated in red and
blue, respectively. The inset in in the middle of Figure 2.9 illustrates the redox reaction
occurring when PEDOT:PSS changes from its neutral (insulating) state to its oxidized
polaronic/bipolaronic (metallic) state. In detail, PEDOT:PSS is alternately oxidized and
reduced, as common in electrochemistry. Thus, applying the respective voltages of +1
V and -1 V (vs. a reference electrode) causes a doping and dedoping of the polymer
altering the charge carrier density. Higher voltages (outside our electrochemical po-
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tential window) will cause an over-doping and degradation of the material.

We find that PEDOT:PSS is switchable between metallic (¢; < 0) and insulating (¢; > 0)
for wavelengths larger than 1.3 ym via the applied voltage. The crossing & = 0 defines
the plasma frequency wp of our polymer. As explained in section 2.2.2, the plasma
frequency gives direct feedback where a material turns optically metallic allowing
for localized plasmonic resonances. From the expression of the plasma frequency
(eq. 2.14)

2
npé

wp = (2.36)

egom*

it becomes apparent that a change of w), for metallic polymers is possible via a varia-
tion of the (semi-)free charge carrier density n,. The plasma frequency of our metallic
polymer (A, = 1.3 ym — wp = 230.6 THz) corresponds to a charge carrier density of

ny = 1.67 x 10em =3, (2.37)

Thus, a further increase of n, by utilizing, e.g., ultra-high doping levels in metallic
polymers will allow, in the future, to push the plasma frequency of metallic polymers
even into the visible wavelength range. One benefit of using PEDOT:PSS as commercially
available polymer is that the dielectric function of the pristine spin-coated material is
nearly identical to the fully oxidized metallic state. Thus, even without any applied
voltage, the plasmonic properties of the metallic polymer are fully accessible.

2.4.2  Resonance Tuning

The polymer nanoantennas from the metallic polymer are obtained via the fabrication
route explained in section 2.3.1. SEM images and plasmonic resonances of the resulting
well-defined metallic polymer nanoantennas are shown in Figure 2.10 on the right. The
spectral characterization of the polymer nanoantennas is carried out in transmission
with a Fourier-transform infrared (FTIR) spectroscopy system (Bruker Vertex 80 with
Hyperion 3000 microscope). We use bare glass substrates covered with 20 nm of ITO
as reference. The pristine polymer nanostructures show well-modulated plasmonic
resonances. Figure 2.10a and b illustrate the resonances for excitation with T™M and TE
polarized light, respectively. The T™M peak wavelength is tunable in the NIR and MIR
spectral range via a length variation. While a nanoantenna length of L = 180 nm leads
to a TM plasmonic resonance around A = 1.9 um, an increase to L = 380 nm shifts the
mode to A = 2.6 ym with a significant modulation of close to 40% in transmission. In
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F1Gure 2.10. Optical tunability of plasmonic nanoantennas made from metallic poly-
mers. Plasmonic resonances as well as a selection of scanning electron microscopy (SEM)
images of pristine (dry) polymer nanoantennas. We obtain close to 40% modulation
in transmittance. (a) The plasmonic resonances (transverse magnetic (TM) modes) are
tunable from a peak wavelength of 1.9 ym to 2.6 ym when varying the length of the
nanoantennas from L = 180 nm to L = 380 nm. The width is 180 nm, the height is 90
nm, the periodicity in x and y is 500 nm and 300 nm, respectively. (b) The transverse
electric (TE) plasmonic resonances does not shift notably in resonance position, yet, the
modulation depth increases strongly.

contrast, the TE plasmonic resonance peaks at A = 2.0um (Figure 2.10b) and does not
shift notably in wavelength with an increase of the nanoantenna length. The modula-
tion depth increases from 5% to more than 30% as the width of the antennas is kept

constant.

For comparison we use CST Microwave Studio to simulate the spectral response of
the metallic polymer nanoantennas. The results for TM and TE polarization are de-
picted in Figure 2.11. We use the dielectric function of PEDOT:PSS shown in Figure 2.9.
The simulation agrees qualitatively very well with the experiment in Figure 2.10,
yet the modulation depth is over-estimated by the a factor of 1.5 to 2.0. While the
simulation predicts a modulation depth of approximately 60% for metallic polymer
nanoantennas with a length of 380 nm, the experiment shows only 40%. In addition,
also the overall TM resonance shift for a length variation is larger in the simulation in
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FiGure 2.11. Simulation of pristine plasmonic nanoantennas from metallic polymer.
Plasmonic resonances of simulated metallic polymer nanoantennas illuminated with a
(a) T™M and (b) TE polarized electromagnetic wave. Simulation is performed with CST
Microwave Studio. The TM plasmonic resonances are tunable from a peak wavelength of
1.8 ym to 2.8 um when varying the length of the nanoantennas from L = 180 nm to L =
380 nm. The width is 180 nm, the height is 90 nm, the periodicity in x and y is 500 nm
and 300 nm, respectively.

comparison to the experiment.

Overall, we have demonstrated so far very good plasmonic properties of polymer
nanoantennas with a tunability of the plasmonic resonances in the NIR and MIR spectral
range while achieving remarkable resonance modulation comparable to nanoantennas
made from commonly used plasmonic metals such as gold or aluminum. However, the
key advantage is the electrical switchability of our plasmonic polymer nanoantennas
which we will discuss in the following.

2.4.3 Electrical Switching of Plasmonic Resonances

As explained in section 2.3.2, the electrical switching is carried out in a liquid en-
vironment using an electrochemical cell with a three-electrode setup as sketched in
Figure 2.12. ITO (for electrical contact) and the polymer nanoantennas serve directly
as the working electrode, whereas the counter electrode (platinum wire) and the ref-
erence electrode (silver/silver-choride, Ag/AgCl) are in contact with the electrolyte
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FIGURE 2.12. Electrochemical switching principle. Schematic drawing of the electro-
chemical cell and optical measurement setup where the optical properties of the polymer
nanoantennas are electrically controlled and investigated. We use a three-electrode setup
with potentiostat to apply the corresponding voltages to the polymer nanoantennas.
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(0.1 mol/1 TBAPFg in Acetonitrile). A potentiostat is used to control the individual
voltage over time. The voltage is given versus reference potential, i.e. PEDOT:PSS is
in its oxidized state at +1 V and in the neutral (reduced) state at -1 V vs. Ag/AgCL
It must be noted that upon electrochemical doping counterions are incorporated in
the active nanoantennas for charge balancing reasons. The electrochemical window is
chosen such that no overdoping takes place. For the full spectral characterization of
the polymer nanoantennas we use an FTIR spectrometer. The temporal and switching
behavior is investigated with a narrow band IR laser and a photodiode, as discussed
later below.

The spectral response of an array of polymer nanoantennas with length L = 300 nm
for different applied voltages is depicted in Figure 2.13. The pristine spectral response
(referred to as dry state without electrolyte) as well as the response for +1 V are shown
in grey and red, respectively. For the chosen nanoantennas (L = 300 nm, SEM image
on the right in Figure 2.13), we find in the dry state a plasmonic resonance around
a wavelength of approximately 2.4 ym. The PEDOT:PSS is in an almost completely
oxidized state, causing a well-modulated plasmonic resonance. An applied voltage of
+1 V triggers a full oxidation of PEDOT:PSS with a maximum doping level and charge
carrier density of the polymer due to the existence of polarons/bipolarons [66, 67].
This results in the plasmon in Figure 2.13 to be fully turned ON with the highest pos-
sible modulation. The peak wavelength shifts slightly blue with a peak wavelength of
approximately 2.2 ym. Remarkably, applying a negative potential of -1 V (Figure 2.13,
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FiGuRe 2.13. Electrical switching of plasmonic resonance. Spectral response of poly-
mer nanoantennas (L = 300 nm) for different states. Dry state (grey, pristine without
electrolyte): The plasmonic resonance is almost completely turned ON with a peak wave-
length of 2.4 ym. +1 V (red): The plasmonic resonance is completely turned ON with the
highest possible modulation and is slightly blue-shifted to 2.2 ym as the polymer is in its
fully metallic state. -1 V (blue): The plasmonic resonance is completely turned OFF as
the polymer turned insulating. All voltages are measured against Ag/AgCl. Right panel:
A SEM image shows the nanoantennas with a length of 300 nm. The laser wavelength for
the experiments in Figures 2.15 to 2.17 is marked in grey (dashed line).

blue curve) turns the plasmon in the polymer nanoantennas completely OFF with no
remaining plasmonic modulation - PEDOT:PSS is completely reduced, i.e. in the neutral
state and hence dielectric in the IR spectral range of interest.

Furthermore, we plot in Figure 2.14 an entire data set of spectral responses from
polymer nanoantennas with different lengths. Here, we vary the length from 160
nm to 380 nm. The length step size is 20 nm. The width at 160 nm, the periodicity
in x at 500 nm, and the periodicity in y at 300 nm are kept constant for all lengths.
Figure 2.14 includes a detailed investigation of the plasmonic resonances for TM and TE
polarization as well as for the following three different states: dry (pristine), +1 V, -1 V.
It is observed that the plasmonic resonances of all arrays of polymer nanoantennas can
be completely switched off (TM and TE resonances) which proves the great tunability
and switchability of our metallic polymer nanoantennas.
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FiGure 2.14. Entire spectral data of electrically switchable plasmonic nanoantennas
made from metallic polymers. Length variation (160 nm - 380 nm) for different polymer
states (dry state, +1 V, -1 V) and different incident linear polarization. TM-polarized: (a)
dry, (b) +1V, (c) -1 V. TE-polarized: (d) dry, (e) +1V, (f) -1 V. The width of the plasmonic
nanoantennas is 160 nm, the periodicity is 500 nm along the long axis and 300 nm along
the short axis. The plasmonic resonances for all lengths can be further enhanced at an
applied voltage of +1 V and can be completely switched off at -1 V. This results in a
maximum switching difference of approximately 35% in transmittance (compare (b) and

(9))
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FiGure 2.15. Electrical switching with 1 Hz frequency. Transmitted intensity at A =
2.15 um through the polymer nanoantennas while the applied voltage is switched, as
sketched on the right. The intensity of the transmitted beam is modulated according
to the state the polymer nanoantennas are set to with the applied voltage. The lower
graphs show the set voltage switching between +1 V and -1 V. The top graphs depict
the transmitted intensity (green curve) cycling between the ON and OFF state as well
as the 10% - 90% modulation (grey areas). We plot the cycles 1-10 where the polymer
nanoantennas are switched with a frequency of f = 1 Hz.

244 Switching Speed

As a next step we investigate the switching speed of our metallic polymer nanoanten-
nas. We present in Figure 2.15 the transmitted intensity through the metallic polymer
nanoantennas while the antennas are switched between ON and OFF states at applied
voltages of +1 V and -1 V, respectively. This causes the intensity of the transmitted
laser beam - fixed to a wavelength of 2.15 ym - to be modulated, as sketched on the
right in Figure 2.15. The lower graphs (grey curves) show the voltage applied to the
polymer nanoantennas cycling between +1 V and -1 V. The corresponding transmit-
ted intensity through the polymer nanoantennas is depicted in the top graphs (green
curves). The first ten cycles of the electrical polymer nanoantenna switching with a
frequency of f = 1 Hz are shown. We find full transitions between the ON and OFF
states without any noticeable degradation.

This allows for the extraction of the 0% and 100% modulation level, meaning the
intensity values reached in the saturated ON and OFF state, respectively, as it is de-
picted in Figure 2.16 on the left. It shows the rise and fall curve of the first cycle of
electrical switching with 1 Hz. The rise curve (upper graph) defines the 100% level

29



ELECTRO-ACTIVE METALLIC POLYMER NANOANTENNAS AND METASURFACES

T T
1.1 - .
=
’5 Zoom-in [ gg‘ % g
< 09 P - Y20eme 28{o g
> 7 : Sx| w3
b= A )
2 g .
3
£ 07 —— -
el 11 - -
g N
é Zoom-in r gg- 9 E
7 ax | T =
S 09 D N 91ms 5o | v
= §2]co3
Z®o
L N ]
0.7 1 1 1 1 1 1 1
0 200 0 20 40

Time (ms) Time (ms)

FIGURE 2.16. Extraction of switching time. Detailed analysis of rise (ON — OFF) and
fall (OFF — ON) time. Left: Determination of 0% and 100% level of switching cycles.
Rise and fall curve of first cycle of electrical switching of plasmonic nanoantennas shown
in Figure 2.15. We determine the 100% level (top) and 0% level (bottom) from the rise
and fall curve, respectively, when saturation is achieved. Right: Zoom-in on the first 40
ms (orange area) of the first switching cycle of the respective rise and fall curve. The
grey area marks the 10% - 90% modulation to determine the rise/fall time. We obtain
a rise time (from 10% to 90%) of T;se = 20.8 ms and a fall time (from 90% to 10%) of
Tran = 9.1 ms as marked in red.

after the intensity has saturated, as marked in blue. The 0% is defined by the fall curve
after saturation (lower graph). Consequently, we can define and calculate the 10% -
90% modulation window (marked as grey area). For this purpose, a zoom-in on the
first 40 ms (orange area) of the rise / fall curve is displayed in Figure 2.16 on the right.
We analyze the rise time (ON — OFF) in the top graph as well as the fall time (OFF —
ON) in the lower graph. The rise time is commonly defined as the time step in which
the intensity rises from 10% to 90%. Equivalently, the fall time is defined as the time
step in which the intensity falls from 90% to 10%. The respective time span is marked
in red. We obtain a rise time of T;jse = 20.8 ms and a fall time of 1,;; = 9.1 ms. This
results in a total time for one duty cycle of T = 29.9 ms, equivalent to a maximum
switching frequency of f = 33 Hz.

30 cycles of an electrical switching of our plasmonic polymer nanoantennas with
video-rate frequency of f = 30 Hz is depicted in Figure 2.17. Again, the 10% - 90%
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FiGure 2.17. Electrical switching with video-rate frequency. Transmitted intensity at
A = 2.15 um through the polymer nanoantennas while the applied voltage is switched
with a frequency of f = 30 Hz. The lower graphs show the set voltage switching between
+1 V and -1 V. The top graphs depict the transmitted intensity (green curve) cycling
between the ON and OFF state as well as the 10% - 90% modulation (grey areas, taking
degradation into account). We plot the cycles 261-290 where the polymer nanoantennas
are switched with a frequency of f = 30 Hz. We reach more than a 10% - 90% modulation
even at these video-rate switching frequencies.

modulation window is marked as grey area, which takes degradation of the nanoan-
tennas after a total of 260 cycles into account. We find that indeed electrical switching
at such high video-rate frequencies is possible as the transmitted intensity reaches a
modulation larger than 10% - 90%. Overall, the degradation after 290 switching cycles
is on the order of only 25%, which means that the overall modulation (comparison
of grey marked areas in Figures 2.15 and 2.17) is reduced by 25%. For switching at
1 Hz, we find little to no degradation within the first 20 cycles. Possible sources for
degradation might be the volume expansion of the polymer during switching (causing
nanoantennas to become porous), or irreversible reactions during the electrochemical
oxidation and reduction. However, future material development can even improve the
long-term stability.
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F1GUrE 2.18. Concept of metallic polymer plasmonic metasurface for high-efficiency ac-
tive beam steering. A plasmonic metasurface made from metallic polymer is switchable
between an insulating (left) and metallic state (right) by applying a voltage of -1 V and +1
V, respectively. This turns the polymer metasurface from an OFF- into an ON-state and
allows beam steering (using incident circularly polarized light) with 100% contrast ratio
in the diffracted beam. The polymer metasurface consists of an array of individually
rotated plasmonic nanoantennas.

2.5 METALLIC POLYMER METASURFACE FOR DYNAMIC BEAM STEERING

Our novel concept greatly boosts the integrability of plasmonic systems into, e.g.,
commercial smart and small-scale electro-optical devices, as we have demonstrated
that it possesses several favorable properties: It has a very high switching modula-
tion efficiency with a full ON- and OFF-state, it is electrically switchable, it requires
comparably low voltages/electric potentials, and it is switchable at video-rate frequen-
cies. One archetype integration of plasmonics into devices is performed via plasmonic
metasurfaces. State-of-the-art nanofabrication offers full control over spatial arrange-
ment and orientation of the subwavelength nanoresonators and thus allows to design
metasurfaces with amplitude and phase manipulation as well as control of light nearly
at will. Thus, as a proof of concept, we demonstrate an electrically switchable metallic
polymer metasurface for ultra-high-contrast active beam steering, that is, a metasur-
face with the ability to actively control the routing of incident light into a fixed angular
range. The basic working principle is illustrated in Figure 2.18: The metasurface is
illuminated with a circularly polarized light beam. Depending on the state of the
polymer nanoantennas, part of the incident light is diffracted, showing opposite hand-
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FIGURE 2.19. Spectra and SEM image of the metallic polymer beam steering metasurface.
(a) The T™M plasmonic resonance (dark green) has a peak wavelength at 2.65 ym which
is used as illumination wavelength in Figure 2.20. The TE resonance (orange) is shifted
to 2.0 um, to realize sufficient spectral contrast between TE and TM resonance at the
operating wavelength of 2.65 um. The superperiod of the polymer metasurface is 15 ym
leading to a diffraction angle of ¢ = 10.2°.

edness. The transmitted and diffracted beams are imaged with an IR camera. The key
feature of our metallic polymer metasurface is the ability to fully switch it ON and
OFF. Consequently, the contrast ratio, defined as the ratio of the diffracted intensities
in the metasurface ON and OFF states, reaches an unprecedented 100%.

The T™™ (dark green) and TE (orange) resonance spectra of the metallic polymer
nanoantennas, building blocks of the metasurface, are depicted in Figure 2.19a. The
peak wavelength of the TM plasmonic resonance is at 2.65 ym, whereas the TE peaks at
2.0 ym. It results in sufficient spectral contrast between TE and T™ polarization. This is
necessary for the geometric rotation to cause a geometric 7r-phase shift (Pancharatnam-
Berry-phase) after 180° nanoantenna rotation, when the metasurface is illuminated
with circularly polarized light. This causes nanoantennas spaced by the superperiod to
oscillate and scatter light efficiently in phase with opposite handedness of the circular
polarization [7]. The length of the individual nanoantennas is 380 nm, the width is 160
nm, and the height is 90 nm. Incremental rotation angles of 6° with a periodicity of
500 nm in x and y direction result in a superperiod of 15 ym, as illustrated in the SEM
image of the polymer metasurface in Figure 2.19b. It comprises a total of 30 individual
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F1GUrE 2.20. Pristine beam diffraction with polymer metasurface. (a) Experimental
setup to measure and image beam steering with the electrically switchable metallic
polymer metasurface. (b) IR camera image and intensity profiles for an illumination with
left-circularly polarized (LCP) (left) and right-circularly polarized (RCP) (right) light. The
primary beam at 0° remains for both circular polarized states, whereas the diffracted
beam appears at -10.2° for LCP and at +10.2° for RCP illumination.

polymer nanoantennas, leading to a diffraction angle of ¢ = 10.2°.

In order to measure and image the diffraction of the beam steering metasurface, we
use a home-built setup as sketched in Figure 2.20. We use a tunable parametric fre-
quency converter system (Alpha-HP, Stuttgart Instruments) for the laser illumination
tuned to A = 2.65 ym. As the laser is linearly polarized, a subsequent quarter wave
plate (QWP) is used to obtain circularly polarized light. A telescope, comprising two
lenses, is used to adjust the beam diameter. We illuminate with a collimated light
beam. The polymer metasurface is placed inside the electrochemical cell for electrical
switching and causes the incident beam (red) to be diffracted (blue) when the meta-
surface is in its metallic state. Both beams are detected and imaged using an IR camera
(Pyrocam III, Ophir Photonics).

