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ABSTRACT

Molecular electronics aims at gaining control over the operation of macroscopic devices
by employing molecules as building blocks. To fulfill the spectrum of functions, various
types of molecules are designed including photochromic molecules. Diarylethenes are an
example of the latter one and are discussed as potential optoelectronic switches, which can
reversibly transition between two forms with different electrical conductance and optical
absorbance. By exposure to UV light, the overall electronic structure alters from non-
conjugation (open) to end-to-end conjugation (closed) forms, while visible light reverses
the process.

These features enable to intensively employ diarylethenes in a single-molecule junction
upscaling their usage to large-area ensemble contacts. However, in general, the transition
between closed and open states (opening) exhibits a lower quantum yield compared to
the reverse UV-activated process of closing. These unequal switching rates can be prob-
lematic for optoelectronic molecular contacts relying on reversible switching. Thereby, in
this work, the novel strategy is proposed to use surface plasmon-enhanced electromag-
netic fields to accelerate the visible-light-mediated cycloreversion reaction. To implement
this concept into large-area molecular contacts with vertical geometry, a plasmonic field
enhancement of gold films perforated with nanoholes was employed.

The surface plasmon resonance properties of nanohole arrays fabricated by nanosphere
lithography are systematically studied as a function of the geometrical features such as
lattice constant, thickness, and hole diameter. Moreover, nanohole arrays are tested
in different media, e.g. aqueous solution, revealing a novel phenomenon of enhanced
transmission in the visible range, which can be applied not only for enhancing visible-light-
triggered chemical reactions but for other applications like biosensing, live-cell imaging,
ete.

Optical response, mechanical features, and switching kinetics of solid films of di-
arylethenes are studied in two switching configurations such as back-side and front-side
switching, and on different substrates like transparent quartz and nanohole arrays. The

latter reveal enhanced optical transmission (~60%) and pronounced enhancement of elec-



tromagnetic field intensities, resulting in around 50% faster opening kinetics of the di-
arylethenes compared with quartz substrates. All experimental UV-vis measurements are
corroborated with finite-difference time-domain simulation verifying the obtained results.

The electrical response of diarylethenes is investigated in vertical geometry junctions
realized in crossbar configurations. Two independent scenarios of fabrication are pro-
posed enabling the implementation of nanohole arrays to support the potential of surface

plasmon-enhanced visible-light-triggered electrical switching.
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ZUSAMMENFASSUNG

Die molekulare Elektronik zielt darauf ab, Steuerbare makroskopische Schaltkreise zu
entwickeln, in denen Molekiile als Bausteine verwendet werden. Um vielféltige Funktio-
nen zu realisieren, werden verschiedene Arten von Molekiilen entwickelt, einschliefilich
photochromer Molekiile. Diarylethene sind ein Beispiel fiir letztere und werden als po-
tentielle optoelektronische Schalter betrachtet, die reversibel inzwischen zwei Formen mit
unterschiedlicher elektrischem Leitwert und optischer Absorption hin- und hergeschaltet
werden konnen. Durch die Einwirkung von UV-Licht &ndert sich die gesamte elektron-
ische Struktur von einer nichtkonjugierten (offenen) zu einer durchgehend konjugierten
Form (geschlossen), wéhrend sichtbares Licht den Prozess umkehrt.

Diese Merkmale erméglichen sowohl den Einsatz von Diarylethenen in Einzelmolekiilkon-
takten als auch ihre Verwendung in grofflichigen Ensemblekontakten. Im Allgemeinen
zeigt der Ubergang zwischen geschlossenen und offenen Zustinden (Offnen) jedoch eine
geringere Quantenausbeute im Vergleich zum umgekehrten UV-aktivierten Schlieprozess.
Diese ungleichen Schaltraten kénnen problematisch fir optoelektronische molekulare Kon-
takte sein, die auf reversiblem Schalten beruhen. In dieser Arbeit wird daher eine neuar-
tige Strategie zur Nutzung von durch Oberflichenplasmonen verstérkten elektromag-
netischen Feldern vorgeschlagen, um die durch sichtbares Licht vermittelte Cyclorever-
sionsreaktion zu beschleunigen. Um dieses Konzept in groBflichige molekulare Kontakte
mit vertikaler Geometrie umzusetzen, wurde eine plasmonische Feldverstarkung von mit
Nanolochern perforierten Goldfilmen eingesetzt.

Die Oberflichenplasmonenresonanzen in durch Kolloidlithographie hergestellten Nano-
loch-Arrays werden systematisch in Abhéngigkeit der geometrischen Merkmale wie Git-
terkonstante, Dicke und Lochdurchmesser untersucht. Dartiber hinaus werden Nanoloch-
Arrays in verschiedenen Medien getestet, z. B. in wéssriger Losung, was das neue Phdnomen
der erh6hten Transmission im sichtbaren Bereich aufzeigt, das nicht nur zur Beschleuni-
gung der durch sichtbares Licht ausgelosten chemischen Reaktionen fithrt, sondern auch
fiir andere Anwendungen wie Biosensorik, Bildgebung lebender Zellen usw. angewendet

werden kann.



Optische Reaktionen, mechanische Merkmale und Schaltkinetik kompakter Diarylethen-
filme werden in zwei Schaltkonfigurationen, ndmlich Beleuchtung von der Riick- und von
der Vorderseite sowie auf transparenten Quarz- und Nanoloch-Arrays auf verschiedenen
Substraten untersucht. Letztere zeigen eine verbesserte optische Transmission (~60%)
und eine ausgepriagte Verstarkung der elektromagnetischen Feldintensitaten, was zu einer
um etwa 50% schnelleren Offnungskinetik der Diarylethene im Vergleich zu Quarzsub-
straten fithrt. Alle experimentellen UV-Vis-Messungen werden durch Finite-Difference-
Time-Domain-Simulationen bestétigt, die die erhaltenen experimentellen Ergebnisse ver-
ifiziert.

Die elektrischen Reaktionen von Diarylethenen werden in Kontakten mit vertikaler
Geometrie untersucht, die in Crossbar-Konfiguration realisiert werden. Es werden zwei
unabhéngige Herstellungsszenarien vorgeschlagen, die die Implementierung von Nanoloch-
Arrays erméglichen, um das Potenzial von durch Oberflichenplasmonen verstarkte, durch

sichtbares Licht ausgeldstes elektrisches Schalten zu nutzen.
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CHAPTER 1

INTRODUCTION

The particular interest of molecular electronics is to design macroscopic devices with
molecules playing the role of functional units [1]. One subtype of molecular devices utilizes
photochromic molecules to fulfill the requirements of applications where the precise control
of operations is performed by external light exposure [2, 3]. The associated alternations
of the electronic structure of the molecules facilitate the design and fabrication of optical
and optoelectronic devices [4].

Diarylethenes are discussed as an example of photochromic molecules, which can re-
versibly transition between two forms with different absorbance and approximately one
order magnitude difference in conductance [5]. The reversible transfer between these
forms can be achieved by applying either UV or visible light. UV light transforms the
non-conjugated (open) form into the completely conjugated (closed), while visible light
reverses the process which proceeds without major alteration in molecular geometry [6].
Furthermore, attributed stability and thermal irreversibility make diarylethenes a suitable
candidate for implementation into functional optoelectronic switches [7, 8.

However, the two independent subreactions activated by UV and visible light possess
unequal quantum yields which may differ by several orders of magnitude [6, 9, 10]. Gener-
ally, the visible-light-triggered reaction features much slower switching rates compared to
the reverse UV-activated process. This brings issues to transport experiments resulting in
hindered visible-light-assisted reactions [11, 12]. To overcome these restrictions, multiple
strategies are proposed suggesting mostly technological changes e.g. junction geometry,
high power external sources, etc. Alternatively, in this work, the enhancement of electro-
magnetic fields associated with surface plasmon excitation is proposed to accelerate the

visible-light-mediated process.



1. Introduction

The surface plasmons are employed in a broad spectrum of applications enabling the
utilization of enhanced optical fields in the close vicinity of the surface, for instance, to
increase the intensity of Raman modes in Surface Enhanced Raman Spectroscopy [13, 14].
Furthermore, the strong confinement of the electromagnetic fields to interfaces facilitates
the probing of the surface process with high sensitivity, which is widely realized in fields
like biosensing [15, 16], photovoltaics [17-19], and others.

Molecular junctions are designed to capture molecules between two conductive elec-
trodes proposing various schemes and geometries from single-molecule devices to large-
area junctions. However, the latter ones remain still challenging lacking the standards
to insert millions of molecules between two solid electrodes. Among others, the vertical
geometries like metal-molecule-top electrodes show promising results, in particular, for
achieving bidirectional switching of photochromic molecules [20]. Different materials of
top electrodes like reduced Graphene Oxide (rGO) [21], liquid metals (e.g. InGa) [22],
and metal transfer techniques such as lift-off float-on (LOFO) [23] have been employed to
complete the top contact between molecules and electrodes. In this work, the modifica-
tion of the latter technique was chosen. However, the incorporation of surface plasmons
into molecular junctions brings additional physical and mechanical issues requiring not
only conductive and transparent electrodes for UV and visible light but also suitable plat-
forms to support surface plasmon-light coupling. Conventional materials like indium tin
oxide or graphene serve as electrode material fulfilling the demands of transparency, how-
ever, none of them matches the requirements of surface plasmon excitations. Thereby, in
this work, to achieve the aforementioned standards, periodic gratings within gold metal
films (nanohole arrays) [24] were chosen to provide coupling of the switching light to the
surface plasmons. Nanohole arrays are proposed to serve as a bottom electrode in the
metal-molecule-metal vertical geometry contacts.

Unlike other techniques such as e.g. the Kretschmann configuration [25], nanohole
arrays can provide coupling between the wavevector of the incident light and surface
plasmons without additional assisted components like e.g. prisms. The resulting enhanced
fields at the metal-molecule interface can potentially accelerate the switching kinetics of

the molecules.




CHAPTER 2

FUNDAMENTALS

2.1 MOLECULAR JUNCTIONS

The field of molecular electronics is commonly introduced as a branch of nanotechnology
with molecules employed as building blocks to gain control over the function of macro-
scopic devices on the nanoscale level [1, 26]. Conceptually, the topic of molecular elec-
tronics starts with a single-molecule based device [27-30] considered as a zero-dimensional
object (0D) with dimensions smaller than the electron wavelength, upscaling to large-area
junctions introduced as a monolayer with two dimensions (2D) [31]. The latter one at-
tracts a large interest due to the high potential incorporation of molecular components
into electronic circuit units. However, it still remains challenging, in particular, due to the
physical and mechanical issues to sandwich molecules between two solid electrodes [32,
33].

2.1.1 TRANSPORT MECHANISMS IN MOLECULES

A molecule junction, generally, can be divided into three intercorrelated components: the
electrode, the contact interface, and the molecular backbone or functional center. There
are several conduction mechanisms for molecules known as resonant and non-resonant co-
herent tunneling, thermally induced hopping, Fowler-Nordheim tunneling, Poole-Frenkel,
transport, field emission, etc. [34-37]. It has been shown that among other factors that
impact the charge transport across molecules, the molecular length highly dominates and
defines the main conduction mechanism [38-40]. With the increase of the length of the
junction, for instance, by adding multilayers, the dominant electron transport properties

alter from tunneling attributed to single-molecule junctions (<6 nm) to hopping which is



2. Fundamentals

the main mode of transport in organic films with a thickness (>50 nm), (Figure 2.1) [36].

tunnel junctions transport distance, nm bulk semi-
conlductors
0 10 20 30 40 100+ nm
— - coherent tunneling
P field emission
S — » resonant transport
- W W W W W W W W W

hopping

FIGURE 2.1: Schematic drawing representing characteristic length ranges for transport mecha-
nisms that can occur in molecular junctions (from a few nm tunnel junctions to bulk films with
a thickness of >50 nm). Dashed lines stand for the range within which the phenomenon occurs
under certain conditions and materials involved [36].

Tunneling

The current flow through a molecular junction consisting of two electrodes separated
by molecules with a length shorter than ~5-6 nm is realized dominantly through the
tunneling process [41] characterized by the Landauer approach [42]. If the configuration
metal-molecule-metal is considered, the two metal electrodes are modeled as solid state
body with a continuous band structure filled up to the Fermi energy level Er whereas
a molecule is described with the Highest Occupied Molecular Orbital (HOMO) and the
Lowest Unoccupied Molecular Orbital (LUMO), (Figure 2.2). Applying the voltage to the

LUMO

FIGURE 2.2: Schematic drawing of the resonant tunneling showing HOMO and LUMO molec-
ular energy levels located between two metal electrodes characterized by Fermi level Er. The
coupling (T") of the electrodes to the molecular orbitals leads to electric transport through the
molecular levels.




2.1. Molecular junctions

junction leads to the reduction of the energy level of one electrode by eV'. This difference
in the potentials of the left and right tends to create energetically favorable conditions
to resonant tunneling behavior through the molecular orbital if the HOMO/LUMO levels
lie in between the Fermi levels of the electrodes. In this case, electrons are transferred
across the molecular junction to maintain equilibrium involving an occupation or clearing
of respective orbitals.

There are two types of transport that possibly can occur across molecular junctions
typically referred to dispersive or ballistic. Unlike the dispersive mechanism, where energy
is transferred with the drift of electrons due to the collisions with each other, ballistic
transport is the unimpeded flow of electrons characterized by collision-free motion. In the
absence of inelastic interactions, the current in single-molecule junctions is given by the

expression [43]:
2e [

==
h ) s

T(E)[fu(E) = fr(E)]dE (2.1)

where T'(F) being the electron transmission probability as a function of energy and f(FE)
is the Fermi distribution function (the subscripts L and R denote the left and right
electrode). The transmission function T'(E) depends on the coupling strength of both
leads (I';, and T'g) to the molecular orbital and their respective energy level positions.
When it is assumed that a single molecular orbital located at an energy Ey from the Fermi
energy EF, the transmission function can be expressed with the resonance Lorentzian

shape as follows:
4T TR

(E— Ey)® + (P, +Tg)’

Thereby, the conductance of single-molecule junctions increases with the interface coupling

T(E) = (2.2)

strength and decreases with the energy offset between the dominant conducting molecular

orbitals and the electrode’s Fermi level.

Hopping

Further increase of the length of a molecular junction tends to create conditions for
multiple mechanisms such as field emission, resonant tunneling, hopping, and others.
The field emission is referred to a special case of coherent tunneling when the effective
applied bias exceeds the energy of the tunnel barrier. It is independent of temperature
but decreases exponentially with the distance.

Unlike tunneling mechanisms, where current flow involves an electron transport through
a barrier, the hopping includes electron motion over the barrier containing a series of
transfers between neighboring relatively stable sites consisting of localized redox states.

Noteworthy, as an alternative to a hopping process resonant tunneling has been proposed
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introducing charge carriers transporting through molecular orbitals rather than tunneling
through barriers. The distinction between two aforementioned mechanisms is associated
with the activation which is required to support only hopping transport. The activation
barrier can result in slow charge transport causing low mobilities which is typical for
organic semiconductors.

In Marcus theory, which explains the rates of electron transfer [44], the conductance
G attributed to hopping charge transport exhibits a temperature dependence resulting in
the following relation:

—Eq

G x e¥sBT (2.3)

where F, being the activation energy, while 7" and kg denote the temperature and Boltz-
mann’s constant, respectively. Moreover, it is characterized as a weak length-dependent
process making it inversely proportional to the molecular length. Among others, the tem-
perature dependence is a key factor, which enables to distinguish and separate hopping

and tunneling charge transport mechanisms.

2.1.2 LARGE-AREA ENSEMBLE MOLECULAR CONTACTS

The large-area ensemble molecular contacts are discussed as a linking bridge for trans-
ferring benefits of single-molecule junctions to the scale of typical electronic micro- and
nano-circuits. However, it brings the biggest challenge of inserting the functional layer of
millions of molecules between two solid electrodes. In order to obtain a reliable large-area
junction, possible damage of sensitive and fragile molecules should be prevented. Addi-
tionally, an assembling technology is supposed to be designed to optimize the molecule-
electrode contacts with the purpose of high yield mass production characterized by ro-
bustness and reproducibility. Thereby, it results in numerous demands on all components
of the molecular contact to overcome.

The choice of suitable electrode materials depends on several factors such as chemical
inertness to air, good processability, work function, and good compatibility with molecules
of interest. Furthermore, an assembled contact requires to consider aspects [33] such as
coupling of the molecules to the electrode surface, control of the geometry of molecules to
avoid different orientations and aggregation effects in molecular assemblies, and deposition
of the top contact electrode [45] if a vertical geometry is applied. Thereby, taking into
account the aforementioned criteria, there are different fabrication strategies to accomplish
reliable molecular contacts.

Firstly, in order to deposit molecular species onto bottom electrodes, the following most
commonly used techniques are applied, such as the Langmuir-Blodgett [46], the electro-
grafting [47] methods, and self-assembly [48]. Among others, the latter one has been
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widely used due to the resulting high-quality monolayers, its simplicity and versatility.
The self-assembly technique relies on the chemisorption of molecules onto electrode sur-
faces with subsequent attachment via specific binding group followed by self-organization
due to the intermolecular forces between neighboring molecules.