The functionality of the polymer metasurface in its pristine state is depicted in
Figure 2.20b. For these measurements, there is no voltage applied to the metallic
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Ficure 2.21. High contrast beam steering with metallic polymer metasurface. Left:
Schematic drawing of the measurement setup and beam steering concept of the polymer
metasurface. The metasurface is turned ON and OFF via the applied voltage (three-
electrode setup) in the electrochemical cell, while the transmitted and diffracted beams
are recorded using an IR camera. Right: IR camera images and intensity profiles in the (a)
ON- and (b) OFF-state for illumination with RCP light. The diffracted beam (right peak)
at +10.2° vanishes completely when a voltage of -1 V is applied.

polymer nanoantennas. The top images illustrate the IR camera images for LCP (left)
and RCP illumination (the primary transmitted beam is attenuated to prevent satu-
ration of the IR camera). The bottom graphs show the averaged intensity versus the
diffraction angle. The primary (non-diffracted) transmitted beam at an angle of 0°
has similar intensities for both illumination polarizations. For illumination with LCP
light, we observe a diffracted spot at -10.2°. As expected, when inverting the polar-
ization to RCP, the incident laser beam is diffracted in opposite direction and appears
at +10.2°. The diffraction efficiency is 1.1%. So far, the spectral contrast of the beam-
steering metasurface in its ON-state accounts to roughly 86:100 percent transmission
(see Figure 2.19a, TM mode, dark green curve). This contrast is currently limiting
the diffraction efficiency. Increasing the modulation depth by optimizing material,
geometry, and doping levels will enhance the diffraction efficiency.
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The electrical switching of the metallic polymer metasurface is carried out analo-
gously to Figure 2.12 in the electrochemical cell. As mentioned, the laser is set to an
illumination wavelength of 2.65 ym and the IR camera is used to image the transmitted
and diffracted intensities. The incident light beam is RCP. The experimental scheme is
sketched in Figure 2.21a and b on the left. The measured IR camera images and inten-
sity profiles for an applied voltage of +1 V and -1 V are displayed on the right (please
note that the primary transmitted beam is again attenuated to prevent saturation of the
IR camera). A voltage of +1 V turns the metasurface ON. The polymer is fully oxidized
leading to the known metallic plasmonic properties. We observe diffraction by the
plasmonic polymer metasurface. In contrast, the applied voltage of -1 V turns the meta-
surface completely OFF as the polymer nanoantennas switch into the insulating state.
As seen in Figure 2.21b on the right, the diffracted beam at +10.2° vanishes completely
as the plasmonic properties of the individual polymer nanoantennas are switched OFF.

The metallic polymer nanoantennas possess another intriguing property: A succes-
sive electrochemical doping allows to realize intermediate states between ON and OFF
and thus a modification of the intensity of the diffracted beam at will. This is depicted
in Figure 2.22a. We show selected IR camera images of a total of three cycles of this
active beam steering process, where the voltage is cycled between +1 V. The scan
rate is 20 mV/s. Typical cyclic voltammograms are depicted in Figure 2.22b. While
the primary beam (a) remains almost constant for all voltages, the intensity of the
diffracted beam can be gradually varied until a full turn OFF and ON is achieved.

The images illustrate another important aspect of our material: There is a hysteresis
present, both in the cyclic voltammogram (Figure 2.22b) as well as in the optical
signal (diffracted intensity as a function of applied voltage, Figure 2.22¢c). This has
an important and extremely useful consequence: At voltage zero, depending on the
direction of the scan (either going from +1 V to 0 V or going from -1 V to 0 V),
the diffracted optical signal will be different. Thus, non-volatile operation is possible,
which means that for future holographic and display applications the diffraction of the
nanoantennas of the metasurface can be set ON or OFF in a powerless operation. This
concept will be used in the next section to realize an entire non-volatile metaobjective
from metallic polymer metalenses-on-demand.
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F1Gure 2.22. Continuous active beam steering with metallic polymer metasurface. (a)
Chosen subsequent IR camera images showing three cycles of active beam steering when
the applied voltage is cycled in-situ between -1 V and +1 V. The intensity of the diffracted
beam (right spots) can be continuously varied depending on the applied voltage. (b)
Cyclic voltammograms for metallic polymer metasurface from PEDOT:PSS during elec-
trochemical switching. Measured current against applied voltage (vs. Ag/AgCl) for six
cycles of electrical switching of the metasurface. The arrows indicate the scanning direc-
tion. (c) Average diffracted intensity vs. applied voltage of the metasurface switching
shown in (b). We find a hysteresis of the optical signal. Depending on the direction of the
voltametric scan, we can hold the metasurface in different states in a powerless operation
at 0 V. A scan from +1 V to 0 V results in an ON-state of the metasurface with a high
diffracted intensity (green dot). A scan from -1 V to 0 V results in an OFF-state with no
diffraction (red dot). The scan direction is again indicated with the arrow.
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2.6 ELECTRO-ACTIVE METAOBJECTIVE FROM METALENSES-ON-DEMAND

Switchable and active metalenses are of interest for the miniaturization and for extend-
ing the functionality of complex and integrated on-chip imaging systems. Typically,
bulky lenses or mechanically adjustable zoom-objectives are necessary, while active
metalenses allow similar adjustments to, e.g., the focal length on ultra-small length
scales without any required mechanical adjustment. In detail, the active switching of
metalenses relies on the change of the optical properties of the used materials upon an
external stimulus. Most prominent, these transitions are either driven by temperature
[16, 17, 43], chemically [41, 42, 44-47], or electrically [10, 18, 49-51, 54, 56, 68], with
the latter being the most desirable for electro-optical devices.

However, most current electro-active approaches of active metalenses do not switch
the nanoantenna material itself. In fact, its surrounding material is dynamically al-
tered, thus limiting the achievable switching contrast, functionality, and overall design
freedom [18, 20, 21, 69]. In contrast, using nanoantennas from smart functional ma-
terials with electrically-driven metal-to-insulator transitions would allow to turn a
metalens and thus its functionality fully ON or OFF on demand. In this section, we
will demonstrate active metalenses-on-demand and a multi-functional metaobjective
composed of electrically switchable metallic polymer nanoantennas. The plasmonic
metalenses are switchable between fully ON- and OFF-states via an applied voltage
of only £1 V.

2.6.1 Concept

A schematic of our metallic polymer metalenses and metaobjective is illustrated in
Figure 2.23. The objective consists of two independent electrically switchable metal-
enses (polymer metalens 1 and 2), placed on an ITO coated substrate and separated
by an electrolyte. Each metalens comprises plasmonic polymer nanoantennas which
are switchable between a metallic and insulating state via applied voltages of +1 V
and -1V, respectively. This is illustrated in the lower part of Figure 2.23. As dis-
cussed in the previous sections, the plasmonic resonance of the nanoantennas can
be switched fully ON or OFF electrically. The underlying mechanism is again the
electrochemically-driven optical metal-to-insulator transition in the metallic polymer
PEDOT:PSS. Consequently, an applied voltage of +1 V turns the nanoantenna building
blocks into the metallic state and thus the individual metalens into the ON state - the
refractive power of the lens is switched ON. A voltage of -1 V turns the metalens and
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F1GURE 2.23. Schematics of electro-active metaobjective from metalenses-on-demand.
Top: Illustration of a metaobjective comprising two electrically switchable metalenses
on ITO-covered substrates. The metalenses consist of electrically switchable metallic
polymer nanoantennas. An electrolyte is used as separation and to allow electrochemical
switching. The refractive power of the polymer metalenses is switched ON or OFF on
demand via an applied voltage of only +1 V or -1V, respectively. Bottom: The electrical
switching is based on the reversible metal-to-insulator transition of the metallic polymer.
A voltage of +1 V turns polymer nanoantennas metallic and their plasmonic resonance
ON. A voltage of -1 V switches the polymer nanoantennas into an insulating state and
their plasmonic resonance OFF.

thus the refractive power OFFE.

In the combined case of the metaobjective, we obtain four different output states,
depending on the voltage applied to the individual polymer metalenses. These mul-
tiple states are depicted in Figure 2.24. In Figure 2.24a, metalens 1 is turned ON
(+1 V) while metalens 2 is turned OFF (-1 V). Only metalens 1 focuses the incoming
collimated light beam. The metaobjective possesses a focal length f;. The inverted
case in Figure 2.24b (metalens 1: OFF, metalens 2: ON) causes only metalens 2 to
focus the incoming light. The metaobjective possesses a focal length f,. In the third
case (metalens 1: ON, metalens 2: ON) we obtain a unique multi-focal state. Due to
the general working principle of the metalenses using circularly polarized light, the
two metalenses do not influence each other. Incoming RCP light is focused as LCP
light and vice-versa. Thus, both metalenses focus the incoming circularly polarized
light separately and we obtain two foci, as depicted in Figure 2.24c. Additionally, the
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FiGUuRre 2.24. Concept of electro-active metaobjective from metalenses-on-demand.
Depending on the individual voltage applied to the polymer metalenses, four different
states become possible. (a) (metalens 1: ON, metalens 2: OFF): focus at F;. (b) (OFF, ON):
focus at F. (c) (ON, ON): focus at F; and F,. (d) (OFF, OFF): no focus.

metallic polymer metaobjective can also be switched fully OFF. This last case with no
focused light in Figure 2.24d results from both metalenses to be switched OFF with an
applied voltage of -1 V. Before investigating the metaobjective, we will characterize the
following the static as well as dynamic optical properties of the individual metalens.

2.6.2  Static Metallic Polymer Metalens

The functionality and focal length of our metalenses depends on the curvature of
the 2D quadratic phase profile, which relies on the geometrical arrangement and
individual rotation of the nanoantennas. The rotation angle ¢ of a nanoantenna at
position x and y is defined as

wxw:%(wﬂ+ﬂ+ﬁva, 238)

where Ay denotes the free space wavelength and f the focal length. The phase
profile (a) as well as the nanoantenna rotation angle (b) in dependence of the position
x and y for a metalens with f = 5 mm, a diameter of 1.5 mm, and A = 2.65 ym are
depicted in Figure 2.25. It shows a typical quadratic phase profile where the incremen-
tal rotation angle decreases towards the center of the metalens. By placing resonant
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F1GURE 2.25. Metalens phase profile. (a) Quadratic phase profile of a metalens with
focal length f = 5 mm, diameter of 1.5 mm, numerical aperture of 0.15 at an illumination
wavelength of A = 2.65 um. (b) 2D map of nanoantenna rotation angle to obtain the
quadratic phase profile in (a).

(at A = 2.65 ym) metallic polymer plasmonic nanoantennas with the shown rotation
angle in an array, one can transfer the quadratic phase profile to the metalens.

A SEM image of a subarea of a metallic polymer metalens is depicted in Figure 2.26a,
showing the excellent fabrication quality achievable with spin-coated PEDOT:PSS. As
discussed above (Figure 2.9), the plasma frequency/wavelength, which defines the
wavelength above which the polymer and thus the nanoantennas become metallic, is
around A, = 1.3 um. Consequently, the metallic polymer nanoantennas - the building
blocks of the metalenses - exhibit a plasmonic resonance in the IR spectral range, as
depicted in Figure 2.26b. The TM resonance position of our used nanoantennas with a
length of L = 380 nm, width of W = 160 nm, and height of H =90 nm is at A = 2.65 ym,
used as working wavelength in all following experiments.

In Figure 2.27a we map the focus of the metallic polymer metalens along the optical
axis. The exact measurement setup is depicted in Figure 2.27b. We use a laser (Stuttgart
Instruments Alpha HP) tuned to 2.65 ym to be resonant with the plasmonic metallic
polymer nanoantennas. Similar to the beam steering metasurface, we rely again on
circularly polarized light in order for the metasurface to work (see discussion of
Figure 2.19). The laser output is linearly polarized. Using a QWP we obtain RCP
(red) light. A telescope reduces the beam diameter to illuminate only the metalenses
(diameter 1.5 mm). The metalens/metaobjective is mounted inside an electrochemical
cell to facilitate electrical switching. The transmitted (focused) light is polarization
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FIGURE 2.26. SEM image and plasmonic resonance of metallic polymer metalens. (a)
SEM image of a sub-area of the metallic polymer metalens showing the rotated nanoan-
tennas. The nanoantennas have a length of L = 380 nm, width of W = 160 nm, and height
of H=90 nm. The periodicity in x- and y-direction is 500 nm. (b) TM plasmonic resonance
of used metallic polymer nanoantennas. The working laser wavelength (A = 2.65 um) is
marked with a dashed line.

converted and is LCP (blue). The transmitted light is collected and imaged to an IR
camera (Spiricon Pyrocam III) using an objective lens. The remaining fundamental
RCP light is filtered using a circular analyzer (combination of QWP and polarizer). By
moving the entire electrochemical cell along the optical axis in z-direction, we can
map the focus of the metalens/metaobjective. The refractive power of the metalens
manifests itself in a focus as depicted in the focal plane of the metalens in Figure 2.27a.
The Gaussian beam profile in the focal plane is highly symmetric in both dimensions
(x and y). This is proven by a cross-sectional profile along the x-direction through the
focus, as shown in Figure 2.27c. We obtain a focal spot with a FWHM of 81 ym at an
illumination wavelength of A = 2.65 ym.
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FIGURE 2.27. Mapping refractive power of polymer metalens. (a) Camera images
at different z-positions (along the optical axis) around the focal plane of the metallic
polymer metalens. (b) Setup to measure and map the focus of the metalenses and the
metaobjective. (c) Cross-section of beam profile in the focal plane of the metalens along
x-direction. The full width at half maximum (FWHM) is 81 ym.
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Ficure 2.28. High-contrast electrical switching of a metallic polymer metalens-on-
demand. (a) Setup to electrically switch a metalens. An electrochemical three-electrode
setup is used to tune the applied voltage via cyclic voltammetry. The camera is placed
in the focal plane of the metalens (focal length of f = 5 mm) to image the optical
performance of the metalens. (b) Camera images and cross-sectional intensity profiles in
the focal plane of the metalens. Left: An applied voltage of -1 V switches the polymer
insulating and thus the metalens OFF with no diffractive power. Right: A voltage of +1
V switches the polymer metallic and the metalens ON. A focus is observed.

2.6.3 Metalens-On-Demand

Next, we turn our attention to the switching performance of the metallic polymer
metalens. The electrical switching is carried out using the previously discussed elec-
trochemical setup in a liquid electrolyte, as it is sketched in Figure 2.28a. It comprises
a three-electrode setup including a reference and counter electrode. The polymer
metalens itself acts as the working electrode and is contacted via the ITO layer. The
applied voltage is cycled between the metallic polymer state at +1 V and the insulating
polymer state at -1 V via cyclic voltammetry. Simultaneously, the transmitted intensity
and beam profile are imaged using the IR camera positioned in the focal plane of the
metalens. Most importantly, we demonstrate in Figure 2.28b that the polymer met-
alens can be switched between an ON- and OFF-state on demand depending on the
applied voltage. A voltage of +1 V turns the plasmonic resonance of the nanoantennas
and thus the metalens ON (right). The polymer switches into its metallic state and we
observe a focal spot in the focal plane. In contrast, an applied voltage of -1 V turns
the plasmonic resonance and the metalens OFF (left). The polymer switches into the
insulating state and the refractive power of the metalens is turned OFF. Moreover, this
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FiGure 2.29. Continuous electrical switching of refractive power of metalens. Time
sequence of camera images showing the focused intensity by the polymer metalens while
the applied voltage is switched via cyclic voltammetry between £1 V (2 cycles). Grey
scale operation is possible as the intensity of the focused light can be adjusted depending
on the applied voltage.

electro-optical switching between ON- and OFF-state is reversible and repeatable over
hundreds of switching cycles with switching frequencies up to 33 Hz, as previously
demonstrated in section 2.4.4.

Selected images of two cycles of electrochemical metalens switching via cyclic
voltammetry are depicted in Figure 2.29. The images show the intensity distribu-
tion in the focal plane for different applied voltages during the switching cycles. The
time axis is from left to right. The scan rate is 20 mV/s. The refractive power of the
metalens is reversibly switched ON and OFF. The focused intensity is high at +1 V and
low at -1 V. Interestingly, the metalens remains in the metallic ON-state for voltages
down to -0.2 V.

This is observable even better in the graph depicted in Figure 2.30. Here, we plot
the normalized focused intensity over the applied voltage for the two full cycles. The
scanning direction is indicated with arrows. In the backward scan from +1 V to -1
V, we find, that the focused intensity remains almost constant and thus the metalens
remains in the ON-state down to voltages of -0.2 V. The intensity fades starting at
applied voltages below -0.3 V and the metalens is switched OFF at -1 V. In contrast,
in the forward scan from -1 V to +1 V the metalens remains in the OFF-state up to 0
V. From this point the focused intensity increases again until it reaches it maximum
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FiGure 2.30. Non-volatile operation of metallic polymer metalens. Normalized fo-
cused intensity by the polymer metalens as a function of the applied voltage during the
switching cycles shown in Figure 2.30. The scanning direction is marked with arrows.
Non-volatile operation is possible at 0 V. The polymer metalens remains in the ON state
at 0 V (set ON, marked green) when previously +1 V was applied. In contrast, it remains
OFF at 0 V (set OFF, marked red) when previously -1 V was applied.

value around +1 V. Due to this present hysteresis, depending on the preceding applied
voltage the metalens can either be set ON or set OFF at 0 V (marked in green and
red) and thus an energy-efficient non-volatile operation is possible. This principle is
used in the following to switch and set the states of a multi-functional metaobjective
comprising two electrically switchable metallic polymer metalenses-on-demand.

2.6.4 Electro-Active Metaobjective

The exact electrochemical arrangement to switch the metalenses of the metaobjective
is sketched in Figure 2.31. The metalenses are mounted in the same electrochemical
cell and their gap is filled with electrolyte. Both use the same reference electrode
(Ag/AgCl) and counter electrode (Pt). Using a switches, we can choose which met-
alens to switch and which voltage to apply with the potentiostat. By closing both
switches, we are thus also able to set both metalenses of the metaobjective into the
same metallic or insulating state.

The concept of the electro-active polymer metaobjective is sketched in Figure 2.32a.
As mentioned, it consists of two metalenses fabricated from metallic polymer, which
are separately switchable. The focal lengths are f; = 6 mm for metalens 1 and f; =5
mm for metalens 2 and they are spaced by 3.5 mm. Both metalenses comprise nanoan-

46



2.6 ELECTRO-ACTIVE METAOBJECTIVE FROM METALENSES-ON-DEMAND

Reference electrode
= Counter electrode
= Working electrodes

N\
), |
Electrolyte

- |7__ ———1 — Glass

—— ITO

+
T T
—— Polymer metalens 1
L

I Polymer metalens 2

- - ——T |70

" Glass

F1GURE 2.31. Schematic setup to switch the individual metalenses of the metaobjec-
tive. Both polymer metalenses are mounted inside an electrochemical cell filled with
electrolyte. We use ITO covered glass substrates to allow electrical addressability and
operation in transmittance. Both ITO layers are contacted separately. Using switches, we
can choose to which metalens the set voltage is applied to. Furthermore, we can also ap-
ply the same voltage to both polymer metalenses simultaneously to set both metalenses
to the either ON- or OFF-state.

tennas (L = 380 nm, W = 160 nm, H = 90 nm) resonant at A = 2.65 ym, which is used
as the laser illumination wavelength. We use a non-volatile operation (as explained in
Figure 2.30) to set the individual states of the two metallic polymer metalenses.