Once the molecular layer is assembled, the question emerges how to complete the junc-
tion by placing the top electrode without damaging the molecules and changing their elec-
trical properties. To solve this issue, numerous techniques have been employed including
physical or chemical vapor deposition, the lift-off float-on (LOFO) process, liquid metal
droplets, use of a conducting buffer layer (e.g. organic semiconductor PEDOT:PSS [20,
49], reduced Graphene Oxide (rGO) [21]) and others (Figure 2.3). The most straight-

(a) (b) © Metal top

Metal top Liquid electrode

electrode
electrode Buffer interlayer

T~ v —

A N R

Moleculap layer

Bottom
electrode

FIGURE 2.3: Sketch represents the main schemes employed to realize large-area molecular junc-
tions in vertical geometry. (a) The sandwich structure consisting of the bottom electrode,
assembled molecular layer and a top electrode placed onto molecules by metal evaporation, lift-
off float-on (LOFO) process, etc., (b) Liquid metal (Hg, InGa, etc.) employed as top electrode,
(c) Sandwich geometry with a buffer conducting layer (e.g. PEDOT:PSS, reduced Graphene
Oxide (rGO), etc) placed between the molecular layer and top electrode to prevent damage of
molecules.

forward scheme includes the "sandwich" structure with a metal top electrode (Figure 2.3
a) directly deposited by e.g. evaporation onto the molecular layer employing physical or
chemical vapor deposition [50-52]. The biggest advantage of this method is its simplicity,
however, the direct evaporation approach was extensively criticized. Firstly, the molec-
ular layer is likely to be damaged due to high energetic metal atoms impinging on the
surface. Additionally, the diffusion of metal atoms through the layer is likely to lead to
a filament formation. This may further be mistakenly attributed to molecular response
during electrical measurements due to the resistive contact.

In contrast, different "soft" non-destructive methods have been developed such as lift-
off float-on (LOFO) [23] and polymer-assisted lift-off (PALO) [53] approaches. In these
methods, a thin metallic film is deposited on a sacrificial substrate via capillary inter-

actions and subsequently transferred onto the assembled molecular layer enabling "soft"
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contact and preventing physical damage of the molecules. The transfer is usually per-
formed employing a liquid-mediated process (float-on) on a high-surface tension liquid
(e.g. water). Among others, one of the biggest advantages of the LOFO and PALO meth-
ods is the potential usage of the smoother peeled side of the metallic film as its active
surface, which is beneficial to accomplish reliable molecular contacts.

As an alternative to the aforementioned methods, a conductive metallic liquid can be
utilized to complete the contact such as Hg and InGa (Figure 2.3 b) [22]. The damage-free
contact is provided here by fluidity and high surface tension of the electrode. However,
the possible amalgamation of the liquid metal may happen leading to an asymmetry in
current-voltage characteristics. Furthermore, the fluidity brings another drawback that
the contact area cannot be precisely defined and varies with the temperature.

Another approach to overcome the aforementioned issues related to physical damage of
molecules and reliability of junctions include the usage of buffer interlayers prior to metal
evaporation such as conductive polymers like e.g. PEDOT:PSS [49, 54] and carbon-based
contacts like e.g. reduced Graphene Oxide (rGO), graphene [55], or single-walled carbon
nanotubes (SWNTs) [21, 56, 57]. Such interlayers prevent metal atoms damaging the
molecular species by creating a "soft" protective contact. However, in case of PEDOT:PSS,
the junction may exhibit an asymmetrical semiconducting electrical characteristics, which
hides pure molecular response. Thereby, to prevent it, graphene-based interlayer films
have been proposed enabling high yield molecular junctions with good operational stability
and reliability. Noteworthy, conductive polymer and graphene buffer layers are often used
for solar-cell applications and optical spectroscopy due to their transparency to visible
light.

2.1.3 DIARYLETHENE-BASED MOLECULAR JUNCTIONS

Photochromic molecules such as spiropyran [58], azobenzenes [59], fulgides [60, 61], or
diarylethenes [62] have been extensively employed in molecular electronics to serve as
inks and dyes as well as multifunctional devices [63] and optoelectronic components [64].
The ability to manipulate and alter the function of active devices to match the desired
tasks via external light exposure has attracted wide scientific interest [65].
Diarylethene-based molecular electronics devices have been studied intensively over the
last two decades [2], in particular in the scale of the single-molecule junctions. However,
the first report introduced the exceptional case of irreversible light-induced conductance
switching from the conjugated form (closed state) to the non-conjugated (open state) [12].
Later this observation was argued intensively focusing on the closing reaction, which might
have been suppressed by the quenching of the excited state of the open form that the

molecule has to adopt to be able to transit to the closed form. Since then various new
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approaches have been developed [66, 67] leading to the conclusion that molecular engi-
neering (e.g. choice of switching core, side arms anchoring groups [21, 68-70] and junction
engineering (geometry, electrode material, and others [71]) are crucial to enable photoin-
duced switching. This resulted in successful reversible switching of diarylethenes, which
opened the field for further investigations and approaches to realize robust molecular
switches [72].

However, despite the aforementioned factors, there have been still reports, where irre-
versible switching is observed. In this case, preferentially the closing reaction takes place,
while the opening is disabled [11, 69, 73].

To enhance the reversible switching, extend the functions, and facilitate implementa-
tion of photochromic molecules into large-area junctions and organic transistors, conduc-
tive polymer matrices were developed [74]. Even though the structural and electronic
interactions between molecules and semiconducting polymers are far from being fully un-
derstood, there have been various reports on the realization of robust organic optical
switches. In particular, the incorporation of diarylethenes in matrices such as poly(3-
hexylthiophene) (P3HT), poly(9,9-dioctylfluorene-alt-benzothiadiazole (F8BT), diketopy-
rrolopyrrole thieno [3,2-b]thiophene copolymer (DPPT-TT), and poly(4-decyltetradecyliso
indigo-alt-dithiophene) (IIDDT-C3) resulted in optically switchable transistors with high

carrier mobility and "on/off" aspect ratio of > 10® [75].
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2.2 SURFACE PLASMON POLARITONS

When light reaches a metal-dielectric interface, surface waves can be generated due to
the specific interaction between incident photons and surface mobile electrons. The free
electrons, which exist inside the metal respond to such external stimulation by performing
a resonant oscillation, which consequently generates a type of surface waves at the metal-
dielectric interface. Noteworthy, these kinds of charge density oscillations in the metal
are named surface plasmons whereas the combined modes between the electromagnetic

field and the surface plasmons are denoted as surface plasmon polaritons (SPP) [76].

2.2.1 OPTICAL PROPERTIES OF NOBLE METALS

Over a wide frequency range, the optical properties of metals can be quantitatively de-
scribed by a plasma model, where metal is considered as a gas of free conduction electrons,
which moves against a fixed background of positive heavy immobile ions. The mass of
ions is about three orders larger than that of electrons, therefore, their movement can be
neglected. Furthermore, in the plasma model, the information on lattice potential and
electron-electron interactions is not considered. Instead, some aspects of the band struc-
ture are incorporated into the effective optical mass m, of each electron. The electrons
oscillate in the response to the applied electromagnetic field, and their motion is damped
via collisions occurring with a characteristic collision frequency.

If the harmonic external field E(t) = Epe™! with the amplitude Fy and frequency w
is applied to a metal that is considered as aforementioned electron gas, the equation of
motion of the electron is described by the following equation:

2 - -

or
Me s + MY

Y 2.4
or or — " (24)

where e and m, denote the charge and the effective mass of the electron, respectively, and 7
is the displacement. The damping parameter « is oppositely proportional to the relaxation
time (7) and is expressed as v = vp/l where vp is the Fermi velocity and [ corresponds
to the electrons mean free path between scattering events. Typically, relaxation time of
the free electron gas is in the order of 107 s at room temperature, which corresponds to
~v =100 THz.

The electric field leads to a displacement of electrons with respect to the ions which
generates the polarisation P = —Ne7 where N is the number of electrons per volume

unit. The optical properties of metals can be described by a complex dielectric constant

10
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¢, that depends on the frequency of the light. It can be expressed as a relation between

the dielectric displacement D and the electric field E as follows:
D=¢kE + P =eeE (2.5)

where €y denotes the permittivity of the vacuum (ey = 8.85 x 10712F/m) and ¢, stands
for the relative permittivity of the metal.
Considering the harmonic electron displacement 7 = 75e™*, equation 2.4 yields in the
solution for 7 .
L (2.6)

me (W? + iyw)

Thus, taking into account the aforementioned definition of polarisation P and the solution

of equation 2.6, the displacement field D can be expressed as:

2

— w .

D = ¢ (1 - 2’7> E (2.7)
w* + 1w

where w, is named as plasmon frequency of the free electron gas and is determined as

WZ = Ne?/egm.. Thereby, comparing the equations 2.5 and 2.7, the dielectric constant €,

is derived as:

W2 W22
(w)=1——2 " 2.8
& W) w? + iyw w272 4 dwT (2:8)

As can be seen, the dielectric constant €, possesses a complex nature containing a real
and an imaginary part, where the latter represents the ohmic losses. By inserting the
values of w, = 13.8 x 10" s and v = 1.075 x 10 s for gold [77], the real part of the
dielectric function becomes negative towards the visible range. Furthermore, the dielectric
constant enables to quantitatively estimate how the metal behaves at different frequency
regimes limited to the condition w < w, where metal maintains its metallic nature. In the
regime of large frequencies close to wy, the approximation wr >> 1 is applied. In this case
the damping can be neglected and the dielectric constant becomes predominantly real as

follows:
W2

& =1- w—;’ (2.9)

Furthermore, the regime of very low frequencies where wr < 1 tends to reveal the

domination of the imaginary over the real part of the refractive index. Thus, in this
frequency regime, metals mainly absorb.

Noteworthy, if thus-far omitted transparency regime (w > w,) of the free-electron

gas model is considered, by inserting the dielectric constant from equation 2.9 in the
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general dispersion relation k£ = G(E, w)“c’—j, the dispersion relation of traveling waves can

be obtained (equation 2.10) and plotted correspondingly (Figure 2.5, green solid line).

wik) = (w2 + ’f (2.10)

As can be seen, for w > w, the plasma supports transverse waves propagating with a

group velocity v, = 2—2’.

2.2.2 SURFACE PLASMONS AT METAL-DIELECTRIC INTERFACES

Surface plasmon polaritons (SPP) are the electromagnetic excitations that propagate
along the interface between a metal and a dielectric medium (Figure 2.4) with the evanes-

cent electric field decaying exponentially perpendicular to the interface (along the z axis).

ZA
Dielectric (z > 0)

f\/\/\/\ -

\./\/\./\/

.

Metal (z < 0)

FIGURE 2.4: Schematic drawing of a surface plasmon wave propagation along a metal-dielectric
interface with associated electromagnetic field distribution. The field strength decreases expo-
nentially with the vertical distance z from the surface.

To obtain the excitation conditions for SPP, the Maxwell’s equations [78] can be solved
independently for the metal and dielectric parts with a plane interface between the two
media.

A propagating electromagnetic wave through this interface can be described by a wave
equation 2.11 (where V2 denotes the Laplacian, ¢ is the speed of light in vacuum) in
absence of external charge and current densities.

)
VE———=0 2.11
2 ot (2.11)
By assuming in all generality the harmonic time dependence E_"(f’7 t) = E_"(F)e’m, the

wave equation 2.11 converts to the Helmholtz equation:

V2E — k2eE =0 (2.12)
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2.2. Surface plasmon polaritons

where kg is the wavevector of the propagating wave in vacuum.

Firstly, it is assumed that a metal surface extends infinitely in the z-y plane at z = 0,
(Figure 2.4). Additionally, the wave propagates in x direction along the z = 0 plane and
exponentially drops along the z directions into both media.

The solution of the wave equation can be obtained for a set of coupled equations linked
to the transverse magnetic (TM or p) modes where only the field components E,, E, and
H, are nonzero, and the transverse electric (TE or s) modes that exhibit only nonzero
components of H,, H., and E,.

Furthermore, a dielectric medium is assumed as non-absorbing half-space (z > 0) with
the positive real dielectric constant e, and a conducting half-space (z < 0) represented
as metal with a dielectric function € (w). The metallic nature of the latter implies that
the real part of €; is negative, which according to equation 2.9 is satisfied at frequencies
below the plasmon frequency w,. It can be shown [79] that using the conditions for
the continuity of the normal and transversal field components on this interface together
with the aforementioned restrictions, the surface plasmon polaritons only exist for TM
polarization. Thereby, the set of solutions for both half-spaces for TM modes, which

propagate along z direction is delivered as follows:

By = (B, 0, By ) ) (2.13a)
H, = (0, H,,,0)e' i) (2.13b)
Di = EQG,‘E_‘;, El = /Loﬁl (213C)

where ¢ = 1, 2 indicates a dielectric and a metallic medium, respectively. The wave vector
in equations 2.13 is introduced as k; = (8,0, k; ), where 8 = k, stands for the propagation
constant along the z axis.

Continuity of H, and ¢ F, at the interface results in the following relation between

components of k; ,
k?,z o _672

= 2.14
kl,z €1 ( )

The fields decay exponentially into the respective half-spaces with certain confinement
to the surface. This demands two materials with opposite signs of the real part of their
dielectric permittivities such as conductor and insulator. Thereby, the surface plasmon
waves can propagate along the interface between the two media with dielectric permittiv-
ities of €o < 0 e.g. metal and ¢; > 0 e.g. a dielectric.

As a result, a specific coupled superposition of an electromagnetic wave in the dielectric
medium ("polariton") and an oscillating electron plasma in the metal ("surface plasmon")

is obtained (Figure 2.4) and due to this composed nature referred to surface plasmon
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polarition. These two modes exhibit an evanescent or near field in the close vicinity to the
interface and is a consequence of the bound, non-radiative nature of surface plasmons [80].

The penetration depth of the field into the dielectric medium is typically ~ A/2n, where
n is the refractive index, while in the metal it is shorter and mainly defined by the skin
depth (~20 nm for most metals in the visible range). The electric field drops along the
z axis following the exponential decay E o e~*:% which is defined by the constant decay
length of 1/k..

Furthermore, one can obtain the dispersion relation for SPP waves utilizing the equa-
tions 2.13a and 2.14, which leads to the following relation:

w | €€

== (2.15)

c\ €+ €

By inserting values of the simplified dielectric function of metal e, (2.9) and a constant
value of the dielectric €; into the equation 2.15, the dispersion relation function w(f) can

be plotted accordingly (Figure 2.5, violet solid line). As can be seen from Figure 2.5, the

A Plasmon
Polaritons

Surface Plasmon
Polaritons

Frequency w

>
Wavevector k,

FIGURE 2.5: Dispersion relation of SPPs (violet solid line) in comparison with light in vacuum
(orange solid line) and plasmon polaritons (green solid line). At short wavelengths the SPP
approaches asymptotically the surface plasmon frequency wsp.

dispersion line of light in vacuum wrgn (k) = ck, (Figure 2.5, yellow solid line) does not
intersect with the SPP dispersion curve lying above it and clearly showing a mismatch
of momentum. This leads to the fact that to obtain the excitation of SPPs via light
irradiation, this momentum difference must be bridged by coupling techniques (prisms,
couplers, waveguides). The SPP curve gradually increases with the increase of frequency
asymptotically approaching the saturation named as surface plasmon frequency ws,, which

wp

depends on the permittivity of the dielectric medium and is defined as w,, = T
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2.2.3 EXCITATION OF SURFACE PLASMON POLARITONS

As mentioned above, the SPPs on a planar metal/dielectric interface cannot be excited
directly by free-space light irradiation, since at the same frequency there is a momentum
mismatch (8 > krignt), which does not allow the coupling of light to surface plasmons
(Figure 2.6 a).

As can be seen from the dispersion curve of SPPs (Figure 2.6 a), even for small energies
(small wave vector) the free-space light line only asymptotically approaches the SPP curve

without intersecting it. Therefore, the excitation of the SPP can be carried out only if the

A N~

O
»
€
1
Q
Q
€

!

Frequency w
D

>

Wavevector k,

FIGURE 2.6: Excitation of SPPs. (a) The dispersion relation of SPP with the free-space light
line and the tilted light line in a dielectric with refractive index n. (b) The drawing represents
the prism-assisted Kretschmann configuration setup to excite SPPs in the planar interface.

wavevector of light is increased over its free-space value. Among various approaches to
overcome this issue, conceptually the most straightforward approach is utilizing a medium
with a certain refractive index n = y/e. In this case, the light line is tilted by a factor of
n leading to a dispersion relation w = ck,/+/€, which results in the intersection with the
SPP curve at a certain resonance frequency.

The aforementioned concept is realized in the prism-assisted Kretschmann configura-
tion [25] (Figure 2.6 b). This coupling scheme employs an evanescent electromagnetic
field formed at a surface due to the total internal reflection, while the tunneling of the
fields of the excitation beam to the metal/air interface provides a phase-matching. Unlike
in the Otto configuration [79], the metal film is directly deposited onto the prism with a
refractive index n. The excitation beam reaches the film through the prism at an inci-
dent angle 0, which is greater than the critical angle of total reflection. The light further
reflects from the metal-prism interface while an electromagnetic field resonantly tunnels
through the metal film and excites SPPs with an in-plane momentum of 8 = k+/esin(6).

Alternatively, there are other ways to tilt a free-space light line providing a surface plas-
mon excitation condition such as e.g. metal nanomaterials [81], dielectric waveguides [82,

83], and periodic gratings. In the latter case, the desired increase of light momentum
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is obtained by adding a reciprocal lattice vector G of the grating to the free-space wave

vector k, resulting in the new parallel wave vector of k,/ = k, + G,.

2.2.4 NANOHOLE ARRAYS

Among multiple periodic grating excitation approaches, a metal film perforated with
arrays of subwavelength size holes (nanohole arrays [24, 84]) has attracted attention due to
its technical feasibility, versatile way of fabrication, and high applicability. In particular,
since the first report more than two decades ago [85], nanohole arrays have been intensively
used in point-of-care biosensing, photonics, photovoltaics, optical imaging etc.

In the frame of classical theory introduced by Bethe [86], the transmission (") through
subwavelength hole drops dramatically as the fourth power of the ratio between the aper-
ture size (r) and the wavelength (\): T o (r/A)*. However, in the case of arrays of
subwavelength holes, the electromagnetic-field confinement in the vicinity of the metallic
surface due to the SPP excitation resonantly enhances the light transmitted through the
metal film perforated with periodically arranged holes. Consequently, the transmission
reveals to be several orders of magnitude larger than predicted by Bethe’s aperture theory
which is denoted as extraordinary transmission phenomenon (EOT) [24, 87]. The origins
of EOT and the role of SPPs in this phenomenon is a debatable topic suggesting several
additional mechanisms behind the process, including contributions of localized surface
plasmons [88], effect of Wood’s anomaly, waveguide modes, etc. [89-92]

As an example, let’s consider a structure consisting of a metal film with nanoholes
assembled in a hexagonal two-dimensional pattern (Figure 2.7), as will be further em-
ployed in chapter 5.2. Another assumption includes only pure SPP excitation without
considering multiple resonances originating from Fabry-Perot cavities [93], SPP molecule
effects, and others [91].

As mentioned above, the lattice contributes an additional component G to the wave
vector of incident light IZH enabling coupling between SPPs and light (Figure 2.7), which

can be expressed in the following equation 2.16).
Kopp = ];H +m-Go4n- éy (2.16)

where Espp being the wave vector of SPP that is described by a propagation constant
in the dispersion relation 2.15, EH stands for the light wave vector component projected
on the z-y plane, m and n are integers defining the corresponding mode. Furthermore,

the relation 2.16 can be expressed using the dispersion relation 2.15 as follows:

s €dEm
AV e+ enm

= |noko sin(f) + mG, + nG,| (2.17)

16



2.2. Surface plasmon polaritons
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FIGURE 2.7: Schematic drawing of the SPP excitation via hexagonal nanohole arrays showing
coupling between incident light and surface plasmons in the gold. The wavelength of the SPP
resonances (Aspp) is defined by formula 2.18

where ) is the wavelength of the incident light in vacuum, €; and ¢, are relative dielectric
permittivities of the dielectric and the metal, respectively, ny denotes the refractive index
of the medium, where the light propagates. It can be shown [94, 95] that taking into
account a hexagonal assembly of nanoholes with the reciprocal vector |é | = % the

position of SPP, Ay, can be expressed as follows:

Nspp = d ( caeWn_ _ n sin 9) (2.18)

3(m? + mn + n?) €a+ €(W)m
with d being the pitch between two neighboring holes (lattice constant).
Equation 2.18 can be simplified considering a zero-order configuration (6§ = 0), which
results in:
€a€(W)m

3(m? +mn+n?) \ €+t €(W)m

(2.19)

)‘smz =

In contrast, if a square assembly of nanoholes is considered [96], which is a common

pattern for standard lithography fabrication techniques, the reciprocal lattice vector of

the grating turns to |é | = %” which leads to the following relation:

d €a€(W)m

(m2 +n?) \ €a + €(W)m (2:20)

Aspp =

Furthermore, despite the rough approximations used for deriving formulas 2.18 and 2.20,
it is still worth noticing that the surface plasmon properties of nanohole arrays can be

tuned by altering the lattice constant maintaining the same metal-dielectric interface.
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Additionally, it is possible to observe multiple resonances depending on the combination
of integers m and n.

Moreover, due to the direct dependence of the position of SPP, A,,,, with the dielectric
permittivity of the medium, the nanohole arrays have gained widespread usage in sensing
techniques.

Additionally, the optical properties of SPPs excited via nanohole arrays are corre-
lated with their geometrical features, which are neglected during deriving formulas 2.18
and 2.20. In particular, the lifetime of SPPs depends on the resonant wavelength and the
hole geometry [97]. While the hole radius increases the lifetime of SPP shortens leading
to changes in optical spectrum and electrical field decay length.

Noteworthy, the optical properties of the nanohole arrays may originate from the cou-
pling between localized surface plasmons created by the holes and surface plasmon po-
laritons. A strong concentration of optical modes was observed around the holes with the

help of the active near-field nanoprobe [88].
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2.3 STATE OF THE ART

The areas of molecular electronics and plasmonics have been studied intensively over
the last decades enabling the realization of functional devices like sensors, transistors,
switches, and others. In particular, to fulfill the spectrum of applications of optics and op-
toelectronics, molecule-based devices lead to the development of e.g. optical switches [98,
99], memory elements [100-102], and transistors [74], while surface plasmon based plat-
forms allow e.g. the detection and imaging down to single-molecule level [103]. Further-
more, the connection of these two areas [104] lead to the novel concepts of coupling be-
tween molecular orbitals and plasmonic energy levels [105], and surface plasmon-enhanced

molecular switching as introduced in [106].

2.3.1 MOLECULAR OPTOELECTRONIC SWITCHES

In recent years, a broad spectrum of studies has been conducted to address the molecular
switching external light stimuli [1]. Among various photochromic molecules, azobenzenes
and diarylethenes introduced themself as good candidates for photoswitching contacts,
and, therefore, have been intensively employed as a functional unit in molecular junctions.

Since the transition between isomer states during photoswitching is controlled by input
light energy, it is essential to use a transparent electrode for the molecular junctions such
that light can be efficiently absorbed by the molecular layer [55, 107]. To fulfill these re-
quirements, graphene electrodes have been proposed providing suitable chemical stability,
transparency, and compatibility. Additionally, graphene provides mechanical flexibility,
which may extend the applications of optical molecular switches to wearable electron-
ics [108]. For instance, the fabricated molecular junctions based on soft contacts between
graphene electrodes and azobenzene molecules showed reversible photoinduced tunneling
transport between cis- and trans-isomers [55]. Moreover, the reversible conformational
changes in the azobenzene SAMs were repeatedly observed with the change in current
density without significant degradation (over more than 50 photoswitchable cycles). This
makes graphene a suitable candidate to serve as transparent and conductive electrodes
for molecular photoswitch devices.

Another promising and widely discussed approach to achieve bidirectional photoswitch-
ing of molecular species is using conductive PEDOT:PSS interlayers. For instance, di-
arylethenes were incorporated in such geometry revealing around one order magnitude
difference in current density with the external UV-vis stimuli [20]. In this case, the
large-area molecular junction was fabricated with a 90 nm-thick PEDOT:PSS electrode,
and an auxiliary semitransparent 20 nm-top gold contact. Noteworthy, PEDOT:PSS

allowed thermal evaporation of the gold onto the junctions without damaging the molec-
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ular species. Even though the 20 nm thickness of the gold was conductive enough to
support electron transport, the optical transmission was approximately 20-50%, which

pronouncedly reduces the switching efficiency.

2.3.2 PHOTOCHROMIC MOLECULE-BASED PLASMONIC STRUCTURES

The surface plasmon-induced electric field confinement has been employed in various
fields including such techniques as Surface-Enhanced Raman [13] and Plasmon-Enhanced
fluorescence spectroscopy [103]. For instance, the latter one due to the coupling of the
fluorophores in their excited states with localized surface plasmons enables the imaging
and detection down to a single molecule.

Furthermore, quantum emitters such as excitons in J-aggregates, quantum dots, and
dye molecules can support strong coupling to surface plasmon polaritons resulting in
new hybridized light-matter states [105, 109]. J-aggregate molecules or organic dyes (e.g.
Rhodamine 6G) possess a decent sharp absorption peak exhibiting a resonance nature.
The coupling of such resonators to surface plasmons led to the formation of two separated
resonances with so-called Rabi splitting [110].

Moreover, it was reported that the strong coupling between dye molecules and the
plasmon modes induced the enhancement of the Raman signal from the dye [111]. In this
report, the resonant coupling was observed between localized surface plasmon resonances
in nanostructured silver films and an adsorbed monolayer of Rhodamine 6G dye. The
maximum Raman response was observed when a polariton mode matched the Stokes
shifted emission band of the dye.

While being an active component of molecular electronic devices, a coupling between
photochromic molecules and surface plasmons has been also realized introducing novel
optical features [112, 113]. Even though the photochromic molecules exhibit broader
extinction peak in comparison with dyes, the reversible strong coupling was observed
exhibiting prominent Rabi splitting [114, 115].

Furthermore, plasmonic nanoantennas were designed incorporating silver nanocubes
separated from a silver film by a composite spiropyran and polymethyl methacrylate
(PMMA) [116]. This hybrid structure based on photochromic molecules enabled dynamic
tuning of plasmon resonances up to 71 nm through multiple cycles.

Active and reversible control of the plasmonic phase and group propagation was realized
using photochromic molecules mixed with a dielectric matrix. This demonstrated the po-
tential for the construction of remotely controlled plasmon-optical devices e.g. switchable

plasmonic lens [117].
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CHAPTER 3

MATERIALS & METHODS

3.1 FABRICATION AND CHARACTERIZATION METHODS

The field of micro and nanostructuring has been developing for decades consequently
consisting of various methods and tools to achieve nanosize features [118]. By combin-
ing lithography with other fabrication processes such as deposition and etching, a high-
resolution topography can be achieved, while this cycle may be repeated several times to
form complex micro and nanoscale structures.

In order to fabricate nanohole arrays, bottom and top electrodes of the crossbar con-
figuration, a combination of photo, e-beam, and nanosphere lithography (NSL) was em-
ployed. Furthermore, the structuring was carried out by wet etching, RIE, and ALD,
while characterization was performed by SEM and AFM.

3.1.1 LITHOGRAPHY

Generally, lithography techniques are divided into two groups such as maskless and masked
lithography. On the one hand, photolithography is an example of the latter one and has
become a facile and conventional technique, which enables to fabricate structures beyond
the optical diffraction limit within the microns range. On the other hand, to successively
downsize the fabrication a maskless electron-beam, nanoimprint or NSL can be employed

to overcome the photolithography constraints.

Photolithography

Briefly, the photolithography technique utilizes the exposure of a light-sensitive poly-
mer (photo-resist) to ultraviolet light through a photomask to define the desired pattern.
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A fabrication workflow usually starts with the deposition of a resist onto a substrate.
Spin-coating is the common approach of resist deposition, which results in a superior
homogeneous layer spread throughout the whole surface, followed by soft baking to mini-
mize the remaining solvent concentration. In this case, the combination of resist viscosity
and rotation speed determines the resulting thickness. Generally, photoresists themselves
are composed of a polymer matrix and a photosensitive chemically active component.
Under the light exposure, the photoactive components are strengthened and degraded
in the case of negative and positive tone resist, respectively. Here, positive AZ5214E
(Microchem Corp., USA) and negative nLOF2020 (Microchem Corp., USA) resists were
utilized.

The exposure is performed commonly at defined wavelengths of 436 nm ("g-line"), 405
nm ("h-line"), and 365 nm ("i-line"). The latter wavelength is employed by a Mask Aligner
(Stiss Microtech AG, Germany) which was used in this work. The whole wafer surface is
exposed, while an opaque metal photomask blocks light and shadows areas of the resist,
leading to a selective photochemical change in defined parts of the resist. If the contact
mode is applied, where the photomask is in contact with or in close proximity to the
photo-resist, the resolution of the projection is directly limited by the wavelength and the
ability of the optical system to capture enough diffraction orders from the illuminated
mask. Therefore, an approximate minimum feature size (Am) is given by the following
equation: \

Am = kﬂ (3.1)
where NA is the numerical aperture of the lens and the coefficient k is defined by process-
related factors and from classical theory determined as 0.61 by the Rayleigh criterion [78].

Depending on the resist type, two different kinds of photomasks are used such as light
and dark field masks. Both can be applied to positive and negative tone resists, depending
on the structure design. However, the combination of positive resist and dark field mask
is preferably used to achieve higher resolution by capturing more diffraction orders.

The exposure can be followed for some resists by so-called post exposure bake. It
smoothes out the concentration distribution of photoproducts leading to a homogeneously
developed pattern. The subsequent step of developing (here, by MIF326 developer (Mi-
crochem Corp., USA)) removes soluble areas.

The following steps can be combined with deposition or etching of material through

the resist pattern to obtain complex structures.
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Electron-beam lithography

To overcome the aforementioned optical diffraction limitations of photolithography, electron-
beam lithography can be used employing a focused electron beam to expose the resist [119)].
Photoresists can be treated by electron beams leading to the same results as with light.
For instance, a nLOF2020 negative resist is employed efficiently for both techniques. How-
ever, the best results can be achieved with the resist specifically designed for electron-
beam lithography demands. Here, positive tone resists polymethyl methacrylate (PMMA)
ARP639.04 50K, and AR-P649.04 200K (Allresist GmbH, Germany) were employed for
electron-beam writing.

The focused electron beam enables to achieve a resolution, which is theoretically defined
by the De Broglie wavelength of the electrons and can be approximately calculated based
on the following equation:

1.23

Anm] ~ oy (3.2)

where V' is the applied acceleration voltage. However, there are several factors, which
dramatically affect the resolution. Firstly, to prevent a significant feature displacement,
a resist charging should be avoided. A silicon oxide (SiOx) (4" Si wafers with 400 nm of
oxide grown on top) supports enough grounding for electrons, unlike other materials (e.g.
transparent quartz substrate).

The ultimate resolution is also limited by beam-to-matter interactions, which appear
in forward and backscattering of electrons. This phenomenon is called the proximity
effect and seriously reduces the practical resolution. Additionally, the technique is not
suitable for big pattern manufacturing due to the longer writing time in comparison with
photolithography. Despite the aforementioned restraints, e-beam lithography enables a
resolution of sub 10 nm, which allows to fabricate various nanostructures with versatile
designs. Here, a Vistec EBPG 5000+ HS electron-beam machine was employed operating
with the acceleration voltage of 100 kV and a dose of 375 uC/cm?.

Nanosphere lithography (NSL)

NSL [120-122], also known as colloidal lithography [123, 124], has been introduced as an
alternative to aforementioned techniques like photo and e-beam lithography, especially for
producing structures with defined long-range periodicity. The NSL has attracted great
interest due to its compatibility with wafer-scale processes as well as its potential to man-
ufacture a wide variety of homogeneous one-, two-, or three-dimensional nanostructures.

Generally, the workflow of NSL is divided into two steps. The first step is the as-
sembly of nanoparticles onto the substrate via e.g. interfacial assembly (see section 4.1).

The composition and size of the particles can differ depending on the fabrication steps.
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The substrate itself can be patterned, for instance, with either photoresist [125] or other
templates to support selective particle deposition. Additional layers of particles can be
deposited to create complex 3D structures. The second step involves the modification
of geometrical features such as e.g. particles’ size, localization, and shape followed by
structuring processes [126] like e.g. dry etching and metal deposition. The latter one can
be modified by tuning the glancing angle deposition to produce various novel designs of
3D nanostructures [127]. The particles are easily synthesized utilizing typical polymer
materials which makes them also commercially available. In this work, polystyrene (PS)
particles were purchased from Bang Laboratories Inc., USA. The particles’ dispersions
are composed of PS beads dissolved in the aqueous medium in the concentration of solids
around 10%. The PS beads possess functional carboxylic groups (-COOH), which cover
particles with low surface density (<35 A? per group).

3.1.2 CHEMICAL ETCHING & DEPOSITION

Etching of the material is one of the most crucial and commonly employed ways of nanos-
tructuring, enabling a selective transfer of a designed pattern. There are two types of
etching processes named dry and wet chemical etching, which exhibit essential differ-
ences [128]. During wet chemical etching, the material is etched by the diffusion of active
components via liquid phase, whereas dry etching utilizes electromagnetic fields to direct
reactants to the material. Therefore, when a material is etched by a liquid, the exposed
parts are generally removed isotropically, while on the other hand directed electromagnetic
fields can support anisotropic etching. In this case, for instance, a developed photoresist
can play a role of a shadow mask for selective etching or other hard masks can be used

(e.g. chromium, aluminium).

Wet chemical etching

A high degree of anisotropy is desired in etching processes to assure an accurate transfer
of the mask pattern. The isotropic nature of wet etching leads to a widening of the
mask pattern. Therefore, sub-microns resolution features are hard to fabricate. However,
despite the resolution limitations of wet etching, it has found widespread use because of
its low cost, high reliability and throughput, and excellent selectivity with respect to both
mask and substrate materials.