The metaobjective is switchable between four different states. The results are de-
picted in Figure 2.32b. We plot a cross-section of the xz-plane which is obtained by
moving the IR camera along the optical axis (z-direction). In the first state (top) metal-
ens 1 is set ON (+1 V) whereas metalens 2 is set OFF (-1 V). Only metalens 1 focuses
the incoming circularly polarized light beam and we find a single focus only in the
focal plane F; at position z = 6 mm. The second state (metalens 1: set OFF, metalens 2:
set ON) switches the focal length of the metaobjective and we observe a single focal
spot only in the focal plane F, of metalens 2 at z = 8.5 mm. Furthermore, we realize
two novel states with our metallic polymer metaobjective. Switching both metalenses
simultaneously ON via an applied voltage of +1 V creates a multi-focal metaobjective.
We obtain focal spots in both focal planes F; and F». An applied voltage of -1 V to
both polymer metalenses (bottom of Figure 2.32b) sets both metalenses OFF and into
the insulating state. The refractive power of the entire metaobjective is switched OFF
and no focal spots are observed.
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F1GUre 2.32. Non-volatile electrically switchable multi-functional metaobjective. (a)
Schematic drawing of the arrangement of the metaobjective. It comprises two polymer
metalenses spaced with an electrolyte. Both are electrically switchable separately via an
applied voltage. The metaobjective is illuminated with an IR laser beam (A = 2.65 ym)
and the focused intensity is imaged along the optical axis. (b) The metaobjective from
metallic polymer allows for four different states. Non-volatile operation is used to set the
refractive power of the individual metalenses either ON or OFF with an applied voltage
of +1 V or -1V, respectively. State 1 (metalens 1: ON, metalens 2: OFF): single focus
at focal plane F; of metalens 1. State 2 (metalens 1: OFF, metalens 2: ON): single focus
at focal plane F, of metalens 2. State 3 (metalens 1: ON, metalens 2: ON): two foci at
focal planes F; and F,. State 4 (metalens 1: OFF, metalens 2: OFF): no refractive power
of metaobjective. The entire metaobjective is thus switched OFF.
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Our electrically switchable plasmonic nanoantennas and metasurfaces enabled by
metallic polymers expand the functionality and performance of plasmonic-based
electro-optical active devices and on-chip optical components. The fabrication from
PEDOT:PSS is low cost and scalable due to the commercial availability. We envision
that our concept will be of importance in several distinct fields: Subwavelength-sized
polymer nanoantennas will make a sizable impact in the development of displays
and active optical components. One can address individual subwavelength pixels to
push the pixel densities of emerging optical technologies to entirely new dimensions.
Furthermore, in comparison to state-of-the-art metallic and dielectric nanoantennas,
the polymer nanoantennas allow a new level of flexibility for the fabrication on flexible
substrates for curved optical devices. This is necessary to realize AR and VR technolo-
gies that work in transmission, e.g., on contact lenses or glasses. Ultimately, this could
even enable pixel densities of over 2000 lines/mm, which would support full-color
holographic movies at very large field of view. All this is aided by the operation at
only +1 V, which is very favorable for low-voltage CMOS compatibility (0 to 3.3 V) at
moderate local electric fields. From a more fundamental standpoint, current efforts in
quantum technology and methodology require intricate coupling and control schemes,
which can, for example, be realized by sophisticated switchable and reconfigurable
metasurfaces, currently out of reach with state-of-the-art techniques [70]. Such struc-
tures would allow for an entirely new level of integration and miniaturization. From a
basic research point of view, further studies into the working principle of the plethora
of metallic/conductive polymers will allow for a fine tuning and manipulation of
their properties. This includes shifting the plasma frequency and thus the operation
point into the visible wavelength region, increase the switching speed for cycling be-
yond current video-rate, as well as the reduction of degradation. Further detailed
investigations on the influence of, e.g., oxygen and humidity during electrochemical
switching, adjustments to the fabrication process and electrochemical cell sealing in
inert gas environments or using solid electrolytes should benefit the overall switching
performance. Additionally, conductive polymers have recently proven to be extremely
long-term stable with little to no degradation over > 107 cycles at video rate switching
frequencies [71]. Metallic polymers also offer the opportunity to gradually change the
carrier density and hence the plasma frequency, which allows for grey scale operation
and thus opens another window of opportunity. In combination with the hysteresis be-
havior that enables non-volatile operation, extremely energy efficient display devices
could be realized in the future.
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This chapter is based on the following published work:

¢ J. Karst, E. Sterl, H. Linnenbank, T. Weiss, M. Hentschel, and H. Giessen
Watching In-Situ the Hydrogen Diffusion Dynamics in Magnesium on the Nanoscale
Science Advances 6, eaaz0566 (2020).

¢ J. Karst, M. Hentschel, F. Sterl, and H. Giessen
Liquid Hydrogenation of Plasmonic Nanoantennas via Alcohol Deprotonation
ACS Photonics 8, 1810 (2021).

3.1 INTRODUCTION

Switchable optical and nanophotonic systems are of ever-increasing interest, not only
from a fundamental [72-76], but in particular from an applied standpoint [17, 48,
77-82]. Plasmonic nanophotonic systems fabricated from materials whose optical
properties and material states are tunable upon external stimuli are becoming more
important in several different fields of optical applications [40]. They allow the realiza-
tion of plasmonic optical gas sensors [77, 78, 83], plasmonic molecule detectors [84-89],
plasmonic displays [5, 25, 42, 53, 90, 91], tunable plasmonic metasurfaces [4, 12, 17,
24, 38, 92, 93], and many more reversible and non-reversible applications. Especially
plasmonic optical sensing platforms are an emerging field of interest as they allow, for
example, to detect hydrogen via an optical readout without further need of electronics
in highly explosive environments [94-96]. Such sensors rely on the used plasmonic
materials to be highly sensitive to a hydrogen exposure. Frequently used materials to
show such characteristic properties are, e.g., magnesium (Mg) [45—47, 97-100], niobium
(Nb) [80, 101], yttrium (Y) [48, 102], or palladium (Pd) [73-76]. The latter is typically
used as a catalyst to split hydrogen molecules at the Pd surface and to allow further
diffusion of hydrogen atoms into the attached hydrogen-sensitive layers.

Consequently, active plasmonic and nanophotonic systems require switchable ma-
terials with extreme material contrast, short switching times, and negligible degrada-
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tion. On the quest for these supreme properties, an in-depth understanding of the
nanoscopic processes is essential. In the first part of the following chapter, using a
novel scheme, we unravel the nanoscopic details of the phase transition dynamics
of metallic Mg to dielectric magnesium hydride (MgH,) using free-standing films on
gold grids for in-situ nanoimaging with near-field microscopy. A characteristic MgH,
phonon resonance is utilized to achieve unprecedented chemical specificity between
the material states. Our results reveal that the hydride phase nucleates at grain bound-
aries, from where the hydrogenation progresses into the adjoining nanocrystallites.
We measure a much faster nanoscopic hydride phase propagation in comparison to the
macroscopic propagation dynamics. Our novel method offers an engineering strategy
to overcome the hitherto limited diffusion coefficients and has significant impact on
the further design, development, and analysis of switchable phase transition as well
as hydrogen storage and generation materials.

In the second part, we will investigate yttrium - another metal whose optical prop-
erties are tunable by hydrogen incorporation. Commonly, this happens via exposure
to hydrogen gas. Here, we demonstrate that the hydrogenation of yttrium is also pos-
sible via the deprotonation of alcoholic liquids. Palladium-covered yttrium is placed
in an ethanol bath which causes the deprotonation of ethanol and the hydrogenation
of yttrium to yttrium dihydride. Proof of concept is presented with a study on thin
films, which is followed by tuning the optical properties of plasmonic nanoantennas.
The liquid hydrogenation causes the plasmonic resonance to shift by more than 300
nm in the near-infrared spectral range. Consequently, we show that our plasmonic
nanoantennas serve as a local nanooptical indicator for the deprotonation process.
Our findings pave to road towards a (nano-)optical investigation and detection of cat-
alytic processes in liquids without the need of electrical, chemical, or electrochemical
read-out.
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The measurements in the first half of this chapter deal with a high-resolution mi-
croscopy method where the optical and topographical properties of metals and di-
electrics are measured and analyzed at the nanoscale. With this scattering-type scan-
ning nearfield optical microscopy (sSNOM), one reaches resolutions below the ABBE
diffraction limit (A/2) of standard optical microscopes but also below the resolution
of an aperture-based scanning nearfield optical microscopy (SNOM) (= A/10), which
was firstly realized by Lewis ef al. [103] and Pohl et al. [104] in 1984. The sSNOM
technique replaces the small aperture with a small scatterer [105-107] which is illu-
minated, e.g., by a laser. Due to its small size and its short distance to the sample
surface, it can exhibit enhanced optical fields (near-fields!') which are modified by the
sample underneath. As a result, the scattered light measured in the far-field? contains
information about the sample’s local properties. In experiment such a small scatterer
is realized with an elongated tip of an atomic force microscopy (AFM). The mechanical
and optical resolution of the sSNOM is then given by the radius a of the tip apex. In
the following® we will shortly explain the principle of sSNOM followed by its theory
and will explain the pseudoheterodyne detection for background-free measurements.
We will close with a discussion on hydrogen in metals.

3.2.1 sSNOM Working Principle

The principle of the sSNOM is shown in Figure 3.1a. It uses a standard AFM to scan over
the surface of a sample (tapping mode). The cantilever oscillation frequency, which
changes due to tip-sample interaction (e.g. VAN DER WAALSs forces), is read out with a
laser resulting in an image of the sample topography. In addition, the region around
the tip is illuminated with another focused laser beam. This results in an optical
image of the sample’s NF optical properties. The spatial resolution is limited by the
tip radius of curvature which is on the order of a ~ 20 — 25 nm. The probing region
is defined as the gap between the tip apex and the sample. The tip is oscillating at its
resonance frequency () with the consequence that the NF optical signal is modulated
at harmonics nQ). Advantageously, the background scattering signal, resulting from
scattering at the tip shaft and from the sample outside the probing area, is barely

Jy

In general, the near-field (NF) can be measured for distances D shorter than the wavelength of the radiated

electro-magnetic field (D < A) and decays exponentially with D.

2 For longer distances D > A, a propagating electromagnetic field of, e.g., a radiative antenna is defined as
far-field (FF).

3 This section is based on [108, 109].
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FiGure 3.1. Principle of sSNOM. (a) The tip of an AFM is illuminated by a focused
laser. The tip is oscillating at its resonance frequency Q). The backscattered light from
tip, sample and shaft is collected in the FF. Sketch is taken from [110]. (b) Infrared NF
image of a silicon substrate with 20 nm high gold islands on top. Halfway through, the
polarization of the incident light was flipped from parallel (upper part) to perpendicular
to the tip (lower part). Image was taken from [111].

modulated and can be electronically eliminated.

The tips themselves can either be dielectric or metallic. Early sSNOM experiments
used dielectric tips [112], which are limited with respect to the local field enhancement
and therefore the coupling of the optical fields in the probing gap. However, metallic
shafts / tips can be excited much stronger with an incident light polarized parallel
to the shaft / tip axis. As a consequence, the probing NF should be fully z-polarized
and the tip will act as an antenna which enhances the probing NF strongly. This is
shown in Figure 3.1b for the measurement of the IR NF image of a silicon substrate
with 20 nm high gold islands. Halfway through the measurement, the polarization
of the incident laser was rotated from parallel (upper part) to perpendicular (lower
part) with respect to the metal-coated sSNOM tip. We see that the contrast in the
image drops significantly when the polarization is flipped perpendicular to the tip.
For applications in the visible (VIS) and IR, researches found platinum (Pt) coated
tips to be very suitable [113, 114]. Finally, an interferometric detection allows the
simultaneous measurement of the optical NF amplitude and phase, especially enabling
high phase contrast imaging [113, 115, 116].

3.2.2  Finite Dipole Model

The typical configuration in the probing region of a sSNOM setup is shown in Fig-
ure 3.2a. An incident electric field Ej,. interacts with the tip and the surrounding and
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probe

sample : ﬁp

F1GURE 3.2. Sketches of the sSNOM configuration for different theoretical models. (a)
shows the sketch of the real configuration in an experiment. (b) The point dipole model
approximates the tip firstly as a small sphere, which is then further reduced to a point
dipole in its center. (c) In the finite dipole model we approximate the tip by a spheroid
in a uniform electric field Eg. The sketches are taken from [117].

the scattered electric field Eg, is collected in the FF. First attempts to model the results
from sSNOM experiments used a point-dipole model [111, 112, 118-123]. A sketch of
this model is shown in Figure 3.2b. However, it was found that it is insufficient and
many experimental observations could not be explained with the point-dipole model.
Furthermore, it is not possible to describe the measured NF contrasts or the spectral
position, width, and magnitude of polarition-resonant probe-sample NF interactions
quantitatively.

Hence, Cvitkovic et al. [117] came up with an analytical finite-dipole model, where
an isolated spheroid approximately represents the sSNOM tip [119, 124-128]. The
spheroid is assumed to be much smaller than the wavelength A and it is illuminated
by an external uniform electric field Eg, which is perpendicular to the sample surface.
The respective sketch is shown in Figure 3.2c.

The complex model is used to calculate an expression for the NF interaction strength
and the amplitude of the scattered field. In order to derive a final expression we have
to, at first, neglect the sample and determine the behavior of a perfectly conducting
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F1Gure 3.3. Sketches for perfectly conducting spheroid. (a) Electric field outside of a
perfectly conducting spheroid (¢ — o). Marked are the long semi-axis L and the radius
of curvature of the spheroid in its apex. (b) Sketch of all charges and distances necessary
for calculating the NF interaction between the probe / tip and the sample. The pictures
are taken from [117].

spheroid (PCS) in the electric field Eq. The electric field outside the PCS and along its
major axis is
E(D) = Es(D) + Eg, (3.39)

with E; being the electric field generated by the spheroid and D being the distance
from the spheroid apex. We find from electrostatic calculations

2D(L+D) L—F+D
DT L2DIR) T In 170D
F(L—&R) _ L—F
2 LR(e-1) In 757

Es(D) =

Eo. (3.40)

Here, F denotes half the distance between the spheroid foci, L the long semi-axis of
the spheroid, R the radius of curvature of the spheroid in its apex, and ¢ the dielectric
function of the tip material.

The electric field outside of a PCS is shown in Figure 3.3. As we know, for example,
from plasmonics, the spheroid electric field E; increases for a larger aspect ratio, here
given by L/R. As soon as the spheroid is placed above a surface, it is additionally
illuminated by its own reflected NF radiation. This results in very complicated cal-
culations where no closed-form solution of this problem is known. However, it is
necessary to calculate the NF interaction. Therefore, we approximate the NF at the
spheroid apex by a monopole with charge Qp. The electric field is then given by the
simple term Es, = A/(R + D)?, where A is constant.
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As we want to calculate the NF interaction of the probe and the surface, we use a
mirror charge QIO = —BQo to describe the response of the sample to the spheroids NFs.
The surface response function

-1
p= ss—i—l

is very important for further calculations as it includes the dielectric function &; of

(3.41)

the sample [129]. Also the mirror charge Qb radiates an electric field, which acts back
on and polarizes the probe (tip), meaning the mirror charge induces in turn charges
into the probe. The amount and the distribution of these induced charges needs to be
known. In order to calculate these, we place an effective induced point charge Q; in
the focus of the spheroid at z = F (see Figure 3.2c for exact position). It is important to
note that the charges in the spheroid apex contribute most to the NF interaction when
the spheroid is in contact with the sample surface. As soon as the distance D between
apex and sample increases, the relative contribution of the charges further away from
the apex increases.

To fully describe the interaction we have to take a further induced charge into
account. The induced charge Q; in the tip induces a further mirror charge Q; in
the sample, which is again acting back on the tip / probe. In total, we find for the
illuminated spheroid above a sample an induced charge Q; consisting of two parts

Qi=Qio+ Qi1 (3.42)

To clarify, QIO is the mirror image for Q; and Q;- is the mirror image for Q; ;. They
can be calculated as

, R+H)\ In

Qio = f0Qo = — (g - ) 14H4+L3R Qo (3.43a)
/ 3R+4H \ In m /

Qi1 =fQi=~— <g - ) n oL Q; (3.43b)

with g being the fraction of total induced charges to the ones actually contributing to
NF interactions (discussion later). Accordingly, we can write for the mirror charges

Qy = —BQo (3.44a)
Q. = —BQ;. (3.44b)

By inserting (eqgs. 3.44a and 3.44b) in (eqs. 3.43a and 3.43b), we finally find for the in-
duced charge Q;:

—Bfo
1+Bf1

Qi = Qo- (3.45)
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The dimensionsless NF contrast factor 1 is then defined as an illumination-independent
measure of the sSNOM signal. It is comparable between different samples and different
measurements:

R+H 4L
_ Qi BE—T)Ingrig
Q0 ™ s~ ) n

(3.46)

The electric neutrality of the “isolated” spheroid requires an equilibrium of charges,
meaning that somewhere on the spheroid a charge —Q); exists. This results in a dipole
moment p; oscillating with the driving field frequency. The light radiated by p; is then
given as

Esca ~ p = &Eg (3.47)

with the dipole polarizability &. In conclusion, the effective dipole moment of the PCS
is given as pegr = po + p; with pg = 2QoL (dipole moment from external field Eg) and
pi = QoL (dipole moment from NF interaction). We find from (eq. 3.40) Qo = R%E;(0)
and for the effective probe polarizability (R < L)

Regt = ”Eiéf (3.48a)
2L R R+H 4L
—R? Liﬁéﬁ 24 4Lﬁ i 311 lr; SR (3.48b)
In "z In —B(g— 40 ) In 5 ix

In contrast, the simplified point dipole model (Figure 3.2b) results in
N &
Ref,PD = — a5 (3.49)
" 16n(R+H)3

with the polarizability & = 47R? of a perfectly conducting sphere.

The scattered NF from the tip-sample-interaction, which is measured in the end in
the FF is given by

Esca o (1+7p)*&egiEinc, (3.50)

with the FRESNEL reflection coefficient for p-polarized light r,. This model has only two
variable parameters, which are not directly measurable. Firstly, the effective spheroid
length (long semi-axis) L, with the restriction that the probe length 2L is much smaller
than the wavelength A. Secondly, the parameter g, the fraction of the total induced
charge. It is highly relevant for the NF interaction. In the model, we used a perfectly
conducting sphere, which is obviously not the case in an experiment. g takes this into
account. In experiments, best values to match the theoretical model to measured data
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were found as L = 300nm and g = 0.7¢%06%,

Finally, in order to compare the results calculated with this model quantitatively to
measured sSNOM data one derives amplitude and phase contrasts

&eff,n,A
&eff,n,B

(1+7A)Refi A
(14 74)%Ref 0B

(14 7a)*Reftn,a Beffn,A
A—@pp=arg | ———5 = | =arg [ —= |. (3.51b)
P = O & ( (1+ rA) At B &\ Rettn 5

Sn,A
Sn,B

, (3.51a)

Here, s, o and s, p denote the scattering amplitude of material surface A and B,
respectively, with demodulation order n. Equivalently, ¢, o and ¢, p represent the
corresponding scattering phase. As the we typically measure the materials A and B
close to their material boundaries, we can assume a homogeneous large-area illumi-
nation for the reflection coefficient 7,. This results in r4 = rg. Note that the paper
by Cuitkovic et al. contains a mistake in formula (19), where the left side should read

Pn,A — ¢np and not ¢, A/ ¢y p [117].
3.2.3 Pseudoheterodyne Detection

As already explained, sSNOM measurements use an interferometric detection to obtain
both amplitude and phase of the scattered electric field Esca. However, a simple mea-
surement with lock-in amplification and demodulation at the tip oscillation frequency
Q) would contain significant background signal, originating from the scattering of the
tip shaft as well as from scattering of the sample area around the actually probed
area. To remove this background, one can use several methods, however, the most
promising one is the pseudoheterodyne detection [130].

In general, most methods use a background (BG) suppression by a demodulation at
higher harmonics. To explain this we refer to the effective polarizabbility &.¢, derived
in (egs. 3.48b and 3.49), which has a non-linear dependence on the tip-sample distance
H. When the tip (time-dependent position z(t)) is oscillating with z(t) = Azsin Ot at
the frequency Q) with an amplitude

Az =AH < A, (3.52)

this nonlinearity allows a Fourier decomposition of the time-dependent effective po-
larizability. It is given as

Reff = Y Aoffy cOS(NOU). (3.53)
n
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FiGURe 3.4. Pseudoheterodyne detection for an sSNOM experiment to eliminate the
background scattering Ep. It is done by a sinusoidal phase modulation of the reference
beam Ep. (a) shows the experimental setup. (b) shows the detected signal spectrum. The
figure is taken from [130].

with the scattered electric field components
Escan = 0nEinc = 51" Einc ~ (14 7)) &gt n-Ej (3.54)
sca,n nLinc n inc p eff,n-Lincs

where 0, = s,¢'% is the scattering coefficient and s, and ¢, are interferometrically
measured with an sSNOM setup. Conclusively, the fast changing NF interaction gener-
ates light scattering at higher harmonics n(). However, the BG changes only slowly
and is therefore modulated at DC or at lower harmonics compared the NF signal.
Hence, signal demodulation at high-enough harmonics nQ) would seem sufficient in
order to remove the BG. However, as detectors always measure light intensity, we can
show that the BG E,,, present in the scattered electric field Esca = ENp + Ey, still affects
the detector output. The intensity at the detector is given as

I EtotErot = (ENF =+ Eb —+ Eref) . (C.C.) (3558)
= EXp + ENpEj; + E&pEp + ENFEos + EXpEret, (3.55b)

where E ¢ denotes the electric field of the reference beam in the interferometric detec-
tion (here: MiCHELSON-interferometer). One possibility to get rid of Ej-contributions
is by using a pseudoheterodyne detection, where the reference beam is additionally
modulated at a frequency M causing frequency side-bands where no BG is present
anymore.
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To show this, we write out the scattered electric field Esc, as a Fourier series Egcq =
Y., e, Please note again that the scattered field Esca = Exg + Ej is @ sum of NF
Enr and BG contributions Ej, similar as its expansion coefficients. They are given
as T, = 0y + 0, where 0y, and 03, are the Fourier coefficients of Exg and Ej;. The
detector output voltage is then given as

U = K(0p0y + Oh0n) = 2KSp05n COS(Pp0 — Pn), (3.56)

where « is a proportionality constant for the detector sensitivity. The goal of the
detection mechanism is to extract the pure NF contribution oy, = s, el Pn by avoiding its
interference with the background 3,9 = shloeiﬁ"h/ﬂ (s and ¢ are the scattering amplitude
and phase, respectively). For this, the pseudoheterodyne detection uses a sinusoidal
phase modulation of the reference wave Eg. A sketch of a typical setup is shown in
Figure 3.4a. The phase modulation is given by

Eg = pei'ysin(Mt)Jri‘I’R, (3.57)

where M is the phase modulation frequency and +y its modulation depth. ¥ denotes
the phase offset resulting from the average optical path difference between signal and
reference beam. When we choose the reference modulation frequency M to be lower
than the tip vibration frequency (), meaning M < (), each scattered high-harmonic
signal nQ) (n > 0) is split into side-bands. The frequencies are given by

fom = nQ+mM (3.58)

as illustrated in the signal spectrum Figure 3.4b. Finally, the multiplicative BG is still
present at the frequencies f,, o = n(Q), but not at the side-band frequencies f,, ,,2o- By
demodulating the scattered signal Esca at these side-bands fn#olm#o, we avoid multi-
plicative BG interference.

With this pseudoheterodyne detection (eq. 3.55b) is simplified to
I EtotE:Ot = ENFE;‘ef + Ef{IFErefr (359)

where no BG contribution is present anymore.

3.2.4 Magnesium and Hydrogen

As we will analyze the phase transition from metallic Mg to dielectric MgH, in sec-
tion 3.3, we will elaborate on this metal-hydrogen system in following in more detail.
Hereby, the most important aspects include the general optical properties in the VIS
and infrared (IR) spectral range including phonon resonances.
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FiGure 3.5. Dielectric function of Mg. (a) Imaginary part €, and (b) the real part ¢;. Plots
are taken from [132].

Hydrogen

Before having a closer look onto Mg and MgH,, we want to briefly discuss hydrogen
itself. The hydrogen atom is the smallest atomic unit and consists of one proton
and one electron (1s orbital). In nature, hydrogen is found as a molecule hydrogen
(H), consisting of two single hydrogen atoms. In air, it is ignitable at concentrations
between 4 % and 74 % [131]. For safety reasons, our chosen concentrations of H, in
nitrogen (N) in this work do not exceed cp; = 4 %. The reason is that the reaction
of H, in combination with oxygen (O;) is exothermic. A useful application of this
reaction are, e.g., fuel cells which can be used as energy sources for transportation
industry. For this purpose, hydrogen has to be stored and released in a hydrogen
storage system.

Magnesium and Hydrogen

Mg is a promising hydrogen-storage-material, as it can incorporate up to 7.6 mass% of
hydrogen. The crystal structure of Mg is a hexagonally closed package (hcp). When
it is switched to MgH,, the hydrogen atoms bind to the Mg atoms changing its crystal
structure to tetrahedral. In addition, Mg holds great promise for active and switchable
optical systems. However, the hydrogenation of Mg to MgH,, so far, comes with very
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Plots are taken from [133].

long switching times.

To overcome this drawback, several strategies can be envisioned. On the one hand,
it is possible to alloy Mg with other metals such as, e.g., nickel. This increases the
hydrogen diffusion speed, however simultaneously reduces the hydrogen storage ca-
pacity. On the other hand, a multilayer system of Mg with a titanium (Ti) buffer layer
topped with a Pd layer can be used to enhance the kinetics of hydrogen absorption
and desorption. The key component here is Pd, which acts as a catalyst. At its surface,
the hydrogen molecules are split up into atoms and can thus diffuse into the volume
/ layers. This greatly increases the diffusion speed into Mg. In this multilayer system,
Ti is used as a buffer layer to prevent alloying between Mg and Pd. Interestingly, this
alloy would act as a diffusion barrier for hydrogen.

Very important for this chapter and for all optical applications are the actual optical
properties of Mg and MgH,. They are mostly given by the complex dielectric function
€ = g1 + iey. Figure 3.5a and b show the imaginary (e;) and the real part (e1) of the
dielectric function for Mg, respectively [132]. For small energies E < 1.5 eV, we see
a typical metal-like DRUDE behavior for £; and & as explained in section 2.2.2 with
(eg. 2.13a). It is overlaid with a sharp peak at E = 0.7 eV corresponding to interband
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FIGURE 3.7. IR spectrum of laser-ablated MgH,. Deposited on cryogenic windows. FTIR
spectrum (a) after deposition, (b) after warming to 10 K, (c) after warming to 200 K and
(d) at room temperature. Plots are taken from [134].

transitions, similar to the data shown in Figure 2.2 for gold.

Figure 3.6a and b depict the imaginary and real part of ¢ for MgH,, respectively.
We find the typical behavior for a dielectric in the whole displayed spectral range,
meaning the real part e; (Figure 3.6b) is always positive but close to zero and the
imaginary part &, (Figure 3.6a) is positive but very small. In the range of E =5 —7 eV
the data shows a peak in &, as well as an increase in ¢;. This absorption in a MgH, film
is due to its band gap energy at E ~ 5.6 eV [133].

Phonon Vibrations of Mg and MgH,

Apart from resonances due to interband transitions, Mg and also MgH, possess ad-
ditional resonances. In solids, the lattice vibrations, called phonons, are of prime
interest. One has to distinguish between acoustic phonons (coherent displacement in
propagation direction) and optical phonons (out of phase movement perpendicular or
parallel to the propagation direction). Only optical phonons can be excited directly or
indirectly by light. Here we distinguish between IR-active (direct) and RaAmAaN-active
(indirect) phonons. On the one hand, a phonon is IR-active when the lattice vibration
results in a change of a permanent dipole moment. This is only possible in crystals
with at least a diatomic base (as e.g. MgH,). The crystal lattice vibrates in the opposite
direction after flipping at the center of inversion, which is why IR-active phonons pos-
sess an odd symmetry and are called “ungerade u”. On the other hand, RamaAN-active
phonons have a changing polarizability. They are present in crystals already for a
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one-atomic base (e.g. Mg). The crystal lattice vibrates same after flipping at the center
of inversion, which is why RaAMAN-active phonons possess an even symmetry and are
called “gerade g” [135].

In this work, we perform sSNOM experiments in the mid-infrared (MIR) to measure
the NF optical properties of Mg and MgH,. Previous reports have shown that in these
measurements one can only excite IR-active phonons. However, as Mg possess a one-
atomic base it therefore exhibits only RaAMAN-active phonons. In contrast, we can use
specific IR-active phonons of MgH, to achieve a scattering amplitude and phase contrast
enhancement between Mg and MgH, in our experiments due to enhanced NFs. A typical
measured IR spectrum of MgH, for different temperatures is shown in Figure 3.7a-d.
Particularly important is the measurement at room temperature (Figure 3.7d) as as
all our sSNOM measurements are taken at RT. We see two vibrational modes in the
IR spectrum for bulk MgH,. The first mode appears at v ~ 1160 cm~! (A ~ 8.6 um)
and the second mode at v ~ 573 cm~! (A = 17.5 pm). One major drawback of these
phonon modes is that they are very broad at room temperature (Av ~ 300 — 400 cm ™).
Therefore, one needs very broadband light sources to be able to detect them.
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3.3 WATCHING HYDROGEN DIFFUSION IN MAGNESIUM

As mentioned, switchable and active nano-optical systems are of ever-increasing in-
terest. Especially, materials with prominent metal-to-insulator phase transitions are
prime candidates for such systems and have thus been investigated in great detail [40,
136]. The extreme change of the optical properties at the transition from the metallic
to the dielectric phase renders them highly relevant for switchable optical as well as
active plasmonic systems.

One prominent and archetypical material system is Mg which has been widely stud-
ied, however, mainly in the context of hydrogen storage [99, 137-143]. In its initial
metallic state Mg shows large free electron densities accompanied with comparably
small parasitic loss and is consequently an excellent plasmonic material [47, 144]. Ex-
posing Mg to H, induces the phase transition from metallic Mg into dielectric MgH,, a
highly transparent dielectric material. More strikingly, the MgH, phase can be reversed
into the metallic Mg state, making the phase transition fully cyclical. Conceptually,
this allows to controllably and reversibly switch the plasmonic resonances of Mg nano-
structures on and off. First studies proved the applicability of the Mg-MgH, phase
transition for switchable metasurfaces [145], enabling dynamic holography [28], or
dynamic plasmonic color displays [42, 90].

Widespread applications are thus far hindered by a number of limiting factors and
obstacles such as the volume expansion of the material upon hydrogenation [146],
poor cyclability, limited hydrogen diffusion coefficients, and similar. While significant
progress has been made in the understanding of nanoscale diffusion [147, 148], a
number of application-related obstacles and the strategies to overcome these are re-
lated to the following unanswered questions at the boundary between the micro- and
nanoscale: Is the comparably slow macroscopic diffusion limited by an intrinsically
limited nanoscopic diffusion? What is the influence of the grain boundaries and the
nanoscale crystallinity and crystallite formation of the Mg films on the macroscopic
diffusion [149]? Why does alloying of Mg with, e.g., nickel (Ni) increase the diffusion
coefficient, nanoscopically speaking [150-154]? Answering these questions will lay
out new routes to improving the material systems and bringing them closer to the
proposed applications.

The aforementioned challenges clearly underline that an in-depth nanoscale inves-
tigation of the switching behavior with chemical specificity is highly desired. Here,
we present a definite analysis utilizing sSNOM [107, 110-114, 155-157]. We introduce,
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on the one hand, a technique that allows for an in-situ imaging of the hydrogenation
dynamics of Mg to investigate the influence of nanoscale morphology and crystallinity
on the hydride formation process with the high spatial resolution, in this case less
than 20 nm. On the other hand, we demonstrate that we can exploit the existence of a
strong phonon mode in the dielectric MgH, state to achieve unprecedented chemical
resolution and specificity between the metallic and dielectric state of our switchable
material system. For the first time it becomes possible to spatially visualize in-situ the
hydrogenation process with nanometer resolution and image the nanoscopic influence
of small grain boundaries in great detail, in contrast to previous studies [148]. We
conclude that individual crystallites load hydrogen on significantly shorter timescales
than the bulk macroscopic film. Our results suggest that the limited macroscopic
hydrogenation speed is related to the prominent crystallite and grain boundary for-
mation in Mg films, highlighting the possibility for significant future improvements.

Additionally, our method is applicable for investigations on several other gas-in-
metal systems where the gas causes a sufficient change in the optical properties of
the pristine metal. Especially for hydrogen storage, hydrogen generation [158], as
well as electrochemical applications, the influence of, e.g., grain boundaries in a huge
diversity of material systems is of great interest.

3.3.1 Concept & Measurement Technique

The main idea of our method is sketched in Figure 3.8a. We use transmission elec-
tron microscopy (TEM) gold grids pre-coated with a 2-3 nm Pd thin film (Substratek,
Ted Pella, Inc.). Subsequently, we thermally evaporate 10 nm Pd, 5 nm Ti and 50 nm
Mg thin films (without breaking the vacuum in between two consecutive evaporation
steps). During evaporation, the sample is kept at a constant temperature of T = 20°C.
Consequently, at the holes of the TEM grid we obtain free-standing thin films. The Pd
acts as a catalytic layer, splitting the hydrogen molecules and enabling the diffusion
into the Mg film [97, 159]. Ti is used to prevent alloying of Mg and Pd, which would
cause the formation of a hydrogen diffusion barrier [160, 161]. Mounting the grids into
a home-built gas cell, hydrogen gas can access the free-standing thin films from below
while the top Mg surface is accessible for the sSNOM measurements. Scanning the tip
of the sSNOM over the exposed Mg surface, we can observe in-situ and investigate the
time dynamics of the hydride formation and the diffusion of hydrogen into the film
with nanometer resolution. We obtain chemical specificity by utilizing an IR-active
phonon resonance of MgH,. All measurements are performed at room temperature.
Please note that due to oxidization of the surface of Mg, a thin MgO layer is formed.
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FIGURE 3.8. In-situ sSNOM principle. (a) Schematic drawing of the principle for in-situ
sSNOM. We use free-standing thin films realized by thermally evaporating 10 nm Pd, 5
nm Ti, and 50 nm Mg on a Pd-Au-membrane. This allows hydrogenation from below.
The metalized AFM tip of the sSNOM setup is scanning the top surface to investigate
the local optical properties while the Mg thin film is absorbing hydrogen. Additionally,
a characteristic IR phonon of MgH, enables chemically specific imaging. The Mg layer
is in contact with air causing oxidization. However, the very thin magnesium oxide
(MgO) layer is transparent for imaging at the frequency of the MgH, phonon and is barely
influencing our sSNOM measurements. (b,c) Optical images (taken in reflection) showing
the sSNOM cantilever and the free-standing Mg film in its pristine state as well as after 60
min hydrogen gas flow (2% at 1 bar), respectively.
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However, this oxide layer is barely influencing our sSNOM measurement, as neither Mg,
MgO [162] nor any Mg(OH), compounds [163, 164], but only MgH, has a characteristic
material resonance at our imaging wavelength. Additionally, as MgO and Mg(OH),
are dielectric materials we expect them to be mostly transparent at the imaging wave-
length in our near-field sSNOM measurements.

In Figure 3.8b and c, optical images (taken in reflection) depict the sSNOM cantilever
and the surface of the Mg film in its pristine state as well as after 60 min of hydro-
genation. The film is exposed to a H, concentration of 2% in N, at 1 bar pressure with
a flow rate of 0.3 1/min. The highly reflective metallic Mg film switches to dielectric
MgH,, which appears black. Additionally, we marked the reference position, where we
take reference sSNOM measurements to normalize all near-field sSNOM measurements.

For all sSNOM measurements a commercial sSNOM (neaSNOM, neaspec) equipped
with a liquid-nitrogen-cooled MCT detector is employed. A platinum-iridium coated
AFM tip with a tip radius of 25 nm and a cantilever resonance frequency of approxi-
mately 285 kHz (NanoWorld Arrow, NCPt) serves as near-field probe. We are using a
pseudo-heterodyne interferometric lock-in detection of the backscattered light from tip
and surrounding sample to obtain the optical near-field information [130]. Utilizing
the side-bands of the 4" harmonic (n=4) of the cantilever oscillation frequency wyp
we obtain the amplitude s4 and phase ¢4 of the scattered electric field. For the tip illu-
mination, a parametric frequency converter system (Alpha-HP, Stuttgart Instruments)
and a subsequent difference-frequency generation allows to tune the illumination
wavelength in the mid infrared from A = 1.4 ym to A = 20 um [165]. To specifically
address individual phonon resonances the output radiation of the aforementioned
light source is filtered with a grating monochromator to below 10 cm ™! full width at
half maximum (FWHM).

Our in-situ sSNOM measurements of the hydrogenation of Mg are taken on the free-
standing film, where hydrogen can directly access the Pd film via a home-built gas
flow-cell from below. The measured area is 1 x 1 um? with a resolution of 100 x 100
pixel. First, we take a sSNOM scan of the pristine Mg film, while flushing the flow-cell
with pure N,. When the scan is finished, we add 2% of H, in N, to hydrogenate the
sample for a time t. Subsequently, we turn H, off and flush again with pure N, to
keep the Mg/MgH, film in its current state and to prevent the desorption of hydrogen
during the sSNOM scan. We take another scan and repeat this procedure until the
hydrogenation saturates and no more hydrogen is absorbed.
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We take reference measurements to normalize and correct our near-field scattering
amplitude and phase data. As marked in Figure 3.8c, the reference measurements are
taken on the grid, as here the Mg film is not influenced by the hydrogenation and stays
in its pristine state for the whole 60 min of H, exposure. We take a reference sSNOM
measurement (1 x 1 yum? with a resolution of 50 x 50 pixel) after each hydrogenation
time-step t and correct the near-field scattering amplitude s and phase ¢ as follows:

Si,j,norm(t) = (3.60a)

(Pi,j,norm(t) = ‘Pi,j(t) - (_Pref(t)r (3.60b)

where i,j denote the pixel coordinate in the respective sSNOM measurement, sl-,]-,norm(t)
and @; jnorm () the normalized/corrected scattering amplitude and phase value of
this pixel, respectively, s; ;(t) and ¢;;(t) the raw values of the pixel, and 5¢(t) and
Pre(t) are the mean values of the scattering amplitude and phase of the reference
measurement, respectively.

3.3.2  Near-Field Appearance of Phase Transition

As a first step, we are introducing the main measurement quantities as well as their
respective significance in our experimental routine in Figure 3.9. Generally speaking,
an sSNOM measurement delivers two main quantities: Topological information as well
as information about the local optical properties, i.e., the complex dielectric function of
the sample surface [113]. The AFM cantilever is raster scanned over the sample surface
and delivers the surface topography. An incident light field is additionally scattered
from the oscillating tip and reports information about the local nanoscopic interaction
of this light field with the sample surface. As explained in section 3.2, appropriate
demodulation and detection techniques allow inferring on the local optical properties
with nanoscale resolution.

Typical sSNOM measurements of the same area of a Mg film are depicted in Fig-
ure 3.9a-d. For comparison, we plot these measurements for the film in its pristine
state (left columns) and after 10 min of hydrogenation (right columns). All measure-
ments of one column are acquired simultaneously in one single sSNOM scan. Panels a
and b are depicting the information obtained from the AFM part of the sSNOM, which
are the surface topography or height variation of the surface as well as the mechanical
cantilever oscillation phase, respectively. As seen, the visibility of the boundaries
between individual grains is much higher in the mechanical phase as compared to
the topography. Consequently, we utilize the mechanical phase for a grain boundary
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F1GURE 3.9. Near-field appearance of the Mg-MgH, phase transition. (a-d) sSNOM mea-
surements depicting the same area of a 50 nm Mg film in its pristine state and after 10
min of hydrogenation at room temperature. (a) The topography depicts the expansion
of the individual nanocrystallites of the polycrystalline Mg film during hydrogenation.
(b) The mechanical phase ¢ indicates clear grain boundaries between the individual
nanocrystallites of the polycrystalline Mg film. By applying an edge detection filter, we
extract a mask of these grain boundaries. (c) The scattering amplitude s4 (4™ demodula-
tion order) drops when metallic Mg changes to dielectric MgH,. However, the scattering
amplitude is also highly influenced by the surface roughness as grain boundaries are
clearly visible in the 2D scans plotted in (c). This leads to an inaccuracy in the determina-
tion where Mg has switched to MgH, as both, a change in the optical properties as well
as a change in the surface morphology / roughness, change the scattering amplitude.
(d) The scattering phase ¢4 displays a very high material contrast between metallic Mg
(blue appearance) and dielectric MgH, (red appearance). This is achieved by performing
sSNOM measurements at a characteristic IR phonon resonance of MgH, and allows a
chemically specific nanoscale imaging of the hydrogen diffusion without the influence of
the surface topography. The 2D images are overlaid with the grain boundary mask from

(b).
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extraction.

As mentioned, the tip is illuminated with a strong light field in order to probe the
local optical properties of the material. Panels c and d of Figure 3.9 are depicting the
near-field scattering amplitude and phase, respectively. The tip-illumination frequency
is v = 1280 cm~! (A = 7.6 ym). We find that the scattering amplitude is influenced by
changes in the local optical properties and by changes of the film topography. Conse-
quently, it is close to impossible to disentangle these two independent processes from
the data. In contrast, the scattering phase shown in Figure 3.9d exhibits supreme phase
contrast between Mg (blue) and MgH, (red), without any detectable influence of sample
topography and morphology. The reason for this remarkable finding, which is at the
heart of our technique, lies with a characteristic infrared phonon of MgH, at about
v = 1320 cm~!. This resonant phenomenon leads to a significantly increased local
absorption of the incident radiation, placing our experiments in the strong absorption
regime [166]. Strong absorption is known to influence both scattering amplitude and
phase [167]. However, we find that in our case the impact on the scattering phase is
much larger as compared to the scattering amplitude. Thus, the MgH, phonon causes
a distinct signature of the hydrogenated areas compared to the metallic regions in
which this phonon is absent.