Generally, the wet etch process can be described by three basic steps. The first one is
diffusion of the liquid etchant to the structure that is aimed to be removed. The second

step involves usually a reduction-oxidation (redox) reaction between the etchant and the
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material which entails the oxidation of the latter one. The final step is the dissolution of
the oxidized material followed by diffusion of the byproducts from the reacted surface.
Here a wet chemical etching was employed to selectively etch metals such as gold and
titanium. Gold belongs to noble metals, therefore, the removal of this material requires
a strong oxidizer for the separation of the unpaired valence electrodes. For this reason,

iodine can be employed to support the following chemical reaction:
2Au+1, = 2Aul (3.3)

The gold etchant TechniEtch ACI2 (Microchemicals GmbH, Germany) was employed
containing a mixture of KI and I5. KI is added to improve the solubility of Aul.

Since a slow etching process is easier to operate and tune, a stock solution of TechniEtch
ACI2 was dissolved in water by a 1:1 ratio to reduce the concentration of the reactants.
This led to a dramatic drop in the etching rate from approx. 1000 to 50 nm/min.

Titanium was used as an adhesion promoter between gold and the substrate. Titanium
forms a very stable oxide layer in the air. It can be etched by hydrofluoric (HF) acid, which
is, therefore, often a component of titanium etchants. Here, in order to etch titanium, the
etchant TechniEtch TC (Microchemicals GmbH, Germany) was employed, which contains
the following components in a ratio HF:H,O,:H,O = 1:1:20. In this mixture H,O, oxidizes
layer by layer the titanium which is further etched by HF.

Reactive Ion Etching (RIE)

RIE is an example of a powerful dry etch method [129], which facilitates nanostructuring
enabling an accurate anisotropic etching of down to nanosize features. The main concept
relies on the usage of plasma generated under low pressure, which contains high-energy
ions.

Generally, the system consists of the vacuum chamber where the wafer is placed on the
lower electrode connected to the power source (Figure 3.1). The gas composition depends
on the material to be etched and in order to obtain high etch rate supports not only
chemical but also physical reactions to remove parts of material from a substrate. The
plasma itself is ignited by a radio frequency (RF) electromagnetic field at 13.56 MHz and
can be combined with inductively coupled plasma (ICP) sources to provide a high ion
density and, therefore, increase the rate of etching. Thus, anisotropic nature of etching
is supported by the directionality of the ions accelerated towards the negatively biased
substrate by electromagnetic field sources.

An Oxford Plasmalab 100 (Oxford Instruments plc, Great Britain) was employed con-
taining both RF and ICP sources (Figure 3.1). The maximum power provided by the RF
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FIGURE 3.1: Sketch representing a general working principle of the RIE machine Oxford Plas-
malab 100 based on a RF- and ICP coupled service.

source is 200 W, while the ICP can support up to 2000 W. The electrode where the wafer
is placed is connected to the liquid nitrogen cooling system, while a helium air cushion
provides a sufficient heat transfer. Therefore, the system prevents overheating, which is
beneficial for temperature sensitive materials, such as e. g. PS beads.

In order to etch SiOx and quartz, a combination of the gases Ar and fluoroform (CHF,)
was chosen in a ratio of 30:5 sccm (the detailed protocol is described in A.1). The latter
gas contains fluorine (F), which chemically reacts with SiO, leading to the formation of

unstable products following the reaction:
Si0y+4F — SiF, 4+ O, (3.4)

The chemical etching was supported by a physical ion bombardment via Ar ions facilitat-
ing the uniform etching process.

To etch the PS particles, a combination of oxygen (O,) and fluoroform CHF, was
employed in a ratio of 40:10 sccm. Oxygen is the main component, which chemically
oxidizes the PS, whereas CHF,; was added as a reactive component to make the etching
process more homogeneous by removing the carboxyl functionalization of the particles
and possible carboxylate ions on the PS surface during the oxidation. The temperature
was kept at 0°C to prevent possible melting.

The chromium (Cr) metal layer was etched utilizing a mixture of the two gases Cl,

and O, in a ratio of 30:20 sccm following the reaction:

Cr+20* +2CI* — Cr0,Cl, (3.5)
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where O* and C1* are reactive species generated in the ionized plasma, while CrO,Cl, is

volatile in the plasma environment and is pumped out with the exhaust gases.

Atomic Layer Deposition

Atomic layer deposition (ALD) is a vapor phase technique capable of producing thin films
of a variety of materials via chemical surface reactions [130]. Generally, the process flow
consists of sequential alternating pulses of gaseous chemical precursors that react with
the substrate. Once the whole surface is covered by a monolayer of the components of
the first gas, it is pumped away and a second gas is introduced that also condenses and is
chemisorbed on top of the first layer. The sequence repeats to deposit layer by layer that
can be controlled by number of cycles to achieve an aimed thickness. The ALD technique
allows to deposit ultra thin defect-free films with complex 3D conformity.

The materials that can be deposited by ALD include e.g. transparent conductive ox-
ides, dielectrics, diffusion barriers, and photocatalytically active coatings. Here, a FlexAL

IT ALD machine (Oxford Instruments, Great Britain) was employed to deposit Ta,Oj film.

3.1.3 SURFACE ANALYSIS

The fabrication of nanofeatures requires a proper analysis demanding high-resolution
imaging and surface characterization, which can be provided by e.g. Scanning Electron
Microscopy (SEM) and Atomic Force Microscopy (AFM), respectively. While SEM is
employed to visualize nano and micro size features, AFM offers not only atomic scale

imaging, but also nanomanipulation and insights into molecule-surface interaction, etc.

Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a powerful and multifunctional imaging tool that
enables characterization and visualization of surface topographies with sub-nm resolu-
tion [131]. Due to the mechanical nature of the operating principle, it allows imaging
various nanosize objects without constraints on material properties including even biolog-
ical samples from single molecules to living cells [132].

An AFM technique utilizes a cantilever with a sharp tip to scan over a sample surface.
It offers a multitude of different measurement modes e.g. Contact Mode and Tapping
Mode. The latter one enables a high topographical resolution preventing the damage of
the surface by avoiding the direct continuous tip-surface contact, which is beneficial, in
particular, for biological samples or soft molecule films.

In tapping mode, the tip is driven to oscillate with the frequency close to its resonance

value. As the tip approaches the surface, the close-range atomic force between the surface
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and the tip causes the cantilever to alter the oscillation amplitude. These changes are
monitored by laser beam reflection enabling precise tracking by a photodetector. The
oscillation amplitude is then measured and used as the input to the electronic feedback
loop. The loop adjusts the relative height position by maintaining the amplitude constant
translating the collected information into a topographic image.

Furthermore, the tapping mode can give more details about surface properties, in
particular, the stiffness, since the change in oscillation frequency can be translated into a
phase image.

To characterize the topography of C;FHSAc films and the nanohole arrays surfaces, a
Bruker Nanoscope V Multimode AFM setup was employed equipped with RTESPA-150

cantilevers (Bruker Nano Inc, Camarillo, USA).

Scanning Electron Microscopy

A Scanning Electron Microscopy is a great alternative to AFM for high-resolution nanoimag-
ing in a versatile and relatively quick way. Similar to the electron-beam lithography (see
section 3.1.1) the main principle of this method relies on the scanning of the surface by
focused electron beam, which practically allows imaging of the objects with the resolution
down to approx. 1 nm (at Zeiss Gemini 1550).

A primary electron beam is generated in vacuum conditions and accelerated by a
voltage to the sample surface. As the beam reaches the substrate it penetrates the material
and specific collisions lead to the production of Auger, secondary, and backscattered
electrons together with characteristic, continuum, and fluorescent X-rays. Each of these
collisions can be captured by a detector and translated into an image.

A Zeiss Gemini 1550 scanning electron microscope was utilized to image the nanohole
array surface and PS particles, employing the secondary electron and in-lens detectors,
which detect secondary electrons (SEs) and both secondary and backscattered electrons
(BSEs), respectively. The SEs originate from the near-surface regions and exhibit lower
energy than BSEs enabling better surface topography imaging. On the other hand, BSEs
originate from deeper material regions, which, therefore, brings additional information on
the atomic composition. This results in better contrast for output imaging.

The surface imaging here was carried out mostly by the in-lens detector, except for
images taken at an angle, since in this case the focus distance could not be small enough
to support proper in-lens detection. The applied acceleration voltage was 15 and 20 kV.
To avoid the bleaching effect caused by surface charging, a conductive layer is required.
Therefore, for such substrates e.g. PS particles and quartz, a thin layer of iridium (Ir)

was sputtered with a thickness of around 2 nm.
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3.1.4 PREPARATION OF THE C;FHSAC FILMS

Here, in order to carry out the electrical and optical measurements of C;FHSAc molecules,
the film was deposited onto substrates (bottom electrodes, Au and quartz surfaces, nanohole
arrays) by means of spin-coating. The solid C;FHSAc molecules were dissolved in chlo-
roform (CHCI,) resulting in a 2 mM concentration. To test the thickness dependence
of the solid film, additional concentrations of 1 mM, and 5 mM were obtained. Before
the deposition, the substrates were cleaned in an oxygen plasma with a pressure of 0.7
mbar and a power of 200 W for 5 min. Subsequently, the Au substrates were immersed
in ethanol for 5 min to allow oxide reduction. 60 pl of 2 mM molecules solutions were
spin-coated onto the surface at 300 rpm for 90 sec.

For live switching tests (see section 5.4.2), before the spin-coating the electrodes were

immersed in C;FHSAc solution overnight to support self-assembling of the monolayer.
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3.2 OPTICAL MEASUREMENTS

Here in order to convert molecules between two states, a light source (Newport, USA)
containing a 150 W Xe-lamp was employed. Since the Xe-lamp generates both UV and
visible light, a 400 nm long-pass filter (Thorlabs, USA) was utilized to open the molecules
and a 380 nm band-bass filter with full width at half maximum (FWHM) (10 £ 2) nm
(Thorlabs, USA) to initiate the closing reaction (Figure 3.2). To record the irradiation
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FIGURE 3.2: Normalized irradiation spectra of the light source that was used in order to open
(Vis light, orange) and close (UV light, blue) the film. The spectra were filtered with low-pass
filter to remove sharp irradiation spikes in the visible range.

spectrum of the light source, a mobile spectrometer CCS200/M (Thorlabs, USA) was
used in combination with an optical fiber connected to a CCSA2 cosine corrector (Thor-
labs, USA). The light source was equipped with an optical fiber that enabled to guide
light directly to the corrector. Depending on the intensity of the output light, different
integration times were used to obtain the best signal-to-noise ratio. As a result, the light
source irradiates a broad white spectrum in the range ~[450 : 750 nm]| for the opening
process exhibiting a narrow UV peak at 379 nm for the reverse closing reaction with full
width at FWHM of around 11 nm.

The intensities of both UV and white light were measured employing a compact power
and energy meter PM100D (Thorlabs, USA). The intensity of the UV light was revealed
to be around 0.74 W/m?, while visible light appeared to be approx. 72 W/m?2. The energy
meter was equipped with a UV extended silicon photodiode detector S120VC (Thorlabs,
USA) and mounted in the holder near the reflective mirror, where the testing samples for
kinetic measurements were supposed to be placed.

In order to fully control the time and, thereby, the illumination dose, the light source
was equipped with an electronic shutter (Newport, USA) that was controlled via a PC.

The shutter blade exhibits a rise/fall time of 0.1 sec and the minimum exposure time was
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set to be 1 s for kinetic measurements. The spectra were recorded in 1 nm steps for all
ranges employing a high precision Perkin Elmer Lambda 900 spectrometer (Perkin Elmer,

USA).
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3.3 ELECTRICAL MEASUREMENTS

In order to measure the sheet resistance of the fabricated nanohole arrays and compact
Au, a 4200A-SCS parameter analyzer (Keithley Instruments, USA) was employed. The
analyzer was connected to a 4-point probe station. The 4 probes were applied to the
surface and the Van der Pauw method [133] was utilized in order to obtain the sheet
resistance.

To characterize the current density distribution for open and closed molecular species
captured between the bottom and top crossbar electrodes, 2 probes were employed to
record current-voltage (I-V) curves for each junction (Figure 3.3 a). The voltage was
operated in sweeping mode starting from 0 V.

To test a live electrical switching of molecular species, a sample was placed onto a
metal holder containing a UV extended mirror. The light from the source was guided
via the optical fiber to the holder, where it is directly transmitted to the sample via the

mirror (Figure 3.3 b).
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FIGURE 3.3: (a) The schematic drawing representing electrical measurements of C;FHSAc film
sandwiched between top and bottom electrodes in a crossbar configuration. Each of the 100
junctions can be addressed by applying a voltage between a pair of bottom and top leads.
(b) Sketch showing a holder that supports live-switching electrical measurements. The light
is guided via an optical fiber to the holder, reflected by a mirror that directs the light to the
sample.
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3.4 SIMULATIONS

Simulations provide a unique environment and a powerful tool to anticipate and estimate
behavior of a decent system. The working flow of each simulation is straightforward and
is described by the following steps: define the geometry, select materials and suitable

interface, set mesh and boundary conditions, select a solver and visualize the results.

3.4.1 FDTD SIMULATIONS

The finite-difference time-domain (FDTD) method [134, 135] conceptually and in terms of
implementation is one of the most versatile full-wave techniques used to solve problems in
electromagnetics firstly introduced by Yee in 1966 [136]. It is convenient and powerful tool
for modeling nano and micro-scale optical devices ranging from waveguides and antennas
to nanoparticles and oscillators. The method is typically used when the feature dimensions
are in similar size order as the working wavelength and is able to model various of optics
related processes such as light propagation, scattering, diffraction, absorption, reflection
and polarization effects etc.

The main concept of FDTD relies on solving Maxwell’s equations (3.6) directly without

any physical approximation in complex geometries making the calculation accurate and

versatile. .
oD .
i V x H (3.6a)
D(w) = e, (w)E (w) (3.6b)
OH 1 .
i E .
5 MOV X (3.6¢)

where H , E , and D correspond to the magnetic, electric, and displacement fields, respec-
tively, while €, is the complex relative dielectric constant.

It is a volume-based method, therefore, it demands dividing the space of the working
interface into a uniform mesh of Yee cells (Figure 3.4), where E and D field components
are determined at grid points by solving the equations 3.6.

Unlike other simulation methods used for electromagnetics such as e.g. finite element
method (FEM) where the time dependence is eliminated, FDTD employs both spatial and
temporal discretization. Time is quantized into small steps, where each step represents
the time required for the field to travel from one cell to the next. The electrical field is
solved at a given instant in time, then the magnetic field is solved at the next instant in

time, and the process is repeated over and over again.
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FIGURE 3.4: Sketch representing a Yee cell used for FDTD simulation. The field E and H
components are interlaced at space and time intervals for the purpose of implementing a leapfrog
algorithm.

For obtaining meaningful results keeping the stability of the method, the electromag-
netic field should not change significantly over an increment, which, therefore, brings basic

constraints on the step size for both space and time (equation 3.7).

)\min
min(Az, Ay, Az) = T (3.7a)

1
At < (3.7b)
- 1 1 1
Vs @y + o T o

where Ax, Ay, Az correspond to the mesh size, A, is the minimum wavelength used
in the simulation, n,,,, denotes the maximum refractive index, while v,,,, is the maxi-
mum light velocity in the computational domain. Practically this means that the shortest
wavelength should contain at least 10 cells. Once the mesh size (Ax, Ay, Az) is cho-
sen following the condition 3.7a, a time increment follows the Courant-Friedrichs-Levy
condition 3.7Db.

In order to simulate the optical response and electrical field distribution within the
cross-section of nanohole arrays and ordered layers of PS beads, a FDTD package from
Ansys Lumerical Inc. (Vancouver, Canada) was utilized. The software includes a large
variety of available materials in the default database. Since the majority of materials (e.g.

metals) exhibit a complex behavior of electrical permittivity within a wide frequency
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range, a suitable model is required to describe it. Most of the alternative simulators
exploit models such as Drude, Debye, and Lorentz, etc., which were originally derived
from simplified models of the permittivity of idealized materials. Thereby, fundamentally
they cannot fully simulate real object properties. In contrast, Lumerical offers a multi-
coefficient model to enable an accurate broadband material simulation. The model enables
a small tolerance in the fitting of dielectric permittivity leading to a more accurate material
model.

Moreover, any dispersive material with tabulated real and imaginary parts of refrac-
tive index or permittivity can be fitted within a broad range of wavelengths enabling a
proper simulation. Here, to obtain the continuous spectrum of the refractive index of
the C;FHSAc molecular film, a multi-coeflicient model was applied, which showed a good
agreement, with a small error of fitting. The typical materials such as titanium, gold, and
quartz were taken from the default Lumerical database, where the same multi-coefficient
model is employed to generate the data of electrical permittivity.

The experimental optical spectra were recorded here in the transmission configuration,
meaning that only the intensity of light which passed through a material is measured by
a photodetector disregarding reflected light. The same interface configuration was built

in the simulation space of Lumerical (Figure 3.5). The source of light was positioned
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FIGURE 3.5: Schematic drawing representing the FDTD simulation working space containing
gold nanohole arrays on quartz substrate.

behind the material and directed perpendicularly to the sample surface along the z axis.
The source of light was chosen as a plane wave source with amplitude 1 V and linearly

polarized electrical field along the z axis. The substrate (quartz) was positioned between
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the light source and the sample (nanohole or PS beads arrays), while the detector was
located above the aforementioned components.