In order to prove the resonant nature of this enhancement phenomenon, we have
studied the scattering phase in dependence of the wavelength of the exciting radiation.
The spectral dependence of the near-field scattering phase is plotted in Figure 3.10a
for MgH, (red) and Mg (blue). They are measured using the nanoFTIR module of our
sSNOM employing homodyne detection [168, 169]. The solid thin lines indicate the
average of four positions whereas the standard deviation is plotted in lighter colors in
the background. We observe a large standard deviation on MgH, for v < 1400 cm 1.
The origin lies within the measurement principle to obtain the nano-FTIR scattering
phase spectra. It is based on stitching together 17 individual spectra as the laser offers
only limited bandwidth at a certain center frequency. Between the measurement of
two individual spectra we have to re-position our sample to compensate for sample
drift. The inaccuracy in this re-positioning causes an error in the scattering phase spec-

trum, which seems to be large on the rough MgH, for wavenumbers v < 1400 cem L

In Figure 3.10a, one can clearly see the signature of an IR phonon resonance around
v = 1320 cm~!. We ascribe this resonant enhancement to the known phonon mode of
MgH, in this spectral region [134]. In stark contrast, the scattering phase of metallic Mg
is spectrally flat over the entire spectral range. The corresponding spectra of the scat-
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F1Gure 3.10. Near-field spectral response of Mg and MgH,. nanoFTIR spectra of the
near-field scattering (a) phase and (b) amplitude taken on Mg (blue) as well as on MgH,
(red). The plot shows the average and standard deviation of 4 positions each. The distinct
phonon resonance of MgH, peaks at v = 1320 cm ™! and causes a maximum scattering
phase difference of Ag ~ 130° between MgH, and Mg.
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tering amplitude for Mg and MgH, can be found in Figure 3.10b. As expected, we find
a dispersive line shape in the scattering amplitude spectrum for MgH,. Furthermore,
we can clearly see that the strong absorption causes, as mentioned above, a much
higher contrast between Mg and MgH;, in the scattering phase than in the amplitude.

This is in good quantitative as well as qualitative agreement with contrast calcula-
tions. These results can be found in Figure 3.11. We plot in (a) the scattering amplitude
contrast

_ S4MgH2

Cs (3.61)
S4,Mg
and in (b) the scattering phase contrast
Cp = PaMgH2 — P4 Mg (3.62)

between Mg and MgH,. The amplitude and phase spectra are taken from Figure 3.10.
Overall, we find a much higher contrast between Mg and MgH, in the scattering phase
in comparison to the scattering amplitude. Additionally, we use the finite dipole
model adapted from Cuitkovic et al. to calculate the expected amplitude and phase
contrast arising from the MgH, phonon around 1320 cm~!. It was explained in detail in
section 3.2.2. The results are plotted with dashed lines in Figure 3.11. We obtain a very
good qualitative agreement with the experimental data. To be able to calculate this
material contrast between Mg and MgH, in our sSNOM experiments, we require the di-
electric function of Mg and MgH, in the whole measurement range from v = 820 cm™~!
to v = 1900 cm™L. Palik provides ¢ for Mg [170], however, no literature data for the
dielectric function of MgH is available, especially missing data containing the phonon
resonance around v = 1320 cm~!. Thus, we determine eMgH2 Via extrapolation of
existing data and modeling of the phononic resonance. First, we extrapolate the e
data for MgH, from Isidorsson et al. for the visible and near-infrared spectral range
to a constant of epjgpp for A > 1.3 um [133]. Second, we add a LORENTZ pole (see
section 2.2.3 to the extrapolated dielectric function of MgH, to account for the phonon
resonance. We adjust only the parameters for the LorRENTZ oscillator to match the
experimental results best, without varying any other parameters for the finite dipole
model.

Furthermore, we make sure the calculated dielectric function results in good qual-
itative agreement between far-field reflectance measurements and calculations as it
is depicted in Figure 3.12. We use experimental FTIR reflectance spectrum of our
MgH, /TiH, /PdH, thin films where the phonon resonance is visible (red solid line)
and reproduce it with a multi-layer scattering matrix calculation. For these calculations
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F1cure 3.11. Comparison of NF contrast between measurement and calculation. (a)
Measured (solid line, left y-axis) and calculated (dashed line, right y-axis) scattering am-
plitude contrast C; = S4MgH2/ S4 Mg between Mg and MgH,. (b) Corresponding measured
(solid line, left y-axis) and calculated (dashed line, right y-axis) scattering phase contrast
Cp = @aMgH2 — PaMg - The scattering amplitude and phase spectra can be found in
Figure 3.10. The calculated spectra are obtained via the finite dipole model explained in
section 3.2.2.
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F1GURE 3.12. Measured and calculated reflectance spectra of Mg and MgH, thin films.
The experimental reflectance spectra for Mg and MgHj, are plotted in solid blue and red
lines, respectively. The simulated spectra are plotted with dashed/dotted lines using
the same color code. For the simulation of the MgH, reflectance spectra we use once
dielectric data without (red dotted line) and once with the phonon (red dashed line), as it
was described in the discussion of Figure 3.11.

we use the dielectric function for MgH, determined for the calculation in Figure 3.11
without the phonon (red dotted line) and with the phonon resonance (red dashed line).
The arising phonon feature in the calculated reflectance spectrum matches qualita-
tively well with the experiment. Please note that there is no exact literature data for
the dielectric function of PdH, and TiH, in the spectral range A > 2.0 ym . Thus,
the calculations are always performed with pristine Pd and Ti e-data [170]. This is
the reason for the overall different line-shape as well as the arising feature around
4.5 ym for the calculated MgH, reflectance spectra in comparison to the experiment.
For consistency, we depict in Figure 3.12 also the experimental (blue solid line) and
calculated (blue dashed line) reflectance spectra of the pristine Mg/Ti/Pd thin films.
We obtain a very good quantitative and qualitative agreement.

Opverall, this remarkable finding consequently enables chemically specific imaging of
the Mg/MgH, phase transition and, in combination with the grain boundary mask from
the mechanical phase measurement, allows us to precisely track hydride formation.
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3.3.3 Time-Resolved Hydrogen Diffusion

Following the aforementioned findings, we are investigating the hydrogenation of
our free-standing Mg films by inspection of the scattering phase maps. To facilitate
interpretation, we overlay these phase maps with the grain boundaries as extracted
from the mechanical phase maps. We show these combined maps in Figure 3.13 for
selected time steps of the in-situ hydrogen absorption process in Mg. To be able to
show the same area of the Mg film during hydrogenation we have to compensate for
sample drift between two subsequent sSNOM measurements but also during a single
sSNOM measurement. This is done by pre-measurement re-positioning of the sample
followed by a post-measurement drift correction. Here, we track the position of two
fixed points in each frame at time t manually and compensate for the drift by shifting
and stretching the x-y-grid of the respective sSNOM scan. We obtain for each frame a
x'-y’-grid, where the pixels of each sSNOM scan correspond to the almost same posi-
tions of the Mg/MgH, film. Subsequently, we interpolate the respective data onto the
original x-y-grid and crop the area which lies within all sSSNOM scans.

Our in-situ nanoimaging of the hydrogenation dynamics of Mg gives us the unique
opportunity to understand the nanoscale hydride phase formation in Mg in detail.
Before hydrogenation, we observe a nearly constant scattering phase over the entire
field of view, indicating a pure metallic Mg state. After = 2.5 min, we see that the
hydrogenation of Mg to MgH, starts at several positions simultaneously. Most proba-
bly, hydrogen enters the film via weak spots from below (see Figure 3.14, where we
show a schematic drawing of the vertical MgH, formation). Please note that due to
the finite thickness of the film as well as the hydrogen flow from below, we observe
a superposition of vertical and lateral hydride phase propagation. The first hydride
formation occurs directly at the grain boundaries, which matches our expectation
as the grain boundaries are known as fast diffusion paths in Mg [147]. From here,
hydrogen permeates laterally into adjoining grains/single nanocrystallites until they
are fully loaded. Please note, as the hydrogen is delivered from below, the hydride
formation might also have the possibility to start from the bottom edge of a grain
/ lower grain boundary. This nucleation and growth process dominates for the first
ten minutes. Simultaneously, a hydrogenation front progresses from grain to grain,
causing the size of the hydrogenated areas to grow until several of these areas combine.
This leads to the formation of channels of MgH, all over the film surface. The width
of these channels is on the order of several tens of nanometers and they are caused by
hydrogenated and unhydrogenated Mg, which is in stark contrast to previous studies
where similar linear arrangements on the tens of micrometers scale have been found
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FiGure 3.13. Watching nanoscale hydrogen diffusion in Mg. Chemically specific in-
situ nanoscale imaging of the diffusion dynamics of hydrogen into a 50 nm Mg thin
film. We plot 2D sSNOM images of the scattering phase ¢4 at several time-steps of the
hydrogen loading process. All scans are performed with an illumination frequency of
v = 1280 cm~!. Hydrogenated areas (dielectric MgH,) lead to a large shift of the optical
phase compared to metallic Mg, as visualized by a blue-to-red transition. An overlay
with grain boundary masks allows an excellent tracking of the MgH, formation and a
detailed study of the diffusion mechanism of hydrogen in Mg thin films. We find that
hydride formation is nucleated at grain boundaries and is followed by a growth process
of these nucleation centers. The hydrogenation front progresses from grain to grain
until channels of MgH, have formed all over the film surface. Interestingly, the phase
formation stops although the surface is not completely switched from Mg to MgH,.
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F1GURE 3.14. Schematic drawing of the vertical MgH, formation in a 50 nm Mg film.
(a) Hydrogen enters via weak spots at grain boundaries and diffuses vertically to the
surface via the grain boundaries. From these nucleation centers the hydrogenation front
progresses laterally. (b) After 60 min of hydrogenation, a closed layer of MgH, blocks
further hydrogen diffusion leaving areas at the top surface of metallic Mg. The average
vertical expansion is 25.8%, close to 30% of a completely hydrogenated film.

[143].

After t = 20 min, the hydrogen absorption becomes significantly slower. As schemat-
ically shown in Figure 3.14, we attribute this to the well-known formation of a blocking
layer inside the Mg film [137, 171]. MgH, itself acts as a diffusion barrier for hydro-
gen and thus prevents continued hydrogenation of the film. Carefully comparing
the optical phase maps, one can already qualitatively assess that the hydride phase
front propagation stops after 30 min. This behavior can also be found quantitatively
when examining the time dynamics of the hyrogenated area, which can be found in
Figure 3.15 (solid purple line and squares). Interestingly, even after 60 min of hy-
drogen exposure and saturation, the film surface has not completely hydrogenated
and shows a MgH, content of only 38% in the probed surface layer. This means that
unhydrogenated material is left, which is, on first sight, unexpected from literature
for Mg [99], but has also been found in hydrogenated niobium films [172]. However,
we explain this behavior, on the one hand, again with the formation of the blocking
layer which halts the vertical hydrogen front progression [173], leaving areas at the
surface in the pristine state (Figure 3.14). On the other hand, we expect that the thin
MgO layer (approx. 5 nm), which forms on the surface, does not seal the Mg film
completely. Additionally, as our samples are hydrogenated from below, Mg has no
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direct exposure to hydrogen gas, but only Pd does (see Figure 3.8a). Due to the large
volume expansion during hydrogenation of the rough Mg film, cracks form and can
cause individual Mg grains to be decoupled from either adjoining Mg/MgH, grains or
from hydrogen-delivering PdH, /TiH, below. Consequently, hydrogen can leak out
at the top of the Mg surface as it can pass the Mg film without any contact to Mg and
leave unhydrogenated areas/grains.

We have seen that our in-situ technique allows for tracking the hydrogenation of
the metallic Mg film with very high spatial resolution, significantly larger as com-
pared to conventional optical microscopy. Consequently, further analysis of the data
shown in Figure 3.13 will in fact allow us to distinguish between the nanoscopic and
the macroscopic hydride phase propagation dynamics in Mg, providing valuable in-
sight into the fundamental hydrogenation processes. Already quantitatively, it can
be seen that individual grains seem to switch on very short time scales compared
to the progression of the hydrogenation in the entire film. The individual hydro-
gen loading times of four selected crystallites are extracted from the data shown in
Figure 3.13 and are depicted in Figure 3.15 in direct comparison with the loading
dynamics of the entire film. The data extraction works as follows: The hydrogen
loading of the individual grain is tracked by determining the relative hydrogenated
area AmgH, (t)/ AGrain, Where Apgy, (£) is the total hydrogenated grain area at time ¢
and AGrain is the total size of the grain after hydrogenation. The data is shown color
coded according to the marked positions of the grains in the scattering phase image
of the pristine Mg film on the right. The same procedure is applied to determine the
hydrogen loading dynamics of the entire film. Here, we used two different methods to
normalize the hydrogenated film area Apgp, (t). The solid line and squares represent
the dynamics when normalizing to the area of the entire measured film (including
unhydrogenated areas) — Amgh, (t)/ AEntire Film - The dashed line represents the dy-
namics when normalizing only to the maximum hydrogenated area of the entire film
— AwmgH, (t)/ AHydrogenated Film- When comparing film and grains, we find that no
matter which normalization we choose, the individual grains load much faster. From
the inset in Figure 3.15, showing a zoom-in of 1 min - 10 min, we find that all grains are
fully loaded within only a few minutes. In particular, grain 2 reaches a loading of 75%
of its total surface area in less than two minutes. This behavior is a clear indication
that the limited hydrogen diffusion in Mg films, as observed in many experimental
studies, is in fact not related to the nanoscopic diffusion and is thus fundamentally
limited but lies with the morphology of the film itself. After every individual grain
the hydrogenation of the film stops and requires a new nucleation spot before the next
grain transforms. This indicates that a tailoring of grain size as well as an increase
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FiGure 3.15. Dynamics of the hydride phase propagation in individual grains vs. the
entire film. We plot the relative hydrogenated area AMgH2 () / AGrain,/Film in dependence
of the hydrogen diffusion time. The relative hydrogenated area is obtained by determin-
ing the total area of MgH, (from the optical phase data shown in Figure 3.13) in four
individual grains and in the entire film, respectively. Then we normalize it to the size
of the respective grain and entire film, respectively. Additionally, we plot the relative
hydrogenated area in the whole film when normalized to the maximum hydrogenated
area of the entire film. The analyzed grains are marked in the near-field scattering phase
image of the pristine Mg film on the right with the respective color. The inset shows a
zoom-in of the time dependency of the hydride formation between 1 and 10 minutes,
allowing for a better comparison of the loading times. The loading in individual Mg
grains is significantly faster than the diffusion of hydrogen in the entire film. We observe,
e.g., for grain 2, a loading of 75% of its area in less than 1 minute.
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of the grain boundary or nucleation site density is a promising route to significantly
decrease the film hydrogen loading times.

3.3.4 Vertical Expansion

As mentioned above, we observe significant amounts of pristine metallic Mg on the
surface of our films, even after 60 min of hydrogenation. Comparing our results to
literature findings, this behavior appears surprising as the film is expected to have
fully hydrogenated after saturation [99]. This apparent contradiction can be explained
when closely examining the changing film morphology and in particular the film
expansion: Figure 3.16 depicts the topography of the film after 2, 10, 20, and 60 min of
hydrogen exposure. The surface roughness changes drastically during the hydrogena-
tion process. After 2 min, we find a finely structured surface with small peaks, which
are mostly located at grain boundaries. After 10 min, the peaks are almost completely
gone, and the film starts to expand quickly vertically and also most probably laterally.
The more hydrogen is absorbed, the rougher the surface becomes, and large hills and
valleys are formed after 60 min of hydrogen diffusion. From this topography we can
calculate the local vertical expansion (Figure 3.17) by referencing the height value at
each pixel to the corresponding height value of the pristine Mg film. This calculation
is explained in detail in the following:

At first, we calculate the incremental vertical expansion between consecutive sSNOM
scans. Afterwards, the total vertical expansion is obtained by summing up all previous
incremental vertical expansions. In detail:

The incremental vertical expansion VE; j(t,) of pixel i, j of the sSNOM scan at time-
step t, is calculated as

z;j(tn) — 2zi j(tn—1) — Dz(tn)

VE,j(tn) = o
g

, (3.63)

where z; ;(t,) is the height of the pixel at time-step t,, where z; ;(t,, 1) is the height
of the same pixel at the previous time-step t, 1, and where dyig = 50 nm is the total
thickness of the pristine Mg film. During the hydrogenation, the film exhibits an over-
all bulging which we have to account for by introducing a correction factor Az(t,). We
define it as follows [143]:

Firstly, the lateral length scale of the bulging is large compared to the measured
field of view (see Figure 3.8). Secondly, the time difference At = t, — t,,_1 between
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Ficure 3.16. Topography evolution of Mg during hydrogen loading. 3D plots of
topography of a Mg thin film after 2 min, 10 min, 20 min, and 60 min of hydrogen
flow. First, there are small peaks appearing. The longer the hydrogenation takes, the
rougher/more uneven the surface becomes with larger hills and valleys appearing.
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F1Gure 3.17. Vertical expansion of Mg during hydrogen loading. (a) 2D images of the
local vertical expansion as well as (b) their histograms of a Mg thin film after 2 min, 10
min, 20 min, and 60 min of hydrogen flow. We find a local vertical expansion of more
than 60%. The average vertical expansion is calculated by integrating each histogram.
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two consecutive sSNOM scans is so small, that the change of the respective topography
is small, too, and only small incremental height adjustments have to be made. This is
the reason why we assume a constant height correction factor for all measured pixels.
Additionally, as the film mostly expands in positive z-direction, the small changes of
the topography happen at high film positions. Thus, we select a thin layer of pixels at
low z-values to calculate the incremental correction factor Az(t,). It is given as

Az(tn) = 22 nm(tn) — Z2 nm (tn-1), (3.64)

where zp iy (t) and zp iy (£,-1) denote the mean height value of all pixels at time-

step t, and t,_1, respectively, which lie within the lowest 2 nm of the respective height
scan. These pixels are marked in orange for each time-step in Figure 3.18 overlayed
with the topography change during the hydrogenation process.

Please note that we cannot choose always the same pixels in every topography scan
to calculate Az. The reason lies within the local film expansion due to hydrogenation
at individual areas. Additionally, it is almost impossible to perfectly correct the sSNOM
data for a sample drift (see procedure above). This means that the pixels would not
correspond to the exact same position of the film surface. Consequently, this would
lead to a significant overestimation of the vertical expansion.

Finally, the total vertical expansion of each pixel i, j after time-step f, is then calcu-
lated relative to {y = 0 min by adding all previous incremental vertical expansions,
namely

n
VEij(tn) = Y, VEij(t). (3.65)
=1

We obtain the images shown in Figure 3.17a for 2, 10, 20, and 60 min. The respective
histograms of these images are shown in Figure 3.17b. We find from the local vertical
expansion that for the first 2 min the expansion is mostly limited to grain boundaries,
where we observed the small peaks in the topography. Further film expansion is
mostly limited to whole grains which expand in parts by more than 60%. Addition-
ally, there are areas/grains which show a negative vertical expansion. This can be
explained with our free-standing film. In contrast to a pinned film on a substrate,
our film can expand during hydrogenation not only in positive but also in negative
z-direction. This causes a large change of the surface roughness leading to very high
but also small negative expansion values. In general, we find that the histogram of the
vertical expansion becomes broader the longer hydrogen is absorbed, which coincides
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Ficure 3.18. Change of topography during hydrogenation. Topography of the Mg
hydrogenation time-series sSSNOM scans with the respective pixels marked (orange) which
are used to calculate Z; ,y, for the correction factor Az (bulging of film) for the vertical
expansion in Figure 3.17. We only select the pixels whose z-values lie within the lowest
2 nm of a respective topography scan.
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F1GURE 3.19. Average vertical expansion of Mg thin film vs. hydrogen loading time.
For a fully hydrogenated Mg film, one would expect the expansion to be 30%. As the
hydrogen absorption in our 50 nm Mg film has saturated while still areas of metallic Mg
were left, we reach a maximum average vertical expansion of approximately 25%. This
can be explained with the hydrogenation front propagation in vertical direction through
the Mg film as indicated in Figure 3.14.

with the increase of the surface roughness for longer H, diffusion. In addition, the
average vertical expansion, which is obtained by integrating the respective histogram,
increases with longer hydrogen diffusion.

The evolution of the average vertical expansion over time is depicted in Figure 3.19.
We reach a maximum average expansion of 25.8% after 60 min of hydrogenation. As
already mentioned, a completely hydrogenated Mg film should expand on average
by approximately 30% in volume. Our free-standing film is still clamped on the grid
causing that most of the expansion is happening vertically and not laterally. The
small lateral expansion leads to the bulging of the film. Consequently, our value
of 25.8% results in a hydrogenated Mg volume of approximately 86%, meaning that
most of the volume below the measured area of the Mg film has switched to MgH,.
This finding alleviates the apparent contradiction observed in the data of Figure 3.13:
Our in-situ sSNOM technique is highly surface sensitive and we are thus measuring
mainly the surface (5-10 nm) of the film which retains significant metallic Mg while
the film as a whole is close to fully hydrogenated. This behavior additionally supports
our assumption of the formation of the blocking layer and the leakage of hydrogen
at the top surface. We have thus found that, in contrast to common expectation
for such a thin 50 nm film, a certain fraction of Mg remains metallic. This so far
unknown aspect might offer additional adjustment possibilities for future material
engineering. Furthermore, it was shown that quantitative investigations of vertical
material compositions are possible using sSNOM measurements [174, 175]. Comparing
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multi-layered finite dipole models with experimental tomographic sSNOM data will
allow to study, e.g., the local hydrogenation depth in our Mg/MgH, films.
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3.4 LIQUID HYDROGENATION OF YTTRIUM NANOANTENNAS

Besides using sSNOM to investigate the nanoscale hydrogen diffusion in metallic thin
films, one can also utilize plasmonic nanoantennas made directly from hydrogen
sensitive materials as local probe. Typically, they give a feedback on their nanoopti-
cal properties via spectroscopic measurements. In the following, we present a local
nanooptical indicator which allows detection of hydrogenation of yttrium nanoanten-
nas via the deprotonation of alcohols assisted by a catalytic Pd cover. While common
hydrogenation schemes of Y rely on hydrogen gas exposure, we show that upon an
exposure to liquid alcohols such as ethanol or methanol, Y can be hydrogenated at
room temperature and ambient pressures. This Pd-catalyzed deprotonation/oxidation
of alcohols is known in literature [176-179]. However, so far, it has not been possible
to visualize such a deprotonation optically.