The arrays exhibit hexagonal periodicity along the z and y axes. Therefore, in order to
simulate the whole structure, only a single computational unit is sufficient together with
periodical conditions along axes. The unit corresponds to the rectangle with two sides of
2-L and /3 - L, where L is the pitch between the centers of two neighboring nanoholes
or beads. Since the electromagnetic fields through a structure have a plane of symmetry
in the middle of a hexagonal period, the periodic boundary conditions were replaced
with symmetric (Sym be, Figure 3.5) and antisymmetric ones (Anti-s be, Figure 3.5) for
the z and y axis, respectively, allowing to reduce the simulation time by a factor of 8
maintaining the same conditions. The conditions for the z axis were chosen as perfectly
matched layer (PML, Figure 3.5).

The mesh size varied for each simulation depending on the dimensions of the structure.
To obtain the distribution of electrical fields in a cross-section of nanohole and PS beads
arrays, the monitor was placed perpendicularly to the sample surface along the z-z plane.
The resolution of the obtained field directly correlated with the mesh size, since the field’s

values were determined in the nodes of the grid.

3.4.2 FINITE ELEMENT METHOD (FEM)

The Finite Element Method (FEM) is a typical tool to simulate fluid-structure interac-
tion, thermomechanical problems, mass transport, electromagnetic properties, etc [137].
The basic concept of FEM involves discretizing a computational space into discrete el-
ements, where for each element the method determines the field solution with simple
linear or quadratic equations that are solved simultaneously for the complete system.
Many physical process laws, as well as Maxwell’s equations (3.6), can be expressed as
partial differential equations and, therefore, solved by FEM.

Here, in order to determine the electrical resistivity of nanohole arrays depending on the
hole diameter, the COMSOL Multiphysics 5.4 numerical software was employed equipped
with the AC/DC module that uses FEM.

From a classical perspective, Ohm’s law gives the resistance of a macroscopic uniform
conductor R = p%, where p denotes the resistivity, L is the conductor length, S stands for
the cross-sectional area. On the other hand, the local form of Ohm’s law (equation 3.8)
is valid under the same conditions at any point of the conductor.

j=-E=0E (3.8)

SN
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where j is the current density, o is the conductivity, E denotes the electrical field. The
package solves the differential form of Maxwell’s equations together with initial and
boundary conditions. Therefore, all variables equation 3.8 can be simulated to define
the local current density. Then the overall resistance is determined by integrating all

values along the working area.
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CHAPTER 4

SAMPLE FABRICATION &
CHARACTERIZATION

4.1 FABRICATION OF NANOHOLE ARRAYS

There are various techniques exploited to fabricate metal films perforated with periodic
arrays of nanoholes (nanohole arrays). For instance, electron-beam lithography was used
to produce nanohole arrays for high-precision sensing [138], while focused ion milling
enabled unique designs of hole arrangement [139]. Even though these techniques facilitate
the nanofabrication, they are expensive and time-consuming, which, therefore, hampers
large-scale and low-cost wafer-scale fabrication.

To overcome these limitations, soft lithography was utilized including nanoimprint [140]
and NSL (section 3.1.1). The latter one is capable of patterning large areas of nanoholes
with sufficient quality due to the manipulation of colloids with sizes ranging from several
nm to pm. This advantage made NSL a good candidate as a cheap method for the

fabrication of plasmonic films [141].

4.1.1 NANOSPHERE LITHOGRAPHY (NSL)

The fabrication of nanohole arrays by nanosphere lithography relies on the deposition of
a monolayer of PS beads onto a sample, reducing the size of the particles by means of
RIE (see chapter 3) and subsequent metal evaporation on top. The beads themselves
are exploited as a shadow mask for metallization forming nanohole arrays are, where the
lattice constant is defined by the initial diameter of the beads, and the size of the holes fits

the diameter of the particles after RIE. Depending on the size of the particles, the coverage
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area and other factors including the envisaged resulting quality, the nanobeads can be
deposited by means of several techniques like spin-coating [142] and water-air interface
assembly [143] (e.g. Langmuir - Blodgett [144]). The latter one is not only capable
of proving sufficient quality of close hexagonal layers of particles, but also facilitates

upscaling the fabrication of nanohole arrays to wafer size.

Interfacial Assembly

In this work, a modified liquid-air interface assembly technique named Funnel Assisted
Interfacial Assembly (FAIA) was utilized by introducing a polyethylene funnel, which
facilitates the uniform and close-packed deposition of particle monolayers [145]. Briefly,
the main concept of this approach relies on trapping nanobeads between two interfaces
(water and air) followed by a compression of the particles to obtain a densely packed
particle film. While the particle layer approaches the substrate, the plastic funnel due to
the repulsion pulls beads closer together keeping the hexagonal packing. As a result, full
coverage is obtained, which can be verified by a shimmering effect (Figure 4.1 a).

To fabricate nanohole arrays, different diameters of PS particle dispersions were utilized
in the combination with interfacial assembly. PS beads with initial diameters of 198 nm,
382 nm, and 577 nm were utilized. The particle dispersion of 382 nm PS beads (5% in
water) was mixed with ethanol containing 0.02% Triton-X 100 (TX-100) (Sigma Aldrich
GmbH, Germany) resulting in an aqueous solution of 50% ethanol, 2.5% particles, and
0.01% TX-100. The same components with the aforementioned ratio were used for the
preparation of 577 nm particle dispersion. Due to the smaller diameter, the colloidal
solution of 197 nm PS beads was mixed in a higher concentration (10% in water) with
the same components, resulting in the aqueous solution of 50% ethanol, 5% particles, and
0.01% TX-100.

Initially, a 4" quartz wafer (Plan Optik AG, Germany) was cleaned in the oxygen
plasma at 0.7 mbar with 200 W power for 5 min and placed onto the sample stage within
a funnel at a slight angle. The solution was then drop-casted on a glass slide that was
partly immersed at approximately 30° into the water. Before drop-casting, the glass slide
was cleaned in acetone and isopropanol followed by an oxygen plasma treatment with the
same aforementioned parameters.

Upon contact with water, the particle solution spreads across the water-air interface
leading to the formation of a packed layer. Ethanol enables a rapid spreading of the
particle solution along the interface, while the surfactant TX-100 facilitates the transition
to a packed monolayer avoiding significant voids and unordered domains [122]. In addition,
a low surface charge of particles tends to keep the beads only partly submersed in the water

medium enabling the reduction of repulsion and suitable balance between electrostatic and
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FIGURE 4.1: PS particles with a diameter of 577 nm deposited onto a SiOx substrate by means
of FATA. Photo (a) with corresponding SEM image (b), scale bar 1 pm.

capillary forces. The formation of the particle monolayer onto the water surface is followed
by removing the water from the glass beaker. A highly hydrophobic plastic funnel surface
creates energetically unfavorable conditions for the particles at the interface. Therefore,
while the water level is reduced, the decrease of the water-air interface leads to a closed
packing of the PS beads. Since the substrate is slightly tilted in comparison with the
monolayer, it enables to avoid disturbances caused by particles and their agglomerations
trapped between the substrate and the PS monolayer during deposition. The last step is
drying, which is performed at the same angle as the substrate was placed onto the sample
stage to prevent the formation of voids in the PS monolayer.

As a result, closed hexagonal layers of PS beads with diameters of 198, 382, and 577
nm (Figure 4.1 b, Figure 4.3 a, b) were obtained and prepared for the next steps of

structuring.

Spin-coating

As an alternative technique to interfacial assembly, spin-coating was used for microbeads
with a diameter of 1050 nm. In general, unlike interfacial assembly, spin-coating yields
a lower quality of the long-range assembling. However, on the other hand, this approach
enables to deposit PS beads in a fast, simple, and robust way (Figure 4.2).

Spin-coating was applied for small-sized quartz samples (16x28) mm?2. Firstly, the
samples were cleaned in oxygen plasma with the following parameters: pressure 0.7 mbar,
power 200 W, and time 5 min. The initial concentration of the purchased particle disper-
sion (10% in water) was too low to support the assembling process during spin-coating.
Therefore, the 1050 nm PS colloids (Bang Laboratories, USA) were centrifuged to obtain

the 25% particle concentration in an aqueous solution. In the last step, the PS particle
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FIGURE 4.2: PS particles with a diameter of 1050 nm deposited onto quartz substrate by means
of spin-coating at 8000 rpm for 2 min with 550 rpm/s acceleration. (a) scale bar of 100 um, (b)
scale bar of 20 pm.

dispersion was dropped onto the quartz samples and rested for 2 min to support the
self-assembling, followed by spinning at 8000 rpm for 2 min with 550 rpm/s acceleration.

As expected, in the long-range the PS beads assembled with some disturbances in
a particle monolayer (Figure 4.2 a). Mostly, the particles formed certain clusters with
approximate size of ~20 - 500 pm?, which were uniformly distributed with random ori-

entation (Figure 4.2 b).

4.1.2 REDUCTION OF PARTICLES

Generally, the deposition of beads onto a substrate is the first step of nano-patterning
followed by subsequent steps, e.g., dry etching [126], epitactic growth, and material de-
position. Here, to fabricate nanohole arrays, colloids were utilized as a shadow mask for
the final metallization.

As mentioned above, the main workflow consists of the following steps: PS particle
deposition onto the substrate, reduction of the particles utilizing a dry etching technique,
metallization, and particle lift off as depicted in Figure 4.3. In order to deposit particles,
the two aforementioned techniques (section 4.1.1) FATA and spin-coating were employed
resulting in hexagonal monolayers of PS beads (Figure 4.3 a, b). To reduce the particle
size, RIE was used employing the gas mixture of O, and CHF; [145]. Depending on the
initial diameter of the PS beads and size of the substrate, different etching times were
chosen keeping other parameters constant (see section A.1). Therefore, the etching time
can be used as a varying parameter to control the resulting hole diameter of nanohole

arrays (Figure 4.4).
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FIGURE 4.3: Workflow of nanohole array fabrication. Monolayer of PS particles with diameter
of 382 nm (a) scale bar of 2 um, (b) scale bar of 1um, (c¢) Reduced by RIE PS particles with
evaporated metal layers of Ti 5 nm and Au 40 nm (SEM image is taken at 50°), (d) Nanohole
arrays with a lattice constant of 372 nm and a hole diameter of 245 nm.

In order to find out the capability of the etching process, its quality, and the rate,

2 size SiOx samples by

PS beads of 382 nm diameter were transferred onto 10x10 mm
utilizing the FATA approach. The thin layer of chromium (30 nm) was deposited by e-
beam evaporation followed by particle lift off by means of an adhesive tape. Noteworthy,
the original diameter of PS bead size could be reduced by a maximum of 43% from 379 + 9
nm to 216 + 6 nm. A longer etching process could destabilize the PS layer leading to the
disruption in the assembled lattice and deprivation of spherical shape exhibiting randomly
shaped elliptical holes. The etching process possesses a linear trend with a constant rate
of 52.8 nm/min (Figure 4.5). Moreover, it was found that due to the specification of the
RIE process, the etching rate decreases with increasing sample sizes. The etching rate of
the same particle of 382 nm becomes slower for 4" wafers in comparison to the previously
described 10x10 mm? size samples and appears to be approximately 25.2 nm /min.

It is worth noticing that the thickness of the metal that can be deposited by this
approach is limited by the diameter of the particles. During fabrication, it was empirically
found that the diameter should be at least around 4 times larger than the thickness of the
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4. Sample fabrication & characterization

FIGURE 4.4: Nanohole arrays with a varying diameter of holes. The PS beads of an initial
diameter of 382 nm were deposited by means of FAIA onto 10x10 mm? sized SiOx. The etching
time of RIE and resulting hole diameter, respectively, are (a) 0 s, 381.8 & 8.6 nm, (b) 90 s, 303.9
+ 5.2 nm, (c¢) 120 s, 280.5 £ 4.7 nm, (d) 140 s, 264.8 £+ 6.3 nm, (e) 160 s, 240.4 + 5.2 nm, (f)
180 s, 216.1 + 6.3 nm.

Hole diameter [nm]
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Etching time [s]

FIGURE 4.5: The hole diameter in nanohole arrays with the constant pitch of 376 nm (Figure 4.4)
depending on the etching time utilizing RIE. The etching rate varies depending on the substrate
dimensions appearing to be 52.8 nm/min for 10x10 mm? surface and 25.2 nm/min for 4" wafer
size substrates.

deposited metal. Thereby, in the subsequent metallization step to fabricate gold nanohole
arrays on quartz substrates (Figure 4.3 d), two metal layers (5 nm Ti; 40 nm Au) were

e-beam evaporated onto the sample decorated with the colloidal layer. The Ti plays a
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4.1. Fabrication of nanohole arrays

role of an adhesion layer, while 40 nm of Au is thick enough in order to provide sufficient
electrical conductivity and simultaneously support the SPP excitation (see section 5.2).
Finally, the particles were stripped-off by means of an adhesive tape followed by sonication

in acetone.

4.1.3 CHARACTERIZATION OF PARTICLE MONOLAYERS

The aforementioned way of nanofabrication introduced as NSL brings several advantages,
in particular, the upscaling to wafer size with appropriate quality. However, monitor-
ing the quality of the particle layer deposition remains challenging. Optical tools cannot
be applied due to the diffraction limits, and techniques like AFM and SEM are time-
consuming enabling to characterize only micro dimension areas, and, in case of SEM,
require an additional conducting layer. Several approaches have been proposed includ-
ing Fourier transform [126, 146], which allow checking the long-range quality of particle
assemblies with high precision.

As an alternative, a more straightforward and simple approach can be applied us-
ing UV-vis-spectroscopy as introduced in [145], parts of which are described here. This
method utilizes the radiative losses of photonic modes created by particle crystals into
dielectric substrates. Besides enabling to monitor the quality of the colloidal monolayer
during assembling, this technique allows one to track the size evolution of polymer beads
during etching. This helps to precisely control the fabrication of nanohole arrays by NSL.

The extinction spectrum of PS particles deposited onto a glass substrate exhibits a
distinct peak, which consists of two sub-peaks caused by the excitation of two photonic
modes (Figure 4.6 a, black solid line). Noteworthy, the small dips, which appear at small

wavelengths (< 380 nm) are associated with the Mie scattering of PS particles. In par-
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FIGURE 4.6: (a) Extinction spectra of a monolayer of PS particles of 380 nm diameter on a glass
substrate, black - experimental data, red - FDTD simulation. (b) 2D electrical field distribution
of 380 nm PS particles on glass, taken at the resonance wavelength.
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ticular, 380 nm PS beads assembled onto a glass surface reveal a peak at around 465 nm.
To corroborate this experimental finding, the FDTD simulation was carried out. The
working environment involves only two dielectrics introduced as glass substrate and PS
particles with default refractive indices of 1.45 and 1.6, respectively. Thus, the transmis-
sion configuration of hexagonally assembled PS spheres of 380 nm diameter was simulated
onto glass substrate. The obtained extinction spectrum (1-Transmission) reproduces well
the experimental results (Figure 4.6 a, red solid line) revealing the main features of the
spectrum.

Moreover, the 2D cross-section of the electrical field distribution obtained at the ex-
tinction resonance (Figure 4.6 b) reveals a confined intensity of the field associated with
the first photonic modes [147]. The hexagonal layer of PS beads exhibits the highest
values of intensity in the vicinity of the glass surface, which represents the coupling of the
photonic modes into a dielectric substrate.

The reduction of the particle size during dry etching by oxygen plasma or RIE leads

to a change of the effective refractive index of the particle monolayer (equation 4.1)
”sz =n}f.+nyfy (4.1)

where n,, n, and f,, f, are refractive indexes and filling factors of materials a and b,
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FIGURE 4.7: (a) Extinction spectra of a monolayer of PS particles of 520 nm diameter on glass
showing a clear blue-shift of the extinction peak with increasing etching time in oxygen plasma.
Figure is adapted from [145], (b) FDTD simulated extinction spectra of PS particles of diameters
380, 340, and 300 nm with a constant pitch of 380 nm on glass.

respectively.

This leads to the blue shift of the extinction resonance, while the diameter of the
particles decreases (Figure 4.7 a). The experimentally obtained spectra were verified with
FDTD simulation for 380 nm diameter PS particles (Figure 4.7 b). The obtained data

46



4.1. Fabrication of nanohole arrays

was plotted for experimental and simulated findings versus the reduced wavelength %,
where ) is a wavelength and [ corresponds to the diameter of the particle. In this case,
the extinction resonance appears at around 1.22)\. Noteworthy, the overall extinction
increases, while the particle size reduces, which are corroborated by both experimental and
simulated data. This general increase in extinction for shorter wavelengths is associated

with increased Mie scattering efficiency of the PS beads.
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4.2 BOTTOM ELECTRODE FABRICATION

The workflow of the crossbar fabrication realizing large-area molecular junctions in ver-
tical geometry consists of several steps including the fabrication of bottom and top elec-
trodes with the molecular diarylethene layer sandwiched in between. Thereby, it demands
distinct requirements of both top and bottom layers of electrodes. To support surface
plasmon-enhanced switching (see 5.3), the leads of the bottom electrode should be fab-
ricated as gold nanohole arrays (nicknamed as "holey" hAu electrodes) on transparent
quartz substrates maintaining a sufficient conductance, while the top electrode needs to
complete the contact preventing possible formation of shortcuts and damaging of the
molecular layer.