Wavelength VWavelength

= =
S (<]
=] S
(=] o
= =
S S
13

After proving the concept in the VIS spectral range with Y-Pd thin films, we demon-
strate a plasmonic nanoantenna resonance shift of several hundred nanometers in
the near-infrared (NIR) and MIR spectral range after ethanol exposure. By varying
the length of the plasmonic nanoantennas, we confirm excellent tunability and mod-
ulation of the plasmonic resonances as necessary for future wide-range applications.
Our liquid hydrogenation method and nanooptical deprotonation indicator paves the
way towards a purely optical local monitoring and detection of hydrogen-involving
chemical processes in liquid environments without further need of electrical, chemical,
or electrochemical read-out. It will be possible to optically and locally track chemical
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Glass substrate

Pristine Hydrogen Uptake Hydrogenated

F1Gure 3.20. Concept of liquid hydrogenation. The pristine optical indicators consist of
a 50 nm yttrium layer covered with a 20 nm catalytic palladium layer, as illustrated on
the left. When placing such a sample in an ethanol bath (middle), the Pd layer causes the
deprotonation of the ethanol and absorbs hydrogen (indicated by red spheres), which is
then absorbed by the Y. After the immersion in the ethanol bath, the yttrium film has
hydrogenated to a stable yttrium dihydride (YH.) state, as indicated on the right.

reactions where a local hydrogen indication is necessary, as for example during redox
reactions in fuel cells to further improve their efficiency.

3.4.1 Concept

The main concept of our liquid hydrogenation scheme is illustrated in Figure 3.20. The
hybrid optical indicators consist of stacked layers of Y and Pd on glass substrates as
depicted on the left in Figure 3.20. This two-layered indicator is able to hydrogenate
in an ethanol bath (Figure 3.20, middle), as the catalytic properties of Pd cause the
deprotonation of ethanol and the hydrogen uptake of Pd and Y. As known from
gasochromic hydrogenation experiments, in which the samples are exposed to gaseous
H, buffered in N, or synthetic air, Y is an excellent candidate to visualize its hydrogen
uptake optically. Similarly, after the liquid hydrogenation, the optical properties of Y
have changed dramatically as stable yttrium dihydride (YH2) has formed (Figure 3.20,
right). This phase transition from metallic Y in hep configuration to metallic YH, in fec
configuration comes with a strong increase in the electrical and optical conductivity.
Consequently, YH; is the preferred metal to exhibit a plasmonic resonance as we will
show in the course of this work. Please note that the transition from Y to YH, is non-
reversible at ambient pressures and room temperature. In contrast, Pd is expected to
return to its pristine state as soon as the layered system is taken out of the ethanol bath
as we will discuss in the course of the manuscript. Consequently, as mentioned, our
new liquid hydrogenation method allows for a local optical indication and detection
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of chemical processes in liquids. We have to point out that due to non-cyclability it is
unlikely to be suited for reversible optical switching applications.

3.42 Material Investigation via Thin Films

To prove our concept of liquid hydrogenation via the deprotonation of ethanol, we
first study the change of the optical properties of Y-Pd thin films (50 nm Y + 20 nm
Pd). The materials are evaporated subsequently via electron beam evaporation without
breaking the vacuum. To keep the deposition conditions and thus the optical prop-
erties of the catalytic metals highly reproducible, we keep the deposition parameters
(chamber pressure, deposition rate, film thicknesses, vacuumized material storage,
etc.) identical for all samples shown in this work [45]. Figure 3.21 illustrates the
change in the (a) reflectance and (b) transmittance spectrum in the VIS and NIR spectral
range (500 nm to 900 nm). They are measured using a customized upright microscope
spectroscopy system (NT& C NanoMicroSpec) referenced to an aluminum mirror
(reflectance measurements) and to the bare substrate (transmittance measurements).
The corresponding spectra of the film after immersion in ethanol are displayed in
Figure 3.21a and b in red, the spectra for a gasochromic reference in blue, and the
spectra of the pristine films in black. Numerical calculations of the reflectance and
transmission spectra are plotted as dashed lines. The calculations are performed via
a scattering matrix formalism [180]. The dielectric data of Y is taken from Weaver et
al. [181], and the data for YH, is taken from van Gogh et al. [182]. We find that the
optical properties change drastically upon ethanol and gas exposure. The reflectance
of the thin films decreases from 0.6 to approximately 0.1 at 600 nm. Similarly, the
transmittance increases by almost a factor of seven from a value of approximately
0.01 to a value of 0.07. This characterization of the spectral appearance allows for the
determination of the material state of Y after the liquid hydrogenation in an ethanol
bath. Strikingly, the reflectance as well as the transmittance spectra of the ethanol state
and the gasochromic YH, state are nearly identical. This proves that the immersion in
ethanol leaves the film in the hydrogenated YH, state.

Figure 3.21c shows the visual appearance of the backside of a pristine Y film (left)
and of the same film after liquid hydrogenation in ethanol (right), taken in reflection
(imaged through the glass substrate). The white balance is taken on the pristine Pd
front side. We find, as expected, a silverish appearance of the pristine Y, whereas the
film after the ethanol bath appears purple. As YH, becomes dielectric for A < 800 nm,
this purple appearance is most likely due to a Fabry-Perot resonance in the YH, thin
film which is tunable via the initial Y film thickness. This is known from previous work
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FIGURrE 3.21. Material investigation via thin films - proof of concept. (a) Reflectance
and (b) transmittance spectra of Y-Pd thin films in its pristine state (black solid lines),
after ethanol bath (red solid lines), in a gasochromic YH, state (blue solid lines), as well
as calculated spectra for the pristine Y and hydrogenated YH, state (dashed lines). The
spectra of the gasochromic YH, state and after ethanol agree very well, which implies also
YH, material after the ethanol bath. We assume the Pd cap layer to return to its pristine
state after the ethanol immersion and subsequent ambient air exposure, as validated by
calculations (see Figure 3.22). (c) Visual appearance of the backside of a pristine Y film
and YH, film after ethanol. The images are taken with a reflection microscope. The scale
bar is 1 mm and is valid for both images.
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FIGURE 3.22. Pd cap layer state after ethanol exposure. Transmittance spectra of hy-
drogenated Y-Pd thin films after ethanol exposure (red, solid lines) as well as calculated
spectra (dashed lines) with the cap layer being Pd (violet) and PdH, (green). We find
that the calculation where the cap layer is in its pristine Pd state agrees well with the
measured spectra. The calculation with hydrogenated PAH, cap layer over-estimates the
transmittance obtained from the experiment by a factor of 2. Thus, we conclude that the
PdH, present during the ethanol exposure dehydrogenates to Pd within seconds when
the sample is exposed to ambient air before the measurement. In contrast, YH, remains
in its hydrogenated state as this transition is non-reversible.

in literature [183]. Consequently, this resonance seems also to be the reason for the
absorptive dip in the reflectance spectra of the hydrogenated YH, films in Figure 3.21a
around A = 600 nm.

Furthermore, we assume the Pd cap layer to return to its pristine state after the
ethanol immersion and subsequent ambient air exposure, as validated by calculations
of different material stacks summarized in Figure 3.22. We find that the calculated
transmittance through a YH,-PdH, material stack where the cap layer is still hydro-
genated (green dashed curve) over-estimates the experimentally obtained values by a
factor of 2. In contrast, we achieve a very good qualitative and quantitative agreement
with the spectrum calculated for a YH,-Pd combination (violet dashed curve vs. red
curves).

Additionally, we performed the experiments using a wider set of solvents, in partic-
ular of varying pKa value (a detailed discussion of the influence of the pKa value will
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Ficure 3.23. Liquid hydrogenation of Y thin films with different alcohols. (a) Re-
flectance and (b) transmittance spectra of thin films in a pristine state (black), after
ethanol (red), after methanol (green), after acetone (orange), in a gasochromic YH, state
(blue), as well as calculated spectra for the pristine Y and hydrogenated YH, state (dashed
lines). The experimental data represents four different positions for each solvent. The
spectra of the gasochromic YH, state and after ethanol/methanol are almost identical
and agree very well with the simulation.
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follow in section 3.4.3). These results are shown in Figure 3.23. In addition to ethanol,
we compare an immersion of Y-Pd films in baths of methanol (green) and acetone (or-
ange). Overall, we observe a very similar hydrogenation of Y for ethanol and methanol.
The quantitative agreement between ethanol, methanol, and the gasochromic state is
remarkable, clearly underpinning the existence of YH,. In contrast, acetone (no alcohol)
leaves the Y film unaffected and matches the pristine measurement.

Please note that Pd-capped yttrium is an ideal candidate to visualize this effect of
liquid alcohol deprotonation. The reason lies with the very low hydrogen/proton
partial pressure of only 10730 - 102 bar necessary for the transition from Y to YH, to
start in a controlled environment without oxygen [184]. In contrast, the transition to
the YH; state starts at comparably high partial pressures of 1075 - 10° bar. Similarly,
the phase transitions of pure Pd or other Pd-capped hydrogen-sensitive materials such
as magnesium or niobium occur at similarly high hydrogen partial pressures, which
are not reached by our liquid hydrogenation method. Please also note, that even
via common gas exposure a transition to full stoichiometric YH3 cannot be reached.
Typical experiments with Pd-capped Y stop at a hydrogen content YH, of x ~ 2.7 —2.9
(under very high pressure x = 2.99 can be reached) [48].

3.4.3 Temporal Investigation via Thin Films

For potential applications as optical indicator of local catalytic chemical processes it
is important to understand the transition dynamics in more detail. Thus, we turn
our attention to the temporal behavior of the transition from Y to YH,. Figure 3.24a
depicts the spectral change in reflection during the liquid hydrogenation upon ethanol
exposure. For clarity we plot spectra every 8 min of ethanol exposure. The temporal
spectral change clearly indicates the transition from the pristine Y state (black) to the
hydrogenated YH, state (red) as the Fabry-Perot mode around A = 600 nm becomes
more and more pronounced, causing the reflectance to drop significantly. As seen in
the time trace of the reflectance at A = 600 nm in Figure 3.24b, the liquid hydrogena-
tion of Y in the ethanol bath saturates after approximately 120 min (red curve). Further,
acetone leaves the Y-Pd films unaffected as no hydrogen uptake via Pd is taking place
(orange curve). At this point we have to discuss the potential reason for this liquid
hydrogenation in ethanol. As mentioned above, we believe that the catalytic Pd layer
causes a deprotonation of the alcohols, as it is known in case of Pd nanoclusters [178,
185]. As the ability to deprotonate a solvent is directly related to its pKa value, the
hydrogenation speed should depend on the pKa value of the solvent being used. The
lower the pKa value, the more likely is the deprotonation of the solvent, in turn speed-
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FIGURE 3.24. In-situ temporal investigation of liquid hydrogenation of Y thin films. (a)
Reflectance spectra at every 8 min of the ethanol exposure. The transition from pristine
Y (black) to YH, (red) is clearly observed. (b) Time trace of the change of the reflectance
at a wavelength of 600 nm for ethanol exposure (red curve). For comparison, the time
trace for acetone (orange) is depicted. Acetone leaves the pristine Y film unaffected.

ing up the liquid hydrogenation. However, a lower pKa value also implies a stronger
acid which means that it becomes increasingly likely that highly reactive materials
such as Y degrade.

3.4.4 Nanooptical Indicator for Deprotonation

For local detection of chemical reactions, it is necessary to transfer this hydrogenation
concept to the micro- or nanometer scale. Our design of a local nanooptical indicator
of the ethanol deprotonation is depicted in Figure 3.25a. We use plasmonic nanoan-
tennas made from Y and Pd with a plasmonic resonance in the NIR and MIR spectral
ranges. These nanoparticles hydrogenate and change to YH, upon the liquid ethanol
exposure and thus cause a large shift of the plasmonic resonance. The nanoparticles
are fabricated via electron beam lithography (EBL) and subsequent metal deposition
via electron beam evaporation with a subsequent lift-off process. The pristine antennas
have a length of 460 nm, a width of 190 nm, and a height of 70 nm (50 nm Y + 20
nm Pd cap). The periodicity of the antenna array is 700 nm in x- and y-direction. An
SEM image of the fabricated pristine array is depicted in the upper panel (black) of
Figure 3.25b. The geometrical parameters lead to a somewhat weakly modulated plas-
monic resonance of the pristine Y nanoantennas with a center wavelength at around
1390 nm, as shown in Figure 3.25a (black curve). The spectra are measured with a
commercial Fourier transform infrared spectroscopy system (Bruker Vertex 80 with
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Ficure 3.25. Nanooptical indicator for deprotonation process - hydrogenation of plas-
monic nanoantennas. (a) Schematics of Y plasmonic nanoantennas hydrogenating in
ethanol to metallic YH, (upper panel) as well as the corresponding change of the extinc-
tion spectra (lower panel). The pristine antennas have a length of 460 nm, a width of 190
nm, and a height of 70 nm (50 nm Y + 20 nm Pd). The periodicity of the array is 700 nm
in x- and y-direction. The plasmonic resonance for pristine Y (black curve) shows a peak
wavelength at around 1390 nm and is somewhat weakly modulated. After the ethanol
bath (red curve) the plasmonic resonance has red-shifted to a peak wavelength at around
1700 nm and is well modulated. (b) scanning electron microscopy (SEM) images depicting
the nanoantennas in its pristine state (black, upper panel) and after ethanol (red, lower
panel). Although there has been a hydrogen uptake, no degradation or noticeable volume
expansion is observable. The large scale bar is 2 ym. The small scale bar for the inset
SEM images is 200 nm.
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Hyperion 3000 microscope). This rather broad plasmonic resonance is caused by the
low electrical conductivity of Y [182, 186]. The actual existence of a resonance is
mostly due to the 20 nm Pd cap. After the ethanol exposure we find the nanoantennas
switched to the YH, state which, as shown above, causes a strong change in the optical
properties. Consequently, the resonance of the nanoantennas shifts by more than 300
nm to a center wavelength of around 1700 nm, demonstrating excellent spectral sep-
aration between the pristine and hydrogenated state. Furthermore, the resonance is
now well modulated as the conductivity of YH, is strongly increased in comparison to
Y, which is caused by a change in the atomic and electronic structure upon hydrogen
uptake [187]. Please note that both measurements in Figure 3.25a are taken when the
sample is completely dry - once before (black curve) and once after (red curve) the
ethanol exposure. This means that there is no liquid present during the measurement,
which could have caused the red-shift of the plasmonic resonance due to a refractive
index change of the surrounding medium. An SEM image of the YH, nanoantennas
after ethanol exposure is shown in the lower panel (red) in Figure 3.25b. We find
no deformation or noticeable expansion of the nanoantennas after hydrogenation.
The reason lies with the comparably small volume expansion of only approximately
5% when Y changes to YH, [188]. This conclusively demonstrates that the change
and shift of the plasmonic resonance of our nanooptical indicator in Figure 3.25a is
almost solely caused by the change in the electronic and consequently optical proper-
ties of the plasmonic nanoantennas upon ethanol deprotonation and hydrogen uptake.

In order to utilize yttrium nanoantennas as, e.g., nanooptical plasmonic indicator,
one has to be able to tune the plasmonic resonance over a wide spectral range. Thus,
we vary the length of our plasmonic nanoantennas from L = 350 nm to L = 520 nm
while keeping the width (190 nm), the height (70 nm), and the periodicity (700 nm in
x- and y-direction) constant. The spectral evolution of the corresponding plasmonic
resonances is depicted in Figure 3.26 for YH, nanoantenna arrays which have been
switched via (a) an ethanol bath and (b) gasochromically. Overall, we find perfect
tunability of the plasmonic resonance and an excellent agreement between both ex-
perimental hydrogenation schemes. This underlines the exceptional power of our
alcohol deprotonation technique to hydrogenate Y nanoantennas without the need for
explosive hydrogen gases. Furthermore, Figure 3.26c¢ illustrates the corresponding sim-
ulated plasmonic nanoantennas. The simulations are carried out with the frequency
domain solver of CST Microwave Studio. As the nanoantennas in experiment form
a native yttrium oxide (Y,0O3) layer we include a 3 nm thin Y,O3 shell in the simula-
tions. Furthermore, the nanostructuring processes (PMMA masking and development,
lift-off etc.) can introduce small defects and impurities in the Y nanoantennas. To
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compensate for this degradation in the simulation we increase the free electron damp-
ing in the respective dielectric function [48]. Consequently, we achieve very good
agreement between experimentally measured and simulated YH, nanoantennas. In
the experiments, the length tuning allows for a shift of the plasmonic resonance from
approximately 1440 nm to 1890 nm. This closely matches the overall expected shift
and absolute center position from the simulations.
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FIGURE 3.26. Plasmonic resonance tuning via ethanol, gasochromic comparison, and
simulation of YH, nanoantennas. Extinction spectra of YH, plasmonic nanoantennas (a)
after ethanol (b) after gas exposure, and (c) simulated. The length of the antennas varies
from 350 nm to 520 nm. The width is 190 nm and the height is 70 nm (50 nm YH, + 20
nm Pd). The cap layer for the simulations is in a Pd state as the samples are exposed
to oxygen during the measurement and thus the PdH, present during the ethanol/gas
exposure is expected to dehydrogenate to Pd within seconds. In contrast, YH, remains
stable at oxygen exposure at room temperature and ambient pressure.
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3.5 CONCLUSIONS & OUTLOOK

In conclusion, we have investigated in this chapter two hydrogen-sensitive metals
which can be used for several applications in active plasmonic systems:

In the first part, we watched and analyzed in detail the nanoscale hydrogen diffu-
sion dynamics in magnesium in an in-situ environment using sSNOM. A characteristic
IR phonon resonance of MgH, enabled chemical specificity to unambiguously track
the hydride formation, nucleation, and lateral growth. We find that this process is
highly influenced by the nanoscale morphology of the Mg film. This morphology
seems to be mainly responsible for the slow hydrogen diffusion through the entire
film. Interestingly, the hydrogenation stopped before the entire film is switched, leav-
ing areas of metallic Mg within the dielectric MgH,. From the analysis of the local as
well as the average vertical expansion we can deduce that a MgH, blocking layer has
formed below the surface preventing further hydrogen diffusing through the film. In
addition, we have proven that individual Mg grains show hydrogen loading dynamics
which are significantly faster than the dynamics on the macroscopic film scale. This
behavior is caused by an effective averaging over single nanocrystallites and grain
boundaries. Thus, we expect, on the one hand, thin films with large monocrystalline
grains to exhibit a significantly faster overall hydrogen diffusion coefficient. On the
other hand, as our findings have shown that the hydrogenation requires nucleation
at grain boundaries, an increased grain boundary density should also speed up the
overall hydrogenation process. This could explain the significant improvement of
hydrogen diffusion coefficients in alloyed Mg systems, such as MgyNi, thin films in
which we observe very small grains and thus large grain boundary densities [189]. Our
findings have immediate implications for a number of active optical and plasmonic
systems, where magnesium but also other phase transition materials are being used.
Our work is an important step forward in enhancing and understanding the diffusion
kinetics, dynamics, and efficiency of phase change and as well as a huge variety of
hydrogen storage and generation materials.