Therefore, two main strategies of bottom electrode fabrication were developed and
tested to fulfill the aforementioned requirements. The first one involves the fabrication
of nanohole array leads on quartz utilizing NSL [148]. In this approach, the leads were
embedded in the substrate leveling out the surface to prevent a shortcut formation.

As an alternative, a second strategy was developed involving the fabrication of nanohole
leads by utilizing an electron beam lithography to increase the quality of the nanohole
arrays order. To avoid possible shortcut formation and current leakage, a thin layer (<

15 nm) of Ta,O; was deposited to play the role of a passivation layer.

4.2.1 BOTTOM ELECTRODE FABRICATION BY NSL

Generally, the fabrication process follows a standard workflow with only one additional
step of NSL. Thereby, it can be easily implemented for microelectrode fabrication where a
plasmonic, transparent, and conductive material is demanded to enhance the functionality.
For instance, microelectrode arrays (MEA) with nanohole array gold electrodes were
developed to read out an electrical signal from biological cells as introduced in [149].
The fabrication workflow of the bottom electrode was carried out on 4" quartz wafers
(Plan Optik AG, Germany) for implementing nanohole arrays and on 4" SiOx wafers for
compact bottom electrodes as reference testing samples. The detailed fabrication protocol
is described in section A.1 and Figure A.1. In order to provide a sharp undercut for the
successive metal lift-off process, two layers of resists were employed. Firstly, a LOR3B
resist was spin-coated followed by the deposition of the negative photoresist nLOF2020
resulting in a ~5 pum thickness double layer. In the subsequent step, the photoresist was
exposed by a mask aligner with the dose of 55 mJ/cm? and 40 mJ/cm? UV light for
quartz and SiOx, respectively. The bright field photomask was applied with the pattern
depicted in Figure A.6. To define the designed structure composed of straight electrodes
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4.2. Bottom electrode fabrication

by removing the unexposed areas, the photoresist was developed in MIF326 developer
(Figure A.2).

To embed the leads, dry etching of the substrate material was applied utilizing RIE
resulting in etched channels for metal wires. For this reason a combination of CHF,; and
Ar was employed.

As can be seen from figure 4.8 b, the etching process followed a linear trend revealing

a constant etching rate of 12.9 nm/min. The depth of trench during the RIE process
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FIGURE 4.8: (a) SEM image of SiOx etched by means of RIE to create trenches for embedding
electrodes. The substrate was broken and the image was taken at 55°. The depth of the trench
is approximately 50 nm, scale bar 1 um. (b) The depth of the trench vs etching time dependence
revealing an etching rate of 12.9 nm/min.

was measured by a surface profilometer (Dektak 150, Bruker Corporation, USA) after
removing the small area of photoresist, which was designed in particular for this test
(Figure A.6). Thus, to level out the bottom electrode surface by embedding the leads, a
minimum time of 4 min was chosen. This gives approximately 50 nm of channel depth,
which aims to precisely level out a 45 nm of metal consisting of 5 nm Ti and 40 nm Au
(chapter 4.1).

Subsequently, the FATA technique was employed following the steps described in details
in section 4.1.1. Briefly, the quartz wafer with structured photoresist was cleaned in the
oxygen plasma followed by placing it in the water medium onto the stage according to
the FATA protocol. During the particles’ deposition, the wafer was tilted in the direction
along the trenches in the central part of the chips to minimize disruptions of the layer and
provide successive transfer inside the trenches of the photoresist. The PS bead deposition
was followed by RIE to reduce the particles’ size. As a result, the particle layer features
local voids, which appear at the edges of the trenches, noteworthy, more frequently inside

the narrower trenches in the resist (Figure 4.9).
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FIGURE 4.9: SEM image of structured photoresist with trenches of ~70 nm and assembled 382
nm PS beads etched by means of RIE for 4 min (a) scale bar 5 ym, (b) scale bar 10 pm.

In the subsequent step, two metal layers (Ti 5 nm and Au 40 nm) were e-beam evapo-
rated (Leybold GmbH, Germany) onto the substrate. The resist lift-off was carried out in
acetone followed by immersing in isopropanol and deionized water consecutively. The par-
ticles were removed by means of adhesive tape resulting in nanohole arrays implemented
in the bottom electrode. (Figure 4.10). To remove the organic residuals of the resist, a
RIE was employed utilizing O, gas.

In general, the nanoholes are distributed uniformly along the leads without major
inhomogeneities. Several compact areas are observed, which are caused by disruptions
in the PS layer. The nanohole arrays revealed a well-assembled hexagonal arrangement
(Figure 4.10 c, d) showing a lattice constant of 373.6 + 8.6 nm with a hole diameter of
265 + 5.3 nm. However, residuals of the material appeared at the edges, which likely are
either resist or evaporated gold. The metal deposition usually is carried out at a solid
angle of approximately 2 ~ 7°. This deviation of the perpendicular deposition may lead
to gold being evaporated not only within the trench in the substrate, but also on the
edges.

According to the AFM images, the electrode is completely embedded into the substrate
revealing a gap of around 30 nm with some residuals of resist and metal at the edges
(Figure 4.11).
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4.2. Bottom electrode fabrication

FIGURE 4.10: Optical images (a, b) of a bottom electrode with leads of 6 um fabricated by
means of combined photolithography and NSL. SEM images (c, d) of the 10 um leads with
lattice constant 373 nm and hole diameter 265 nm.

R

Y

Height [nm]

0.0 25 7.5 10

5.0
X [um]
FIGURE 4.11: (a) AFM image of a bottom electrode with embedded hAu electrodes, scale bar
1pm. (b) The 3D AFM image with the height cross-section reveals the vertical level difference
of around 35 nm between the quartz and the hAu electrode
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4.2.2 ELECTRICAL CONDUCTIVITY OF NANOHOLE ARRAYS BOTTOM ELEC-
TRODE

The process of perforating metal with holes reduces the area occupied with conductive
material, which naturally tends to increase the overall resistance. Thereby, the question
emerges what the degree of this reduction is and how it depends on the nanohole arrays’
geometry. To obtain the resistance data, two approaches were applied involving simu-
lation based on FEM and sheet resistance measurements of macro-sized samples. FEM
simulation was carried out in collaboration with Z. Li and introduced in [150].

The simulation workspace of COMSOL Multiphysics involved a structure, which was
designed as a plane with the following dimensions (length (L) = 50 pm, width (W) =
3 pm, and thickness 100 nm) and default gold conductivity model (electrical conductiv-
ity 4.56-10" S/m) [150]. The resistance R was obtained for two samples including 2D
hexagonal lattices of 390 nm and 580 nm with varying hole diameter. Finally the sheet

R-W d

L I

to the nanohole diameter and ! being the lattice constant (Figure 4.12 a). As expected,

resistance R, = was plotted against the reduced diameter ¢, where d corresponds
while the nanohole diameter increases the sheet resistance rises dramatically following
similar to hyperbolic trend reproducing the same behavior for both samples with lattices
of 390 nm and 580 nm. As discussed in chapter 4.1, the nanohole arrays produced by

NSL empirically exhibited a minimum ratio between hole diameter and lattice of 0.57. On
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FIGURE 4.12: (a) Calculated sheet resistance Rs by COMSOL Multiphysics for the leads with
width = 3 pum, length = 50 pum, and thickness = 100 nm plotted in accordance to hole diameter-
lattice ratio (black - lattice 390 nm, red - lattice 580 nm); (b) The measured sheet resistance of
compact Au with thickness of 40 nm (Au40), 30 nm (Au30), 20 nm (Au20), and hAu electrodes
of lattice constants and hole diameters of 188 nm and 151 nm (hAul88), 376 nm and 275 nm
(hAu376), and 1044 nm and 931 nm (hAul044), respectively. The error bars were obtained as
standard deviation of the mean.
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average, the ratio varied between 0.6 and 0.9 meaning that according to FEM simulation
the resistance for nanohole array electrodes in comparison with compact hole-free Au is
expected to be increased by a factor in the range of [2 : 7].

The compact Au as expected revealed a higher conductance in comparison with hAu
electrodes (Figure 4.12 b). Noteworthy, the sheet resistance increased dramatically, while
the Au thickness reduced. The compact Au revealed values for 40 nm - 0.93 €, 30 nm
- 1.57 Q, and 20 nm - 3.28 2. At the same time, the nanohole arrays exhibited larger
variations of sheet resistance varying from ~5 € to ~11 €2 depending on the ratio between
hole diameter and lattice constant, and quality of hole arrangement. The larger values
expectedly are observed for larger ratios: 11 4+ 0.7 2 and 9.8 &+ 0.36 (2 for ratios of 0.8 &+
0.02 and 0.89 £ 0.02, respectively.

4.2.3 BOTTOM ELECTRODE FABRICATION BY E-BEAM LITHOGRAPHY

As an alternative to bottom electrode fabrication using the NSL method, another approach
that involves electron-beam lithography was chosen. Unlike NSL, the e-beam technique
enables to overcome the diffraction limits of photolithography and expose resist with the
resolution down to tenth of nanometers. Plus, an e-beam technique allows to define the
nanohole arrays only in the central part where junctions are designed to be placed keeping
the feedlines hole-free in order to conserve the overall conductivity of the gold leads.

The fabrication of the bottom electrode was carried out on the 4" quartz wafer. Firstly,
to support sufficient grounding a layer of chromium (5 nm) was deposited onto a substrate
followed by spin-coating a double layer of PMMA resists. The detailed workflow steps are
described in section A.1. The double-layer resist was chosen to enable successive metal
lift-off by providing a suitable undercut. The electron beam writing was carried out
following the pattern depicted in figure A.7. Due to the different molecular weights of the
selected resists, the lower layer exhibited higher sensitivity than the upper layer providing
a sufficient undercut after development in AR600-55 (Allresist GmbH, Germany). This
resulted in etched trenches reproducing the designed structure (Figure 4.13 a). The overall
thickness of the double layer system was measured by employing the surface profilometer
Dektak 150 revealing a thickness of 251 £+ 4 nm.

The following step involved metalization of two layers of Ti 5 nm and Au 40 nm
(Figure 4.13 b). The lift-off was done by megasonic cleaning in acetone followed by
adhesive cello tape lift-off to remove minor metal residuals.

Atomic layer deposition of Ta,O5 was carried out to obtain the resulting thin passi-
vation layer of 15 nm thickness. To open the layer, firstly AZ5214E resist was deposited
onto the wafer and exposed by UV light through an optical mask (Figure A.8). The mask
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FIGURE 4.13: SEM images of 4 pum width gold nanohole array lead lift-off by acetone and
adhesive cello tape.

was aligned based on the markers enabling to achieve less than one micron deviations in

alignment. After development in MIF326, a layer of Ta,O; was opened by RIE.
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FIGURE 4.14: Bottom electrode fabricated by means of e-beam lithography with a passivation
layer of TayO5. (a) Optical image of 10 ym wide leads with 8 ym wide openings, (b) AFM image
showing a profile level gap of ~16 nm between Ta,Oj (light brown) and gold hole-patterned lead
(dark brown).

The fabricated bottom electrode exhibits a profile level of ~16 nm created by Ta,O4
passivation layer (Figure 4.14), which can potentially be tuned to enable robust contact

between molecules and top electrode.
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4.3. Top electrode fabrication

4.3 TOP ELECTRODE FABRICATION

Molecular junctions with vertical geometry demand to fulfill certain requirements for
the top electrode. The biggest challenge is to contact gold leads to the molecular layer
providing a conformal contact to reduce the contact resistance and simultaneously prevent
damage of the molecular species. For these reasons, in this work a top electrode is aimed
to be fabricated on soft, flexible, and low stiffness substrates like PolyOlefin Plastomer
(POP), which supports damage-free attachment. On the other hand, the roughness of the
gold surface needs to be smaller than the dimensions of the molecular species to prevent
shortcuts. Thereby, two approaches were tested. The first production workflow involves
the fabrication of the leads on the solid substrate with an anti-adhesion layer to provide
transfer onto the POP stamp. In this case, the roughness of the gold surface is defined by
the roughness of the solid SiOx, which is expected to be smoother than evaporated gold.
The second workflow, on the other hand, is considered as being a straightforward and
reference testing approach, where the gold leads are directly fabricated onto a polymer
substrate. In this case, the roughness of the gold surface is higher, however, it still may

be applicable to relatively thick organic films of >20 nm.

4.3.1 TOP ELECTRODE FABRICATION BY TRANSFER ONTO A POP STAMP

In general, the process combines classical photolithography techniques with chemical sur-
face modification to provide a sufficient adhesion gradient for the successive electrode
transfer. The detailed fabrication workflow is depicted in figure A.4 and described in
details in A.1. The results were developed in collaboration with S. Tang and introduced

in [151]. Briefly, the first step is the spin-coating of the negative resist nLOF 2020 onto a

FIGURE 4.15: The "Gradient" top electrode (pairs of 2 pm, 4 ym, 6 ym, and 10 gm wide leads)
on SiOx with anti-adhesion layer of FOTCS in between.

4" SiOx wafer, which was subsequently exposed with 40 mJ/cm? i-line (365 nm) UV light
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and developed for 30 sec in MIF 326 in order to define the designed structure. To support
the further surface modification by the perfluoro-silane FOTCS (Trichloro(1H,1H,2H-
perfluorooctyl)silane, Sigma-Aldrich) the wafer was treated in oxygen plasma with the
following parameters: pressure 1 mbar, power 80 W, time 5 min. A layer of FOTCS was
deposited in a glove box via a gas phase deposition at 5 mbar for 90 min in a pure Ar
atmosphere. In this case, not only a monolayer of silanes is covalently bound to the wafer,
but also additional multilayers of physisorbed FOTCS molecules cover the surface. To
increase the efficiency of physisorption, the time of deposition was extended to 90 min. In
order to maximize the number of remaining silane molecules, immediately 40 nm of Au
was e-beam evaporated at a high rate and low vacuum conditions. A low vacuum during
metalization should maximize the chance of physisorbed FOTCS molecules remaining on
the wafer. Subsequently, the lift-off of the photoresist was carried out in acetone followed

by rinsing in isopropanol (Figure 4.15)

FIGURE 4.16: Optical image of a top electrode with (a) 10 um wide leads transferred onto POP
substrate, (b) 4 um wide leads transferred onto a POP substrate, scale bar 200 ym. SEM image
of a top electrode [151] with 10 pm wide leads taken at 45°, scale bar (c) 20 pm, (d) 5 pm. To
image electrodes on the POP substrate, a thin layer of iridium (2 nm) was sputtered on the
surface. The transferred gold leads exhibited wrinkles in the metal material, which appears as
dimples and upheavals.
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In the following step to make thin and smooth stamps, 0.5 mm thick pieces of Affinity
POP stamps (Dow Corning, Midland, USA) were sandwiched between two previously
silanized SiOx wafers, heated up to 110 °C, and left for 30 min under pressure. The
high smoothness of the stamp supports the successive conformal contact between wafer
and stamp. Thereby, the gold wires can be quickly transferred onto the POP surface
(Figure 4.16).

The yield of the successive transfer varies from batch to batch and, therefore, depends
on the efficiency of the FOTCS deposition. The transfer was empirically found to be
more efficient for leads with wider width, since in this case the silanized area is larger,
which leads to a greater adhesion gradient. The areas with bad FOTCS deposition lead
to a strong attachment of gold to the SiOx wafer resulting in raptured gold parts. Addi-
tionally, a mechanical mismatch between gold and the POP substrate leads to wrinkles
in the metal surface (Figure 4.16 a, b). Plus, due to the bending, extra stress is applied
that may contribute to the wrinkles’ formation appearing to be a combination of dim-
ples and upheavals (Figure 4.16 ¢, d), which reduce the overall conductance of the gold
leads. However, the resistance of the molecule junction is still larger than the extra resis-
tance caused by these dislocations, which makes such top electrodes suitable to complete

molecule contact.

4.3.2 TOP ELECTRODE BY DIRECT FABRICATION ONTO POP

The fabrication of top electrodes by transferring them onto a polymer substrate possesses
the biggest advantage of an ultra-smooth gold surface. However, the yield of fabrication
is relatively low and highly depends on the fabrication factors. Additionally, due to the
bending, the metal surface exhibits cracks and wrinkles, which may negatively affect
the efficiency of the top-bottom electrode contact regarding mechanical and electrical
properties.

To avoid the aforementioned issues, a straightforward fabrication approach was tested.
The main concept consists of the direct fabrication of the gold leads onto 4" POP wafers.
In this case, the smoothness of the gold surface is determined by the quality of the metal
evaporation, however, the yield is expected to be high, revealing almost crack-free leads.

Firstly, the 4" POP substrate was prepared by pressing in a nanoimprint tool (Nanonex
2000, Germany) (detailed protocol is described in section A.1). The POP substrate was
sandwiched between previously FOTCS modified 4" SiOx wafers and pressed at 7' = 90
°C, pressure 60 psi (4.1369 bar) for 5 min. This results in thin and smooth POP substrates,
which can be easily detached from SiOx wafers due to the anti-adhesive layer of silanes.
In the subsequent step, two metal layers of Ti 5 nm and Au 50 nm were evaporated onto
the POP wafer followed by spin-coating AZ5214E positive resist at 4000 rpm for 60 sec
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with an acceleration of 500 rpm/s. The soft-baking of the resist was carried out at a low

temperature of 65 °C and a long processing time of 20 min to avoid extra expansion and

bending of the POP substrate. Subsequently, the resist was exposed to 75 mJ/cm? of
the i-line (365 nm) followed by a development in MIF326 for 50 sec. It resulted in the

removal of the exposed area defining the designed structure.

FIGURE 4.17: Optical image of top electrode fabricated directly on POP substrate with designed
(a) 6 um wide leads and (b) 4 pym wide leads.

In the subsequent step, the photoresist was used as a shadow mask for the etching of
gold and titanium metal layers. Wet chemical etching was chosen to isotropically etch
the metal minimizing possible damage of the POP substrate. Therefore, the wafer was
immersed in TechniEtch ACI2 (Microchem Corp, USA) for 1 min to remove the whole 50
nm layer of gold material followed by etching in TechniEtch TC (Microchem Corp, USA)

FIGURE 4.18: AFM images of the gold surface of the top electrode fabricated by (a) transfer
onto a POP substrate, (b) direct fabrication onto a POP substrate. Images (a) and (b) were
normalized to the same height level.
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for 2-2.5 min to completely remove the residuals of underlying titanium.

According to optical images (Figure 4.17) the gold surface revealed wrinkles along the
leads, which originated from the mechanical mismatch between the metal and the POP
substrate.

Furthermore, to compare the surface roughness of top electrodes fabricated by the two
scenarios, AFM imaging was carried out (Figure 4.18). As expected, the surface roughness

of the transferred leads was smaller compared with directly fabricated on the substrate.
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4.4 CROSSBARS ASSEMBLY

The process of assembly of the bottom and top electrodes into crossbars was carried
out by employing a bonder Fineplacer (Finetech, Berlin, GER), which enables to align

bottom and top layouts with precision of several um. The working principle relies on

‘I

1l

FIGURE 4.19: The optical images of assembled crossbars with the CsFHSAc film sandwiched
between nanohole array bottom electrode fabricated by NSL (width of the leads is 6 pm) and
top electrode on POP (width of the leads is 4 um). (a) scale bar 500 pm, (b) scale bar 100 ym.

the usage of beam-splitting optics, which allows simultaneous monitoring of the bottom
substrate and another top layout held by a vacuum tweezer. Therefore, a top electrode can

precisely be aligned and placed on the bottom electrode layout covered with a previously
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FIGURE 4.20: The optical images of assembled crossbars with the CsFHSAc film sandwiched
between nanohole array bottom electrode fabricated by electron-beam lithography (width of the
top and bottom leads is 10 pum). (a) scale bar 500 pm, (b) scale bar 100 um. The conformal
contact between the POP substrate and the bottom quartz surface can be distinguished by the
darker color in the central part of the image compared to grey and slightly shimmering areas.

deposited C;FHSAc film. Firstly the bottom electrode was chemically cleaned in acetone
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4.4. Crossbars assembly

and isopropanol followed by oxygen plasma treatment and gold oxide reduction in ethanol.
Then the C;FHSAc film was deposited onto the surface by spin-coating at 300 rpm for
90 sec. Then the top electrode was aligned accordingly to the bottom layout and placed
onto the surface (Figure 4.19).

Due to the smooth POP surface and overall softness, a successive conformal contact can
be achieved preventing air from being trapped in between. The contact can be optically

distinguished by light contrast, which appears to be darker for conformal contact.
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CHAPTER 5

RESULTS & DISCUSSION

5.1 CHARACTERISTIC OF DIARYLETHENES IN THE SOLID AND
LIQUID STATE

There are different types of photochromic molecules including spiropyran, azobenzenes,
fulgides, or diarylethenes. The latter ones exhibit thermal irreversibility and, more impor-
tantly, high fatigue resistance enabling several thousand reversible switching [7, 9], which
all together make diarylethenes suitable for various applications e.g. optical memories,
switches, and transistors. In this work, an approach for the transition of diarylethenes
from the liquid to the solid state was developed together with the following characteriza-
tion method.

The results described in this section are repeated in [106].

5.1.1 CHEMICAL & OPTICAL PROPERTIES

The diarylethene molecules used in this work are C; Hs FsO,S, [152], abbreviation:
C,FHSAc. Generally, the chemical composition of the molecule can be divided into a
central switching unit and two side chains (Figure 5.1, a). The switching core possesses
double bonds, which can be reversibly isomerized due to the exposure to either visible or
UV light. To prevent the coupling of the central unit to gold electrodes, the switching
core exhibits furan groups instead of the commonly used thiophene groups. Moreover, the
two conjugated side chains of the oligophenyleneethynylene are designed to feature high
mechanical stiffness and relatively high conductance in both states. During the UV light-
initiated photocyclization, the overall electronic structure alters from non-conjugation

(open state) to end-to-end conjugation (closed state). The cycloreversion is initiated by
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FIGURE 5.1: (a) Chemical structure of the CsFHSAc molecule in open and closed configuration,
(b) Absorption spectrum of CsFHSAc molecules in closed (green) and (open) configuration
dissolved in CHCl; with a concentration of 10 uM, (c¢) Extinction spectra of the molecule film
in both forms closed (green) and open (red) on quartz substrate after spin-coating at 300 rpm
for 90 s for different concentrations of CsFHSAc in CHCI; (solid line — 5mM, dashed dotted
line — 2mM, dotted line — 1mM), (d) Absorption spectrum of CsFHSAc molecules spin-coated
onto quartz substrate at 300 rpm from the initial concentration of 2mM resulting in ~18nm film
thickness.

irradiation with visible light. These changes in the molecular geometry can be revealed
optically by measuring UV-Vis absorption spectra. Usually, the transition between two
states is carried out at the wavelength that corresponds to the maximum of absorption,
since in this case the efficiency of switching is high.

To record an optical response, solid C;FHSAc molecules were dissolved in CHCI; re-
sulting in the 10 uM concentration. Closed molecules exhibited strong absorption in the
visible and ultraviolet range while the open form absorbed only UV light, but more pro-
nounced than the closed form (Figure 5.1 b). The obtained spectrum reproduced the
main features of previously reported optical responses of the diarylethene molecules in
the liquid form [62, 152].
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5.1. Characteristic of diarylethenes in the solid and liquid state

There are various studies reporting on the investigation of diarylethenes in the liq-
uid form [62], however, the transition to solid films brings several issues, especially re-
lated to the electrical measurements. Thereby, conductive matrices have been used e.g.
P3HT [153]. Here, in order to investigate pure molecules’ optical and electrical response,
the straightforward approach of deposition such as spin-coating (see section 3.1.4) was
chosen, avoiding interfering properties between diarylethenes and polymer matrices.

The film possesses a smooth morphology with a root mean square roughness of ~0.6

nm for a scan size of 4 um? (Figure 5.2). Only rarely local dimples of approximately 1-2
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FIGURE 5.2: (a) AFM image of a C;FHSAc film spin-coated on SiOx with an oxide layer
thickness of 100 nm. (b) Corresponding height cross-section along a horizontal line (black
color).

nm are observed, which are likely caused by inhomogeneous evaporation of the volatile
solvent. The film was capable to cover smooth surfaces homogeneously without cracks or
other defects. During the deposition, the molecules are expected to adopt a haystack-like
random orientation keeping the optical response similar to the one recorded in solution
reproducing the main features of the corresponding absorption spectrum (Figure 5.1 b
and d). Noteworthy, the isosbestic point (wavelength at which the total absorbance does
not change during switching) was red shifted from 367 nm to 378 nm. The reproduced
absorption features can be effectively used to transform molecules from the open to the
closed state and vice versa. Therefore, light source 3.2 was employed fitting the visible
absorption peak (Figure 5.1, orange range), while UV light irradiation (violet range)

corresponds to the range near the isosbestic point.
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5. Results & Discussion

Furthermore, the different initial concentrations of molecular species lead to a uni-
form change in the extinction spectrum (Figure 5.1 ¢). As expected with the increase of
concentration, the molecular species form thicker films, which leads to stronger absorp-
tion properties. Noteworthy, all optical features including extinction peaks and isosbestic

point remained unaltered along wavelength spectrum for all C;FHSAc film thicknesses.

Height [%]

0 5 10 15 20
Depth [nm]

FIGURE 5.3: (a) AFM image of a C;FHSAc film spin-coated and scratched on a SiOx substrate
with an oxide layer thickness of 100 nm. Bright brown color denotes the CsFHSAc film, dark

brown represents a SiOx height level. (b) The depth distribution within the defined area (white
frame).

In order to determine the thickness of the C;FHSAc film deposited from 2 mM molec-
ular solution, a scratch (Figure 5.3, dark brown areas) was made. The scratch was done
with a soft PTFE tip in order to avoid damaging the substrate, which may have dis-
torted the thickness measurements. A histogram shows two distinct peaks with 18 4+ 0.8
nm relative height difference, which can be attributed to the molecular film thickness
(Figure 5.3).

To perform the fatigue resistance measurements, the molecular film was switched from
open to close states and vice versa to the saturation point by exposure to UV and visible
light, respectively (Figure 5.1 ¢). The extinction at saturation degrades with the increasing
number of switching cycles, which reproduces previously reported studies [7]. Noteworthy,
the decay rate of the closed state degradation (UV initiated process) is larger (0.24) in
comparison with the open state (0.016), which is initiated by visible light. Therefore, the

UV-initiated process of closing degrades faster due to the dual absorption of UV light by
open and closed molecules.
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FIGURE 5.4: Fatigue resistance of the C;FHSAc film measured as extinction at saturation vs
number of switching cycles (green - closed state, red - open state),

5.1.2 REFRACTIVE INDEX ESTIMATION

One of the most common approaches to determine the refractive index (RI) of the material
with a known thickness is using ellipsometry [154]. This method measures a change in po-
larization as a result of reflection and transmission of light from a material. Furthermore,
it can be used to easily determine the film thickness of e.g. dielectrics, semiconductors,
organics, and composites of materials.

However, the C;FHSAc film investigated here exhibits absorption in both UV and
visible range. This creates certain issues during an ellipsometry analysis. Firstly, the
light used for the analysis may be absorbed during measurements, which affects the output
results. Secondly, due to the sophisticated absorption spectrum, it is relatively difficult to
find a proper model for the RI over the investigated wavelength range. A molecular film
in the open state exhibits one absorption peak in UV, while closed molecules possess two
peaks in both UV and vis range. The variation of the RI of these two states is the main
focus of the further simulation (FDTD) analysis and, therefore, demands an accurate
determination.

In order to overcome the aforementioned issues, the combination of the Lambert-Beer
law together with the Kramers-Kronig relation [155] was chosen to determine the optical
constants. On the one hand, the Lambert-Beer law enables to directly relate the absorp-
tion coefficient a to the absorbance (A) as follows o = 4, where d represents the thickness

of the film (18 nm as shown in Figure 5.3). Therefore, an imaginary part of refractive
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5. Results & Discussion

index, also known as extinction coeflicient k, can be derived knowing both absorbance

and thickness of the film according to the following equation 5.1 [155]

a\ 1 A\

EAN) = —=——. 5.1
) dr Aw d (5.1)
On the other hand, the Kramers-Kronig relation allows to extract the real part of the
refractive index N=n+ik by utilizing the connection between real n and imaginary part

k of RI (equation 5.2)

wrk(w!)

o0

n(w)=1+ PV. /0
where w is the angular frequency and P.V. denotes the principal value of the improper
integral The limits of the integral are 0 and oo, which requires information on extinction
coefficient over the wide frequency range. The measured frequency spectrum is usually
truncated and limited by the scan range, therefore, the Kramers-Kronig relation can be
applied to quantitatively estimate the real part of RI only. In this work, the discrete
datapoints were measured on the interval [Amin:Amax] with the wavelength step of A\ =
1 nm. To facilitate the calculation, the dataset was converted to a frequency interval
[Winin:Wmax] With a varying frequency step Aw. In order to avoid the singularity of the
Kramers-Kronig integral, two meshes are introduced resulting in the following expression
(equation 5.3) [156]

w2 —wr

M-1 W41 / /
@) =yt 2% P.V./ W) 4 (5.3)

m=0 wWm

where M denotes the number of datapoints and ny is a constant, which compensates the
truncation of the integral.

Taking the first-order approximation into account, where the imaginary part of the
RI is considered to be a linear function over the frequency interval of [wp:wmi1], the
real and imaginary part of RI for both open and closed states of the C;FHSAc film can
be obtained (Figure 5.5). In order to determine the unknown constant n, as well as
to obtain the continuous dataset of the RI, the calculated datapoints were fitted with
a multi-coefficient model in the Lumerical FDTD tool. The obtained parameters were
chosen and used for the further FDTD results in this work to reproduce the experimental
data with the highest possible accuracy.

Due to the direct correlation between the extinction coefficient and absorption (equa-
tion 5.1), in general, the imaginary part of the RI reproduces the absorption spectrum of
the film (Figure 5.1 b) for both open and closed states (Figure 5.5, red dash-dotted line
and green dash-dotted line, respectively). On the other hand, the calculated real part of

68



5.1. Characteristic of diarylethenes in the solid and liquid state

k_._
n—
=06 |- — 16 -
) o
e} - Q
[ // -
£ 2 N -
=04 =R 143
© 5 \| [0)
c I./ ‘\ x
(@) /' [ ?
ozl L ~ 12~
= \ 27T
b P \\
\t\\\“—_/, N -
0.0 | = do—-— = 1.0
300 400 500 600 700

Wavelength [nm]

FIGURE 5.5: Calculated real (n) and imaginary (k) part of the refractive index (N=n+ik) for the
CsFHSACc film (red — open form, green — closed form, solid — real RI, dash-dotted — imaginary
RI).

the RI reveals a resonance S-shape for the closed state in the visible range (Figure 5.5,

green solid line), while there is no resonance for the open state (Figure 5.5, red solid line).

5.1.3 SWITCHING KINETICS

One of the most crucial characteristics of any switch is its kinetics. The kinetic parame-
ters are well described and established for various photochromic systems. The switching
kinetics is characterized by the energy required to convert the molecule from one sta-
ble form into the other. Generally, the photochromic molecules e. g. spiropyrans and
diarylethenes are investigated in solution, and a first-order model is applied for the corre-
sponding kinetics [10, 157]. The molecules in the liquid state show a good agreement with
experimental data enabling the extraction of the main parameters like quantum yield ¢
and absorption coefficient 0. However, while the opening process fits well with the first-
order kinetics, the description of the reversed closing reaction demands complex analytical
analysis, due to the simultaneous absorption of UV light by open and closed molecules.
Moreover, the conversion of molecules into the solid state brings in additional factors, in
particular, local light beam distributions. Since the first reported kinetic model [158],
there have been various attempts to develop the analytical solution for both opening and
closing processes considering the aforementioned factors.

In this work, to facilitate the analysis of the kinetic parameters, the extinction was
chosen. The extinction permits to take into account the change of transmitted light
during exposure by external light. To characterize the switching kinetics, the molecular
film was completely switched with the time steps, the obtained extinctions were subtracted

from the extinction at saturation, and this difference was plotted versus the input light
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exposure H,=It, where I - the intensity of input light measured as mW/cm? and ¢ -
time of exposure. Then the kinetic coefficient can be defined as a product of intensity I,
quantum yield ¢ and absorption coefficient ¢, which results in k=I,-¢-t.

In order to determine the kinetic coefficients for the opening process, the spectra were
recorded over the whole wavelength range of investigation with the illumination of visible
light in between. The determination of the closing rate of the molecular film was performed
by recording after UV illumination the extinction at a fixed wavelength corresponding to
the maximum of the absorption in the visible range (see section 3.2). The procedure was
repeated after each exposure to reach the saturation of extinction. The intensity of light
during recording was much smaller than the one employed for switching, which prevented
possible extra deviations in kinetic measurements.

Empirically it was found that the opening process follows well the first-order kinetics
(equation 5.4), where the change of extinction is fitted by an exponential decay (Figure 5.6,
orange datapoints). Here, AFE stands for the change of extinction, A Ey denotes the change

of extinction at saturation.
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FIGURE 5.6: (a) Extinction spectrum of C;FHSAc film on a quartz substrate during switching.
(b) Kinetic characteristics of a CsFHSAc film on quartz for the opening (orange) and closing
(blue) process. The red to green color gradient indicates the degree of switching, where green
denotes the closed form and red denotes the open form. Visible light (orange) converts the film
from the closed to the open form (opening), while UV light (blue) triggers the reversed reaction
(closing).