In the second part, we have demonstrated a novel method to hydrogenate yttrium
films as well as yttrium nanoantennas in a liquid environment. We have carried out
a proof of concept via alcohol hydrogenation of Y thin films to YH, and have shown
excellent agreement with gasochromically switched films as well as with calculated
optical responses. Our presented local nanooptical indicators for the deprotonation
of alcohols consist of periodically arranged plasmonic nanoantennas realizing a reso-
nance with great oscillator strength and wide tunability in the NIR and MIR spectral
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range. Upon alcohol exposure, the plasmonic resonance shifted by several hundreds
of nanometers, leading to an excellent distinguishability between the pristine and
hydrogenated state. Again, a comparison with gasochromically hydrogenated as well
as simulated YH, nanoantennas revealed excellent agreement. These findings have
immediate implications in hydrogen-regulated optical and chemical systems and can
lead to applications where a hydrogen detection and indication in liquids is required.
A utilization of our liquid hydrogenation scheme in other metal hydride systems or
hydrogen sensitive materials such as metal organic frameworks could, in the future,
even allow for a reversibility of the liquid hydrogenation process. Volumetric detec-
tion limits of chemical reactions and catalytic processes in liquids can be even further
pushed by using and investigating single plasmonic particles as local nanoprobes in-
stead of the entire nanoantenna array. Furthermore, our work can be highly beneficial
for a better understanding of chemical reactions in liquids as it paves the way towards
accessing and visualizing the reaction optically and locally without the necessity of an
additional electrical, chemical, or electrochemical readout.
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41 INTRODUCTION

A chiral object cannot be superimposed onto its mirror image by simple translation
or rotation. The original and its mirrored object are so called true enantiomorphs or
enantiomers of each other. Typically, they are termed right- and left-handed. Chirality
is nearly omnipresent in our everyday lives, as the handedness of chemical substances
is crucial to determine the basic functionality of key molecules, amino acids, proteins,
drugs, and others. Similarly, the phenomenon of chirality has drawn lots of attention
in physical research fields, especially in the optics and plasmonics community. Light
itself can possess helicity or chirality, defined via its polarization. Here, one typically
distinguishes right-circularly polarized (RCP) and left-circularly polarized (LCP) light
which are differentiated by a clockwise or anti-clockwise rotation of the electric and
magnetic field vectors.

Recently, chiral plasmonic structures have gathered significant interest due to the
manifold potential and suspected applications, such as polarization control and ma-
nipulation [190-195], chiral sensing [196-199], three-dimensional chiral rulers [200,
201], switchable chiral systems [202-204], and many more [205-208]. However, al-

105



SINGLE CHIRAL PLASMONICS

ready from a very fundamental and basic viewpoint, people have been captivated
by plasmonic chirality [201, 209-219]. The reason lies with their molecular counter-
parts: Chirality, or the structural handedness of molecules, manifests itself optically
in a different absorption for LCP and RCP light. Consequently, the polarization state
of light can be manipulated: circular dichroism (CD) leads to differential absorption,
and optical rotatory dispersion (ORD) causes the plane of linearly polarized incident
light to be rotated. However, all of these effects are small for molecules due to their
small light interaction cross sections. This is in stark contrast to plasmonic systems.
Here, extremely large asymmetry has been found, which is linked to the enormous
dipole strength of the plasmonic resonances. Additionally, the chiral response can be
tailored as there is significant control over composition, relative orientation, position,
shape, and size of individual plasmonic nanoparticle (NP)s [220-222]. Moreover, it
was found that the chiral response of plasmonic systems is more diverse as in the case
of molecular systems as plasmonic nanoparticles scatter and absorb light, leading to
chiroptical effects in absorption as well as scattering [223].

There are mainly two possibilities to fabricate chiral plasmonic nanoparticles. On
the one hand, top-down fabrication methods, such as electron-beam lithography, allow
for a very high control of the individual nanoparticle shape and their relative position
resulting in three-dimensional multilayer nanostructures [224-227]. On the other hand,
the interest in bottom-up synthesis techniques is mainly fueled by the scalability of
these methods, allowing, in principle, to manufacture the large quantities of nanopar-
ticles required in real-world applications. The goal of the synthesis, however, is to
fabricate nanoparticles, which do not only show similar shape but also possess similar
optical properties. Consequently, significant effort has been undertaken to refine the
nanoparticle synthesis. Such a refinement requires feedback. In most studies, this
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feedback is the structural investigation of the nanoparticles via scanning electron mi-
croscopy (SEM) or transmission electron microscopy (TEM). However, in most cases,
the optical properties are, in fact, key for future applications, which makes the optical
properties appear highly appealing as a potential feedback.

In that sense, one question stood out from the beginning: What is the ultimate
limit in the chiroptical response? How does one maximize the asymmetry of these
plasmonic systems? More specifically, what is the ideal structure leading to the largest
chiroptical response? In particular, the relation between the nanoscale morphology
and the optical properties is of utmost interest, however, difficult or even impossible to
determine. This holds, in particular, true for chiral geometries in which minute mor-
phological differences can manifest themselves in pronounced chiroptical differences
[108].

Recently, a water-based chemical synthesis route to fabricate three-dimensional
chiral metal nanoparticles utilizing cysteine and cysteine-containing peptide additives
as chiral shape modifiers has been presented [228]. This strategy has provided a
possibility to synthesize various chiral helicoidal nanomaterial series and allowed a
controlled bottom-up fabrication of solid symmetric left-handed and right-handed
(as well as achiral) nanoparticles [229, 230]. The nanoparticles of these series exhibit
an exceptional chiroptical response with an ensemble asymmetry factor of up to
g = 0.2, while offering full tunability of the material properties via the synthesis.
Nevertheless, further improvement of the chiroptical properties requires a deeper
understanding of the working principles in these chemically synthesized helicoid NPs.
In this chapter, we will show that single particle chiral scatterometry is one possible
method which is ideally suited (in combination with SEM techniques) as an in-depth
investigation method for the correlation between nanoscale morphology and far-field
optical properties.
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FIGURE 4.1. Automized single particle chiral scatterometry. Scheme of the optical trans-
mission setup to automatically measure single NP chiroptical responses. The illumination
unit consists of a high intensity white light source, a polarizer, and a quarter wave plate
(QWP) to generate circularly polarized light, as well as a dark-field (DF) condenser to
focus the light on the sample. The sample is mounted on an xyz-stage to automatically
scan the measurement area over the sample. The detection path contains a microscope
objective, which collects the scattered light from the NPs, and a spectrometer.

4.2 INSTRUMENTATION: CHIRAL SCATTEROMETRY

To investigate the Rayleigh scattering of single chiral plasmonic NPs, we use a modi-
fied dark-field microscope (Nikon Eclipse TE2000-U) [108]. A scheme of the setup is
shown in Figure 4.1. We place the NPs onto glass substrates at the sample position
on a motor driven xyz-stage. With a high-intensity laser-driven plasma white light
source (Energetiq EQ-99) and a subsequent combination of linear polarizer (Thorlabs
LPVIS100) and broadband QWP (B. Halle RAC 5.4.20) we generate circularly polarized
light. The QWP is rotated automatically to switch between LCP and RCP light, which is
focused via a DF condenser onto the individual structures. Due to the high numerical
aperture (NA = 0.8 — 0.95) of the condenser, only the scattered light in forward direc-
tion (indicated by red lines in Figure 4.1) is collected by the objective (magnification
60x). The primary light (blue lines) passes the objective. This allows us to resolve a
single NP and detect its chiral scattering spectrum with a grating spectrometer (Prince-
ton Instruments SP2500i) in combination with a Peltier-cooled front-illuminated CCD
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FIGURE 4.2. Measurement procedure for automized chiral scatterometry. (a) Measure-
ment scheme illustrating the scanning of a 4 x 4 yum? single pixel area over a total
measurement area of 100 x 100 yum? on the sample. The scanning increment is 2 #m to
ensure that all measured particles are once in the exact focus and close to the center of
the illumination spot. (b) Obtained image from an automized scan showing the average
scattering intensity (left). The particles are detected (right, blue squares) and spectro-
scopic information is extracted automatically.

camera (Acton PIXIS 256E).

With our setup it is possible to automatically measure single particles via an au-
tomized sample scanning as illustrated in Figure 4.2a. For an individual “pixel” of
such a scanned image we illuminate an area of approximately 4 x 4 um?. Subsequently,
this pixel area is scanned over the sample with a step size of 2 ym in x and y direction.
Due to the comparably large single particle spacing, achieved by spin coating a dilute
particle solution, this incremental step ensures that one particle is measured without
the influence of surrounding particles. Additionally, we choose the incremental step
such that we can ensure a single NP is once in the exact focus and close to the center
of the illumination spot. At each position we automatically measure the scattering
spectra for an illumination with RCP and LCP light (automatic rotation of the QWP)
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to retrieve the full chiroptical spectral information of the pixel/NPs. An exemplary
scanned image of a sample containing single plasmonic nanoparticles is shown in Fig-
ure 4.2b. The left shows the forward scattering average intensity of a sampling area of
100 x 100 um?. We use post-processing of the scanned image to automatically detect
the pixels containing single particles, as it is illustrated in Figure 4.2b on the right.
The chiroptical spectral information at these positions is extracted and all particles are
analyzed in detail and fully automatically.
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43 CHIRAL SCATTEROMETRY ON SINGLE HELICOID NANOPARTICLES
4.3.1 Single Helicoid Nanoparticles

Schematic representations of the ideal shape of our single L-handed and p-handed
helicoid NPs as well as the achiral hexoctahedrons are shown in Figure 4.3 on the
left. For helicoid NPs with the highest g-factor, uniform sized {111} facet enclosed
gold octahedron NPs are used as pre-synthesized low-index seeds. Under normal
growth condition, achiral hexoctahedron nanoparticles composed of 321 facets on 48
identical triangular faces with 4/m32/m point group symmetry were synthesized.
Upon addition of the chiral glutathione molecule as chirality encoder, a preferred
interaction between L-glutathione with the generated 321R facet in the hexoctahedron
leads to a slower development of the R region. This shifts the R-S boundary towards
the S region, whereas the counter-enantiomer shifts the R-S boundary towards the R
region. This asymmetric growth breaks the mirror and inversion symmetry for the
432-point group symmetry generation. Viewed from the [100] direction, convex inner
edges, highlighted in the achiral hexoctahedron in Figure 4.3, rotate in clockwise and
anticlockwise direction, resulting in pinwheel-like structures with four highly curved
arms on each six faces of the cubic geometry. These chiral arms evolve away from
the center point as increasing its thickness, therefore, generating high-curvature gaps
(chiral cavities).

After synthesis, the NPs are dispersed on a glass substrate via spin-coating at high
speed which separates them spatially. While also preventing near-field interactions, it
more importantly allows for single particle measurements as the scattered light from a
single particle can be recorded only for a certain minimal inter-particle distance due to
the size of the far-field focus, typically on the order of one resonance wavelength. The
glass-air interface can introduce measurements artifacts due to the lowered symmetry.
In order to measure the chiroptical properties of the NPs immobilized on the surface, it
is important to remove the local structural asymmetry and any potential contribution
caused by this asymmetry. We thus spin-coat a thin polymer layer (Futurrex IC1-200
spin-on glass) onto our samples. The particles are afterwards embedded into a homo-
geneous material consisting of the glass substrate and the spin-on glass polymer layer
with same refractive index, which is crucial for avoiding symmetry breaking at the
substrate-air interfaces.

SEM images of four representative 1-handed, achiral, and p-handed single NPs with-
out the polymer coating are depicted on the right in Figure 4.3. When comparing the
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Achiral L-handed

pD-handed

F1GURE 4.3. Single helicoid chiral nanoparticles. Left: Schematic illustration of single
chiral plasmonic NPs showing the left-handed (1-handed), achiral, and right-handed
(p-handed) structure. The achiral hexoctahedrons are the seeds for the growth of the
two enantiomers. Right: Representative SEM images showing four L-handed, achiral, and
p-handed single NPs. We find clear structural differences between the single L-handed
and p-handed helicoid NPs, respectively. In contrast, the achiral hexoctahedrons show
very little visible structural differences. The scale bar is 200 nm.

shapes of the synthesized particles with the schematic illustrations on the left, we find
that both, L-handed and p-handed helicoids, possess the pinwheel-like morphology.
The first two enantiomeric NPs clearly show the clockwise and anticlockwise rotation
of the chiral arms with respect to the center symmetry point. Despite a consistent
generation of a chiral motif, artifacts can exist within a batch and in between batches
as slight deviations from the optimum synthesis conditions which can influence the
chiral nanoparticle morphology significantly. In that sense, a “chiral motif” in our
terminology means a common and persistent structural or also spectral feature (see be-
low) which is present on average in most single nanoparticles. Representative artifacts
of nanoparticle morphologies are shown in the SEM images of the two enantiomers in
Figure 4.3. Some of the NPs have chiral features which possess underdeveloped curved
arms (third L-handed particle) and some with overdeveloped protruded and extended
arms (fourth r-handed particle). Additionally, we see slight size difference between
the L-handed and p-handed NPs. The achiral hexoctahedrons show significantly less
structural spread, having similar shape and dimensions. For a comprehensive un-
derstanding of the synthesis and a quantification of the synthetic potential, it is now
important to correlate the morphological differences with the spectral response. A pri-

112



4.3 CHIRAL SCATTEROMETRY ON SINGLE HELICOID NANOPARTICLES

ori, it is not clear which of the particle morphologies visible in Figure 4.3 will exhibit
the strongest chiroptical response. Moreover, it is not clear which spectral signatures
will survive ensemble averaging.

As mentioned, we immobilized spin-coated L-handed, achiral, and p-handed nanopar-
ticles on different substrates. As the particles are embedded into the spin-on glass their
position and orientation is fixed and we can locate specific particles again, allowing to
re-measure the spectra as well as to measure the same spots for different illumination,
e.g., from the back- or front side. In order to obtain reliable spectral information and
a decent overview of the spectral spread, it is indispensable to have large enough
sampling as well as un-biased automized particle selection.

4.3.2  Scattering and Differential Scattering

Our quantitative study compares the chiroptical properties of 26 L-handed, 26 achiral,
and 26 p-handed single NPs. Their single NP scattering spectra in the visible (VIS) and
near-infrared (NIR) (A = 500 — 1025 nm ) are shown in Figure 4.4 for illumination
with LCP (solid) and RCP (dashed) light. The spectra in each waterfall plot are shifted
vertically by 1 (the color code we used to plot the spectra for the individual particles
remains the same throughout the manuscript). This presentation of all the 3 x 26
single nanoparticles in such a waterfall plot is essential as it allows for a quantitative
and clear comparison of their scattering spectra and helps to find spectral differences.

First, we investigate the response of the achiral structures, depicted in the middle
column. The strongest scattering for the particles, similarly to the chiral ones, appears
between 700 and 900 nm, explaining the reddish appearance of the particles in the
dark field microscope. We see that the scattering spectra for RCP and LCP illumination
can hardly be distinguished for all of the particles. This finding is important for two
reasons: Firstly, it demonstrates that the nanoparticle synthesis indeed delivers achiral
particles of very high quality. Secondly, it confirms the validity of our measurement
procedure as the achiral particles indeed should not show any chiroptical response.
In previous works it has been shown that minute deviations from the ideal achiral
shape indeed already cause significant chiroptical activity, which makes it challenging
if not impossible to perform this control experiment with, e.g., top-down fabricated
structures [108]. Therefore, the excellent optical achirality is testimony to the synthesis
strategy used.
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FIGURE 4.4. Single helicoid chiral scattering spectra. Scattering spectra of 3 x 26 ran-
domly picked single NPs (26 L-handed, 26 achiral, 26 p-handed) for LCP (solid) and RCP
light illumination (dashed). The L-handed NPs are shown in (a), achiral NPs in (b), and
p-handed NPs in (c). The offset between the spectra is 1. The r-handed and p-handed
NPs show a large spread in the resonance position as well as in their spectral features,
especially when compared to the achiral NPs. The cause of this observation lies within

the structural differences in between the L-handed and p-handed single NPs.
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The left column (Figure 4.4a) depicts the scattering spectra of the 26 L-handed single
NPs. Already at first sight the scattering for RCP and LCP illumination can be clearly
distinguished for all particles, pointing to a strong chiroptical response. The exact
spectral shapes and signature, however, show a surprisingly large spread. Some of the
NPs show only a single peak, some possess two distinct features whereas others show
significantly reduced scattering. A similar behavior is observed for the D-handed
single NP scattering spectra in Figure 4.4c, however the spread in optical features
seems to be less in comparison to the L-handed enantiomers. Almost all p-handed
NPs show a narrow peak around A = 700 — 750 nm . Overall, their scattering spectra
are shifted slightly towards smaller wavelengths. The origin lies most probably within
the slightly smaller dimensions of the b-handed NPs as we have observed in the SEM
images shown in Figure 4.3. Comparing the scattering response of the L-handed and
p-handed NPs, the chiroptical response of the L-handed ones seems to be larger on
average, with also larger spectral spread. The p-handed NPs appear more uniform in
their response.

Next, we want to study the chiroptical properties of the NPs in detail. In molecular
systems this chiroptical response is generally given as differential absorbance for RCP
and LCP incident light, called circular dichroism. This does, however, not imply that
the chiroptical response of any system is defined via absorbances. The reason for the
definition lies with the properties of molecular systems which predominantly absorb
light and show very little to no scattering of light (as absorbance scales with V, while
scattering scales with V2 and the molecular volume V is very small). This is in stark
contrast to plasmonic systems. Here, due to its larger size compared to molecules,
the light scattering cross sections can even significantly surpass the absorption cross
sections. Consequently, it has been demonstrated that the structural chirality of a
plasmonic systems manifests itself in the absorption and scattering response. These
two contributions can in fact hold different information, as spectral far-field scattering
maxima do not necessarily coincide with the maximum in absorption, in particular in
systems with pronounced interaction via resonant light scattering. In Figure 4.5 we
thus plot the differential scattering defined as AS = Srcp — Sicp-

The differential scattering spectra obtained from the scattering spectra shown in
Figure 4.4 are depicted as solid lines in Figure 4.5. Please note that our structures are
intrinsically highly C4 symmetric and thus no correction for linear artifacts, such as
linear birefringence, is necessary. The differential scattering reveals that the chiroptical
response is significantly more pronounced than the spectra of Figure 4.4. Thus, it
becomes even more important for the differential scattering to be able to quantitatively
compare the individual responses and the spectral chiral signature of all 3 x 26 single
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FiGure 4.5. Single helicoid differential scattering spectra. Differential scattering spectra
AS = Sgcp — Sicp of 3 x 26 single NPs (26 L-handed, 26 achiral, 26 p-handed) in forward
(solid) and backward illumination directions (dashed), respectively. The L-handed (a)
and p-handed (c) NPs show a large spread in the differential scattering spectra caused
by structural differences. In contrast, almost all achiral NPs show barely any chiroptical
response. (d-f) Average of the differential scattering spectra of the single NPs shown (a-c),
respectively. The average achiral chiroptical response is, as expected, clearly distinguish-
able from the chiroptical response of the enantiomers.
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nanoparticles. This is again achieved (similar to Figure 4.4) by making use of the
shown waterfall plot. Firstly, we turn our attention to the reference achiral NPs: We
observe a close to zero chiroptical response for all 26 particles. As already mentioned,
this is important as a control experiment to make sure the optical detection path per-
forms flawlessly while also revealing the excellent NP quality. As we used the same
scale on all panels, it is obvious that the small observed spectral features for the achi-
ral structures are most likely measurement artifacts, but in any case, fully negligible
when compared to the response of the chiral NPs. The results of another important
control experiment are depicted as the dashed lines: Due to the encapsulation and
immobilization of the nanoparticles we can flip the sample and thus revert the illumi-
nation direction. The handedness of a chiral particle is a geometric property and thus
independent of the illumination direction. However, in general a sufficiently large
chiral nanoparticle will not have exactly the same spectral response for all possible
illumination directions due to retardation effects. This behavior is most obvious for
an elongated spiral illuminated along the long axis or perpendicular to it, beautifully
investigated in detail by Sachs et al. [231]. However, for exactly counterpropagating
light fields the response needs to be close to identical. The reason for this control
experiment is simple: Only in case of a true chiral response the differential scattering
spectra will show reasonable agreement. Contributions of, for instance, polarization
conversion or elliptical birefringence in contrast will flip sign. When inspecting the
differential scattering spectra for forward and backward illumination for the achiral
NPs, we see that also these spectra show little to no signal, again underlining the
achirality of the NPs. The optical response of one particularly interesting particle is
depicted in dark green (13th particle from the bottom): We observe a comparably
strong differential scattering signal, however, it nearly perfectly flips sign for opposite
illumination directions. This indicates that the observed signal in fact most probably
originates from linear birefringence. For reasons unclear, locally the symmetry seems
to be reduced, causing linear birefringence, which can be mistaken for a chiroptical
signal without proper control experiments.

We now turn words to the chiroptical response of the L-handed NPs depicted in the
left panel of Figure 4.5. Again, the differential scattering for forward and backward
illumination is plotted as solid and dashed lines, respectively. Most of the chiroptical
features are present in the wavelength range from A = 750 nm to A = 950 nm . In
addition, some of the L-handed NPs show features at shorter wavelengths around
A = 600 nm — 650 nm. Compared to the scattering spectra, the differential scatter-
ing very prominently indicates a surprisingly large spectral spread of the particles.
We observe spectral signatures of varying number of modes and at different spectral
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positions. The relative strength of these modes as well as their absolute values vary sig-
nificantly. Some signatures, such as the one around 900 nm, are extremely pronounced
in some spectra while being nearly absent in others. A subset of particles exhibits
spectral signatures below 700 nm, which are not at all detectable for others. In general,
the spectral spread is much larger than we would have naively expected from the SEM
images as well as from the maturity of the synthesis strategy. This in fact points at two
important implications: First, also in these particles seemingly minor structural devia-
tions lead to significant spectral changes, which is in fact a very desirable property of
interest. Moreover, it underpins that there is significant potential for improvement of
the overall chiroptical response of the ensemble. The spectra measured for opposite
illumination directions in general show excellent agreement with their counterparts.
There are minor differences, which we ascribe to inaccuracies in alignment (single
NP measurements are highly sensitive to possible small positioning differences) and
smaller retardation effects. However, the overall spectral features and their relative
strength are in excellent agreement, underlying that we are indeed measuring the true
chiroptical response.

The right panel of Figure 4.5 finally depicts the differential scattering for the p-
handed NPs for forward and backward illumination. The overall observations are
very similar as in case of the L-handed NPs. The spectra for forward and backward
illumination show reasonable agreement, validating our measurements. In general, the
chiroptical response is smaller as well as blue-shifted in comparison to the L-handed
NPs. Also, we observe smaller overall spread of the spectral response in terms of
number of modal signatures and overall amplitudes. We ascribe this observation as
well as the blue-shift to the slightly smaller size of the D-handed NPs which causes an
overall blueshift as well as a less pronounced mode splitting. Additionally, we calculate
the average of the single NP differential scattering spectra and plot them in Figure 4.5d-
f, respectively. As expected from the individual spectra, the average of the achiral NPs
is close to zero over the entire spectral range and is clearly distinguishable from the L-
and p-handed response. They both show in parts, especially for A < 700 nm, mirror
symmetry in the differential scattering. Again, we find a good agreement between
the averages for the NPs being measured in forward (solid) and backward direction
(dashed).

4.3.3 Single vs. Ensemble

As mentioned above, the full chiral answer of a plasmonic structure constitutes scatter-
ing and absorption contributions. As we are analyzing the scattering part in this work,
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FIGURE 4.6. Detailed g-Factor analysis of helicoid chiral nanoparticles as single vs. in
an ensemble. (a-c) g-factor spectra for all 3 x 26 single NPs (26 L-handed, 26 achiral, 26
p-handed). The calculation of the g-factor allows for a comparison of the optical activity
to solution (ensemble) measurements. In panel (d), we plot the averaged g-factor of the
26 r-handed (red), 26 achiral (black), and 26 p-handed NPs. Additionally, the g-factor
of the respective NP solution is plotted in lighter colors in (e). The agreement between
averaged single NPs and NP solution in terms of resonance position and absolute values
of the g-factor is very good. We obtain similar maximum g-factor values of approximately
+0.2.

a direct comparison of the chiroptical response measured here to the absorptive CD
measurements of the NPs in solution presented before requires proper normalization.
The asymmetry g-factor represents a convenient normalized quantity facilitating this
comparison. We define the transmission g-factor as

SLcp — Srcp (4.66)

8T = Stcp + Srep”

and the scattering g-factor as

Srcp — Srcp
ORCP " OLCP (4.67)
Srcp + Sicp
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meaning that we interchange the RCP and LCP contributions. This is simply an inver-
sion of sign, and we link this definition to the contribution of absorption and scattering
to the extinction cross section

Oext = Uabg 1 Uscat- (4.68)

In Figure 4.6 we plot the asymmetry factor for all 3 x 26 single NPs in panels a to
c. We deliberately plotted each set of 26 measurements in one panel to once more
demonstrate the diverse nature of the spectra. Examining the spectra for the L-handed
and p-handed NPs, there seems to be no common pattern, but more a random distri-
bution of modes at different spectral positions. The asymmetry factors for the achiral
NPs show very little response when compared to the handed particles, in accordance
with the previous discussion. Strikingly, when performing an averaging[108] by in-
dividually averaging the sets of 3 X 26 measurements of Figure 4.6a-c, we observe a
clear and pronounced chiral feature in the spectra, as shown in panel d of Figure 4.6.
The averages of the L-handed and p-handed NPs show a remarkably strong disper-
sive chiral feature with good mirror symmetry (apart from the previously discussed
slight spectral blue-shift of the p-handed NPs). The achiral average exhibits barely
any features at all, as expected. Even more remarkable, the spectra show excellent
agreement with the solution measurements of the same particles obtained with a Jasco
CD spectrometer in transmission, as plotted in Figure 4.6e (note that this measurement
can only be performed up to 775 nm). Despite a small spectral red-shift of the average
due to a refractive index increase (from water n=1.33 to spin-on-glass n = 1.41), we
obtain almost identical spectral shapes as well as absolute asymmetry values (note the
identical y-scale). Fundamentally speaking, it is remarkable that the g-factor spectra
obtained from these two different types of measurements (scattering vs. absorption) as
well as from these completely different nanoparticle arrangements (average of single
particles vs. solution ensemble) are almost identical [232].

This finding is important for a number of reasons: The individual measurements
contain clearly significantly more details and information when compared to the
average [108, 233-236]. In fact, it is stunning how many modal signatures vanish in
the average while only a single dispersive feature remains. This immediately leads to
an important question: Is this feature a consequence of a common chiral motif among
all particles or is this the signature of a certain subset of particles which survives the
averaging while the other signatures and particles cancel each other out? This question
cannot be answered at this point, however, is highly relevant for future applications. If
the signature is indeed related to a certain subset of particles, these particles could be
identified, and purification strategies developed which would immediately increase
the overall asymmetry. This point is underlined by another important finding of
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the single particle measurements: The asymmetry of a few single NPs significantly
outperforms the maximum g-factor values of the averaged NPs as well as of the
solution, which is on the order of ¢ ~ +0.2. We find r-handed single particles with
values of up to g = —0.8, which is four times larger than the average.

4.3.4 Correlation with Morphology

The measurements and results above can only be explained by deviations in shape,
size, dimensions, relative features, etc. between the individual particles. In particular,
random uncontrolled deviations would most likely rather cancel out in an ensem-
ble than being detectable. It is therefore highly compelling to try and analyze the
morphology of the individual particles we measured optically and determine which
particle is the “best”, hence resulting in the largest asymmetry factor. Such an analysis
is in fact not straightforward. Firstly, even if the particles would be freely accessible,
a determination of their three-dimensional morphology would only be possible by
advanced transmission electron microscopy techniques. Additionally, the investigation
is hindered by the fact that the particles are fully incorporated into the spin-on glass
layer. In order to at least partially overcome this issue, we used a focused ion beam
tool equipped with a laser interferometer stage (Raith ionLine Plus) to determine the
exact coordinates of the particles and to selectively thin/mill the polymer over-coating.
In detail, when we measured the chiroptical response of the 3 x 26 single NPs, we
saved the x-y-coordinates of each particle relative to a chosen fix point. Afterwards,
this allowed us to mark each particle in a separately taken overview dark-field image
of the sample. Subsequently, this image was used to locate all particles with the Raith
ionLine Plus system equipped with a laser interferometer stage and mill down the
spin-on glass layer over an area of 1 x 1 yum? at each particle position. Selected SEM
images of these particles are shown in Figure 4.7 for six single L-handed in panel a and
for six p-handed single NPs in panel b. The color code for each particle matches the
color used in all previous figures. Please note that we milled as much of the spin-on
glass as possible without destroying or damaging the particles. However, there are still
parts of the layer left on top of as well as around the particles which causes the shown
SEM images to exhibit a certain “blurriness” due to additional electron scattering in
this layer.

The most prominent finding is that we in fact measured a number of r-handed
pairs of particles instead of single ones. Spin coating of particles can lead to certain
unavoidable clustering. This finding is also testimony to our unbiased selection of mea-
surement spots. The spectral response of the particle pairs is, in fact, highly interesting.
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FIGURE 4.7. Correlation between chiroptical response and morphology. Single NP
g-factor as well as the corresponding SEM images of six selected (a) L-handed and (b)
D-handed NPs (labeled with I-VI). Note that the NPs are completely embedded in a spin-
on glass layer, hence the SEM images are blurrier than the images in Figure 4.3. We see
that the distinct differences in the g-factor spectra are caused by huge differences in the
shape as well as in the dimensions of the NPs. Interestingly, some chiroptical responses
correspond to dumbbell-shaped pairs of L-handed NPs, which was not observable in the
initial dark-field scattering measurements. The scale bar is 200 nm.
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Pair III depicted in pink shows barely any chiroptical response when compared to the
other particles. This is a first hint that certain spectral signatures of different particles
might indeed cancel out (particle pair V in orange shows similar behavior). Particles
I and II possess the highest asymmetry factor of ¢ = 0.5 and g = 0.8. Interestingly,
the main chiroptical features are in the same spectral region (A = 600 — 750 nm) as
the mono-dispersive average response in Figure 4.6d (red curve). Previously reported
simulation data of the helicoid nanoparticles showed a strong correlation between
the chiroptical response and the helicoid NP geometrical parameters such as the gap
depth, width, particle size and tilt angle, while resulting in a maximum asymmetry
factor of around g ~ 0.8 for the given pinwheel-like chiral nanostructures [228]. Due
to the spin-on glass layer as well as the inability to observe all 6 facets of the particles
it is difficult to access the precise shape of the particle. However, the best visible top
facet ([100] view) closely resembles the ideal pinwheel-like structure, as shown in
Figure 4.3. Further detailed investigation with appropriate statistics is needed, but
this finding provides two valuable insights. First, it might again point to a potential
subset of particles which is in fact responsible for the persistent chiral spectral motif
visible in Figure 4.6d and e. Secondly, the observed significantly larger single NP
asymmetry factor compared to the ensemble value suggests that there is potential to
further improve the already impressive chiroptical properties of the NPs grown via
the amino-acid and peptide directed synthesis approach. In contrast, particles IV and
VI are clearly deformed. Despite limited visibility, particle IV shows an underdevel-
opment of chiral arms and cavities, causing it to be smaller in size. Particle VI is an
example for a particle with overdeveloped chiral arms, similar to the last L-handed
particle in Figure 4.3 (right). Significant extrusion and overgrowth of one of the chiral
arms coincides also with a smaller core body. For both particles IV and VI, it is not
straightforward to identify the chiral shape, still it is clearly presented as indicated
by their chiroptical response which is in fact surprisingly large. Their chiral response,
however, clearly differs from the average response of the L-handed NPs in Figure 4.6d.

In panel b of Figure 4.7 we show similar results for six b-handed single NPs. The SEM
images underline the point made above: From the images it is very difficult to access
the true and full morphology. The six particles appear significantly more uniform than
the six L-handed NPs in panel a. Yet, there is still a significant spread in the spectral
features which we cannot correlate with any particular structural differences. Particles
II-VI appear to be more similar to the ideal p-handed shape with anticlockwise rotation
of chiral arms as shown in Figure 4.3, whereas the shape of particle I seems ill-formed.
However, clear assignments require significantly more statistics and merit further
in-depth study.
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4.3.5 Evolution of Chirality

Lastly, we investigate the evolution of the chirality of our helicoid single NPs. By
adjusting the ratio between the gold precursor and peptide ratio, we can control the
size of the helicoid nanoparticles and analyze the evolution of structural and optical
chirality upon particle growth [237]. This is depicted in Figure 4.8 for the L-handed
enantiomers. Panels a-c show SEM images of the differently sized helicoid nanoparti-
cles. We clearly observe an evolution of the morphological chirality. While we observe
for the 100 nm helicoids in Figure 4.8a no clear and well-pronounced typical pin-wheel
like morphology, this structural chiral motif evolves and becomes more pronounced
for the larger 125 nm helicoids in panel b. By increasing the gold precursor propor-
tion even further, we obtain the large 150 nm helicoid NPs in panel ¢ with the well
pronounced pin-wheel like morphology, as known from our study in the previous
sections.

As we have discussed, due to strong morphological differences between individual
NPs, a chiroptical study on the single particle level requires a large quantity of mea-
sured and analyzed NPs. As our chiral scatterometry method works fully automized
we are able to measure and investigate these required large amounts of single heli-
coids for all three particle sizes shown in Figure 4.8. Panels d-f depict scanned images
of three samples containing the three helicoid NPs with different sizes. We plot the
largest differential scattering signal (positive or negative) of each measured pixel over
a measured area of 100 x 100 ym?. The automatically detected and analyzed parti-
cles (from average scattering images, see Figure 4.2b) are marked with black crosses.
Please note that due to different adhesion of the particles during spin-coating on the
glass substrates the interparticle distance can vary. Consequently, the sampling area
of 100 x 100 #m? contains a different amount of helicoid NPs for the three investigated
samples/sizes. While Figure 4.8d contains 87 helicoid NPs, panels e and f contain 163
and 46 single helicoid NPs, respectively.

Additionally, the differential scattering images underline a very important property
of our setup. We find (within experimental realization and limits) background-free
chiroptical images. This means that areas where no (or achiral) particles are placed, we
observe no differential scattering signal, a white background on the chosen color map.
It proofs that there is no background chiroptical signal in all our measurements present.
In case of badly aligned setups, such a chiroptical background signal could arise from
misaligned optical components in the illumination or detection path of the microscope.
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L-handed 125 nm helicoids
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FIGURE 4.8. Evolution of single particle chirality for differently sized helicoids - particle
mapping (a-c) SEM images of NP ensembles showing the evolution of chirality in the of
L-handed helicoids. We can control the size of the helicoids via the gold precursor vs.
peptide ratio to obtain different sizes of 100 nm (left panels), 125 nm (middle panels),
and 150 nm (right panels). The scale bar is 200 nm and is valid for all three SEM images.
(d-f) Maximum differential scattering map of an automatically scanned 100 x 100 ym?

area of samples containing the differently sized single helicoid NPs.
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The panels a-c in Figure 4.9 depict the single NP g-factor spectra for all analyzed
single helicoids with sizes of 100 nm, 125 nm, and 150 nm, respectively. The corre-
sponding averaged single NP g-factor spectra are shown in panel d in blue, green, and
red, respectively. We find that an increased size results in a red shift of the main chiral
motif from 550 nm to 650 nm as well as in an increase of the absolute g-factor and
thus the optical chirality of the NPs. The reason lies with the evolution of the chiral
pin-wheel like morphology for larger helicoids. Additionally, at first, there seems to
be a random distribution of spectral modes all over the visible spectral range with no
common and dominant spectral feature. However, comparing the individual spectra
to the averaged g-factor spectra in Figure 4.9d, it becomes apparent that the main
chiral motifs in the range between 550 nm and 650 nm are clearly visible also in the
individual spectra. Depending on the number of averaged single helicoids, the main
feature becomes more and more pronounced and observable in the overlayed single
particle spectra (in Figure 4.9a-c). For the large 150 nm helicoid NPs, the main chiral
motif (red curve panel d) appears at 650 nm. Although averaging only 46 individual
spectra, this dominant feature can already be seen in the full set of spectra in Fig-
ure 4.9c, which was not possible for the 26 single particles in Figure 4.6a.

This raises a very important question: How many individual particles are actually
needed in order to reproduce the optical response from a solution ensemble measure-
ment? To study this question, we investigate the averaged chiroptical properties in
dependence of the number of particles in Figure 4.9e. The influence is determined by
averaging the chiroptical response of a certain # of NPs and comparing this average to
the total average of all measured NPs. In detail, we take the average g-factor spectrum
of a # of NPs and subtract the average g-factor spectrum of all 163 averaged NPs (green
curve in Figure 4.9d). Finally, we calculate the mean value for all wavelengths. To
remove a biased selection of averaged NPs, we plot in Figure 4.9e ten different random
permutations of the NP selection. We find large differences to the total average up to
approximately 20-25 averaged single helicoid NPs. For a larger # of NPs the curves start
to flatten until, as expected, the difference becomes 0 for 163 averaged NPs. In conclu-
sion, this means that an representative chiroptical response for our helicoid NPs can
be obtained for clusters/ensembles comprising at least 30-40 single particles. Below
this value the average spectrum might strongly differ from the anticipated chiroptical
response.
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FIGURE 4.9. Evolution of single particle chirality for differently sized helicoids - spectra
(a-c) Automatically measured g-factor spectra of 87, 163, and 46 single helicoid NPs
with the different sizes of 100 nm, 125 nm, and 150 nm, respectively. (d) Average
single NP g-factor of the spectra shown in (a-c). The different sizes of 100 nm, 125 nm,
and 150 nm helicoids are depicted in blue, green, and red, respectively, showing the
evolution of the chiroptical response during the growth of the helicoid NPs. (e) Absolute
g-factor difference (from total average of 163 NPs) versus the # of averaged NPs. The
individual curves correspond to ten different random permutations of particle selection
for averaging.
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44 CONCLUSIONS & OUTLOOK

In conclusion, we have carried out a quantitative and consistent comparison of the
optical and chiroptical properties of chemically synthesized single plasmonic NPs. We
used single particle chiral scatterometry in combination with scanning electron mi-
croscopy to investigate the influence of structural differences on the single particle
chiroptical response. The differential scattering spectra of 26 left-handed and 26 right-
handed helicoid NPs showed a huge spread in spectral positions of chiroptical features
as well as in absolute values of the optical activity. Consistency was proven with
an illumination of the NPs from front- and backside, where the chiroptical responses
showed a very good agreement. The chiroptical response of additionally measured
26 achiral octahedral NPs was close to zero and clearly distinguishable from the chi-
roptical response of the two enantiomers. Focused ion beam milling allowed for a
structural investigation of selected helicoid NPs and showed structural differences in
terms of an over- and underdevelopment of chiral arms and cavities, which strongly
influenced the single particle chiroptical response. A comparison of the averaged
single NP scattering asymmetry factor to the asymmetry factor of the NPs ensemble
in solution resulted in almost identical g-factor spectra. Among measured individual
nanoparticles, the highest asymmetry factor was found to be g = 0.8, which is a 4-fold
increase compared to the solution ensemble. Our findings clearly show there is signif-
icant potential to further increase the asymmetry of the helicoid NP ensemble solution
by an appropriate refinement during synthesis or by post-fabrication purification. Con-
sequently, the presented results have immediate implications in nanoparticle synthesis
by using single particle chiral scatterometry as a feedback for the development and
fabrication of high-quality chemical synthesis methods. In addition, our findings can
help to develop refinement methods which ensure particles which do not only show
little inhomogeneities in their structural properties but in particular in their optical
response.

What is more, chiral plasmonic nanostructures have become of tremendous im-
portance over the last decade. Several sophisticated fabrication techniques emerged,
enabled by groundbreaking advances in nanofabrication. 3D chiral nanostructures
with nearly arbitrary morphological and optical properties have been realized, as
required for potential applications such as novel metadevices for augmented reality
(AR), virtual reality (VR), optical holography, light detection and ranging (LiDAR), and
others. Combinations with DNA or optically active materials even allowed to demon-
strate active tuning of the chirality of plasmonic nanosystems. Further, there has been
tremendous effort to investigate the contribution of the individual nanoparticle to

128



44 CONCLUSIONS & OUTLOOK

the chiroptical response of an ensemble of nanoparticles arranged on substrates or in
solution. This research will be highly beneficial to further decrease sensing volumes in
chiral sensing schemes as the detection of a single chiral molecule and its interaction
with a single chiral plasmonic nanoparticle will be, in the future, of ultimately high
interest. In combination with the proposed active plasmonic materials in this thesis,
even ultra-sensitive actively controllable sensors could become reality.
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absorption coefficient.
asymmetry factor.
angular frequency.

acid dissociation constant.
charge carrier density.
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current density.
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differential scattering.
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dielectric function.
dielectric susceptibility.
electric field (amplitude).
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AFM
AR

CD
DF
EBL
FF
FWHM
H,
hep
IR
ITO
LCP
LiDAR
Mg
MgH,
MgO
MIR
Nz
NF
NIR
NP
O,
ORD
Pd

atomic force microscopy:.
augmented reality.

argon.

circular dichroism.
dark-field.

electron beam lithography.
far-field.

full width at half maximum.

hydrogen.

hexagonally closed package.

infrared.

indium-tin-oxide.
left-circularly polarized.
light detection and ranging.
magnesium.

magnesium hydride.
magnesium oxide.
mid-infrared.

nitrogen.

near-field.

near-infrared.
nanoparticle.

oxygen.

optical rotatory dispersion.
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