AE = AFye *He (5.4)

Unlike the opening, the reverse closing process follows a sum of two exponential func-
tions where the first exponent determines the rate of initial switching (Figure 5.6, blue
datapoints). The experimental data strongly deviate from a simple exponential decay as

given in equation 5.4. However, the sum of two exponential decays (equation 5.5) shows
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a suitable description of the kinetic rate of the closing process (Figure 5.7). The ratio
between the two coefficients k; and ks, is around one order of magnitude, which suggests

two independent processes occurring with different rates. The faster one dominates in the
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FIGURE 5.7: Kinetic closing trace for CsFHSAc film spin-coated onto quartz substrate with the
sum of two exponential decays fitting (red). Black curve denotes the exponential decay fitting
with the coefficient k;, black dashed curve stands for the exponential decay with the coefficient
ko.

beginning until approximately % of the film is switched and the influence of the formed
product can be neglected. This process is determined by the coefficient k;, which was
chosen as a closing coefficient for all experimental data. The slower process dominates at
the end of the switching, which may occur due to the additional absorption of light during
closing, because of the absorption of UV light by both closed and open molecules. This
residual closing can be described by the coefficient ks, in the second exponential decay.
To reduce its contribution the UV illumination was carried out at 379 nm (Figure 3.2),

which corresponds to the isosbestic point of C;FHSAc film.
AFE = AEme*lee + AE}]Q@il@He (55)

By utilizing equations 5.4 and 5.5 the kinetic coefficients characterizing the opening and
closing kinetics can be extracted. The C;FHSAc film deposited onto quartz and illumi-
nated from the top side reveals the coefficients of 0.011 % 0.0008 and 0.046 % 0.010 s
for opening and closing, respectively. The obtained values are in the same order as in
a previously reported study for the C;FHSAc film [148]. Furthermore, the overall dose
required to completely open the film was determined to be 2.94 + 0.17 J/cm?, while
complete closing required only 0.125 4 0.009 J/cm?, confirming the fact that the closing

process occurs faster for the investigated C;FHSAc film than the opening process.
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5.2 OPTICAL PROPERTIES OF NANOHOLE ARRAYS

Depending on the application of nanohole arrays, their design and way of fabrication
can be chosen based on several factors e.g. type of periodicity, lattice constant, thickness,
material, etc. All these factors can be considered to modify the surface plasmon properties

over the broad optical spectrum from the visible to the infrared (IR) range.

5.2.1 TUNING THE SURFACE PLASMON RESONANCES

As mentioned above, there are various approaches to fabricate nanohole arrays among
which NSL is found as a versatile, fast, and wafer-scale method. The latter approach
facilitates the manufacturing of nanoholes in a metal film arranged in hexagonally periodic

arrays, where the lattice constant is defined by the initial size of the particles. Here, four
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FIGURE 5.8: SEM images of hAu electrodes and corresponding distance histograms (insets) from
which the lattice constants and hole diameters of (a) 188 + 5 and 151 + 3 nm, (b) 376 + 12

and 224 + 7 nm, (c¢) 516 £+ 8 and 313 £+ 7 nm, and (d) 1044 + 22 and 931 & 5 nm, respectively,
can be determined.

types of nanohole arrays were fabricated by means of NSL utilizing different particles’

diameters to obtain the SPP resonance in the broad optical window covering the visible
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Lattice constant [nm]
188 376 516 1044

Quartz (1,0) 500 570 700 1340
Air (1,0) 390 480 520 917

SPP Resonance [nm)]

TABLE 5.1: The position of Surface Plasmon Polariton (SPP) resonances calculated according
to the equation 2.18 for hexagonal gold nanohole arrays with lattice constants of 188, 376, 516,
and 1044 nm. The resonance wavelengths are determined for the first mode (m=1, n=0) and
two interfaces such as quartz-gold and air-gold.

and near IR range. The PS beads with the initial diameters of 198, 382, 577, and 1050
nm were applied to fabricate hAu electrodes resulting in lattice constants of 188 £ 5,
376 £ 12, 516 £ 8, and 1044 £+ 22 nm, respectively (Figure 5.8).

In general, the assembly of nanoholes exhibits a uniform long-range arrangement with
narrow distributions of lattices and hole diameters (Figure 5.8, insets). Noteworthy, the
pitch distribution is larger for the hAu electrode fabricated by spin-coating (Figure 5.8
d). Due to the weak packing provided by the spin-coating, the interspace between PS
beads cannot be strongly minimized like in the interfacial assembly, which leads to the
larger deviations of the lattice constant value.

The equation 2.18, which defines the position of the SPP resonance, contains several
parameters such as lattice constant, the dielectric permittivity of metal and substrate,
and type of hole arrangement (e.g. hexagonal, square arrays). Most of the metals exhibit
a negative real part of the dielectric permittivity (e,) in the visible range. In particu-
lar, gold reveals a negative permittivity, the value of which drops dramatically for the
wavelength above 500 nm (Figure A.10, black line) [159]. Taking into account the wave-
length dependence of the dielectric permittivity, the position of the SPP resonances can
be determined as an intersection of two variables such as wavelengths at which resonances
occur calculated according to equation 2.18 and the real part of the dielectric permittivity
(Figure A.11).

The SPP resonances were calculated for nanohole arrays with the lattice constants of
188, 376, 516, and 1044 nm considering all aforementioned factors. Additionally, two in-
terfaces, namely quartz-gold and air-gold, may contribute to the optical response affecting
the resonance. The SPP resonance is expected to be located at approx. 500 nm for the
nanohole arrays with the lattice constant of 188 nm (Table 5.1). This value corresponds
to the first mode (m = 1, n = 0) and the interface gold-quartz, where the dielectric per-
mittivity Re(€guariz) = 2.14, while the gold-air interface gives resonance at approx. 390
nm. As expected, with the increase of the lattice constant, the SPP resonance shifts to

higher wavelengths. The gold-quartz interface gives a resonance at around 570 nm for the
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lattice constant of 376 nm, whereas the gold-air interface exhibits a resonance at approx.
480 nm. The red shift continues for the lattices of 516 and 1044 nm resulting in resonance
wavelengths of 700 and 1340 nm, respectively.

The calculation (Table 5.1) predicts a variety of SPP resonances covering the broad
range of visible and infrared wavelengths. In order to check the optical response of

nanohole arrays, a transmission spectrum was recorded (Figure 5.9). The optical spectrum
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FIGURE 5.9: (a) Optical transmission spectra of hAu electrodes with lattice constants of 1044
(orange) and 376 nm (black) and compact Au of 40 nm thickness (red). The hole diameters are
indicated in the brackets. Green asterisks mark a peak of Au self-luminescence that exists for
both compact and hAu. The green arrowhead marks the SPP-induced transmission peak which
is located at approx. 741 nm. (b) Normalized transmission spectrum of nanohole arrays with
the lattice constants of 188, 376, 516, and 1044 nm.

of the hAu with lattice constant of 376 nm shows an increase of transparency compared
to compact Au (Figure 5.9, red line) over the entire investigated spectral range with an
enhanced transmission peak by approx. 45% positioned at 741 nm, which is associated
with SPP excitations (Figure 5.9, black line). The compact Au with the same thickness
exhibits only a peak at around 500 nm linked to the Au self-luminescence [160, 161] that
is also observed for hAu electrodes. The nanohole arrays with the largest investigated lat-
tice constant of 1044 nm do not show SPP-related peak in the visible range, but only the
peak of Au self-luminescence. Noteworthy, the overall transmission of the latter electrode
is higher across the investigated wavelengths range compared to the smaller lattice of 376
nm. This is expected due to the geometrical features of nanohole arrays, where, naturally,
the metal film perforated with nanoholes leads to a continuous increase in transmission
over all wavelengths. This can be seen as an increase in the peak of self-luminescence
showing transmission of around 10%, 30%, and 57% for compact Au, hAu electrodes of

376 and 1044 nm, respectively.
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5.2. Optical properties of nanohole arrays

The optical spectra of nanohole arrays show SPP resonances at 626, 741, 872, and
1611 nm for lattices of 188, 376, 516, and 1044 nm, which differ from values in table 5.1
revealing higher wavelengths than theoretically calculated. The possible reasons for this
disagreement may be several factors that are neglected in the derived formula 2.18, such
as hole diameter and metal thickness. The latter one plays a crucial role, especially for
the optically thin metal (with a thickness in the same order of magnitude as the skin
depth at the frequency of the light). In this case, the SPP modes at both interfaces
(metal-dielectric and metal-air) overlap with each other inside the metal, which leads to
a significant change in SPP resonance towards the measured value [162].

Furthermore, the SPP resonance reveals an asymmetric peak shape, which can be
well-fitted with the Fano formula [163] (equation 5.6, Figure 5.10)

@
T(f)=To+ A241 | (2<‘Z:f0>)2

I 2(f—fo)>2
(5.6)

where Tj is a constant, A is the normalization constant, ¢ denotes the Fano parameter, f
is the resonance frequency, A f stands for the full width at half maximum. In this formula,
the Fano parameter ¢ is a measure for the asymmetricity and is the key characteristic of
the Fano theory. With the ¢ — 400, the formula 5.6 transforms to the classical Lorentz
shape.
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FIGURE 5.10: The transmission spectrum of nanohole arrays with the lattice constant of 376
nm and hole diameter of 224 nm plotted towards frequency range (black). The SPP resonance
is fitted with the Fano formula 5.6 in the range of [300 : 480] THz (green).

As mentioned above, the formula 2.18 does not implement the contribution of factors
such as e.g. metal thickness and hole diameter, which affect not only the position of the
SPP resonance but also the entire transmission (Figure 5.11). To investigate the effect of

the aforementioned parameters, the nanohole arrays of similar lattice constant of ~376 nm
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were fabricated with the different hole diameters of ~224 and ~275 and metal thicknesses
of 40 and 75 nm. As it can be seen, the entire transmission uniformly decreases with the
increase of the hAu thickness, which is corroborated by FDTD simulations (Figure 5.11

a). While the thickness increases by almost the factor of 2, the transmission at the
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FIGURE 5.11: Experimental and FDTD simulated transmission spectra of nanohole arrays (a)
with lattice constants and hole diameters of 376 + 12, 224 + 7 nm and 377 + 11, 234 + 7 nm
and hAu thicknesses of 40 nm (black), and 75 nm (blue); (b) lattice constants of 376 + 12, 224
+ 7 nm and 376 + 12, 275 + 5 nm. Green asterisks mark a peak of self-luminescence of Au,
green arrows point stand for the corresponding SPP resonances.

SPP resonance decreases by around 15% from 50% to 35%. Additionally, the position
of the SPP resonance blue shifts with the thickness increase, which can be explained by
a weaker overlap between the plasmon modes at the gold-quartz and gold-air interfaces
which results in smaller resonance damping.

In contrast, the increase of the hole diameter of hAu electrodes leads to a uniform
increase of the entire transmission due to geometrical features. In this case, the metal
openings are larger, thereby, transmitting more light. Additionally, the SPP peak appears
to become broader, which can be related to the damping of the SPP lifetime. With the
increase of the hole size, the free metal area where plasmons are able to exist shrinks,
leading to a shorter mean free path. Additionally, the position of the SPP resonance
slightly differs, which is likely to be a result of the aforementioned phenomena.

The equation 2.18 that defines the position of the SPP resonances predicts the direct
dependence on the incident angle of the incoming light. Thus, to test this, optical trans-
mission spectra were recorded with the change of the angle between light and nanohole
arrays surface (Figure 5.12). The hAu electrode with the lattice constant of 376 nm and
hole diameter of 224 nm showed a zero-order transmission peak at around 737 nm and
a magnitude of approx. 48%. With the increase of the incident angle from 0° to 32°,
the SPP resonance was red shifted from 737 nm to 818 nm. Noteworthy, the peak of
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FIGURE 5.12: Transmission spectrum of nanohole arrays of lattice constant d = 376 + 12 and
hole diameter 224 + 7.44 nm depending on the angle of incident light. The color gradient (black
- red) corresponds to the increase of the angle from 6 = 0° to § = 32°C.

the Au self-luminescence and the dip at around 580 nm remained unaltered, which addi-
tionally verifies the surface plasmon-related nature of the transmission peak at 737 nm.
Furthermore, the entire transmission gradually drops by approx. 5% uniformly over the
investigated wavelength range, which originates from light reflection. While the angle

increases more, light is reflected and less reaches the detector.

5.2.2 ENHANCED TRANSMISSION BY WAVEGUIDE MODES

The optical response of nanohole arrays, as shown in the previous section, depends on
several factors like e.g. lattice and dielectric constant. So far, the transmission spectra
were obtained for samples surrounded by air without additional impacts on the main SPP
peak that originates from the gold-quartz interface. However, for various applications such
as biosensing and imaging, the nanohole arrays may be surrounded by a material with
certain dielectric properties. For instance, the nanohole arrays interact with an aqueous
medium enhancing transmission as was firstly introduced in [149], parts of which are
repeated below.

To test the optical properties of the hybrid structure: metal nanohole arrays - medium,
the hAu electrode with the lattice constant of 376 + 12 nm and hole diameter of 224 + 7
nm was chosen (Figure 5.8 b). As shown above, in the air this hAu electrode exhibited
SPP originated transmission peak of ~45% at around 726 nm, which was verified with
FDTD simulation (Figure 5.13 a, black). Water-based media exhibit a refractive index
of 1.33 and do not absorb light in the wavelength window from ~500 to ~900 nm facil-

itating the optical measurements [15]. Therefore, the nanohole arrays were placed in an
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FIGURE 5.13: (a) Transmission spectra of hAu electrode with the lattice constant of 376 £ 12
and hole diameter of 224 &+ 7 nm in the air (black solid line) and medium (red solid line).
Dashed lines represent the FDTD simulated spectrum in the air (black) and medium (red).
FDTD simulated electric field distribution in the z-z cross-section of the hAu electrode in (b)
aqueous medium (RI=1.33) and (c) air captured at the wavelength of transmission peak.

aqueous medium and no reference sample was used during spectra recording. Bringing
such a dielectric in the close vicinity of nanohole arrays surface leads to a red shift of
the resonance, as predicted by formula 2.18. The peak shifts towards higher wavelengths
by around 60 nm. Moreover, the entire transmission of the SPP induced peak increases,
which could not be predicted by theoretical calculation. Furthermore, the FDTD simula-
tion reproduces the main features of the spectra verifying the enhanced transmission by
around 15% after adding the medium. Noteworthy, the peak of Au self-luminescence re-
mained almost unaltered unlike a transmission dip, which red shifted in a similar manner
as the main SPP peak.

The FDTD simulation enables to capture the electrical field distribution through
nanohole arrays along the z-z plane (Figure 3.5, 5.13 b, ¢). If the electrical field is
plotted for the hAu electrode located in the air, the field at the maximum of transmis-
sion is localized near the edges of hAu at the Au-quartz interface dropping to the center

of the nanohole (Figure 5.13 ¢). In contrast, when cell medium is added, the electrical
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5.2. Optical properties of nanohole arrays

field is concentrated near the edges of the hAu surface, gradually spanning inside the
nanohole (Figure 5.13 ¢). Furthermore, when the two z-z distributions are compared, the
overall electrical field magnitude is higher throughout the nanohole for hAu electrodes
in medium, which leads to higher transmission. This effect originates from the edges
of the nanohole cavity, which suggests that an additional component contributes to the
overall electrical field intensity and, consequently, to the transmission. As discussed in
chapter 2.2, the surface plasmon excitation via nanohole arrays is the result of several
processes one of which is the photonic modes induced via holes. This leads to the hy-
pothesis that nanohole walls create a Fabry-Perot resonator, which matches the resonance
frequency of the SPP, thereby, enhancing the overall intensity of the electrical field inside
the nanohole. This also explains, why the phenomenon becomes less pronounced when
the medium is removed from only the nanohole area and when the dielectric constant of
the medium exhibits smaller values.

Furthermore, the electrical field seems to cover more area above the hAu electrode
surface in the medium compared to the same nanohole arrays in air. If the value of
the electrical field is plotted versus vertical coordinate z, it reveals an exponential decay
exhibiting the decay length of ~27.5 nm (Figure 5.14). There is a small deviation of
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FIGURE 5.14: The decay of electrical field magnitude towards z axis starting from the top
edge of hAu electrode surface located in an aqueous medium. The datapoints are fitted with
exponential decay giving a decay length of 27.5 nm.

datapoints from the exponential trend over the plotted range, in particular, for z>60
nm, which can be explained by inaccuracies of simulation that highly depends on the e.g.
mesh settings. Depending on the applications, the decay length can be tuned mostly by
the lattice constant and by other parameters such as the metal thickness and the hole

diameter.
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5.3 SURFACE PLASMON-ENHANCED SWITCHING KINETICS

The surface plasmon excitation via nanohole arrays has been extensively utilized in various
fields e.g. for sensors, in spectroscopy, microscopy, and photovoltaics due to the SPP-
related enhancement of the electrical field at the close vicinity to the surface.

The nanohole arrays utilized in this work not only can increase the rate of photoreaction
by utilizing the surface plasmon enhanced electrical field but also can be employed as
conductive electrodes to support the electrical transport within a molecular junction.

The results described below were firstly introduced in [106].

5.3.1 MORPHOLOGY OF THE C;FHSAC FILM ON NANOHOLE ARRAYS

The first question that emerges is how well the molecular film can be deposited onto such
a complicated topography like nanohole arrays. The set metal thickness of the nanohole
arrays was around 40 nm (Figure 5.8), while the film covers smoothly the flat surface
with the thickness of around 18 nm (section 5.1.1). Due to the wetting properties, the
film may penetrate inside the holes spanning the whole space within the hole.

To deposit the C;FHSAc film onto the hAu electrodes, the same procedure was applied
as for the smooth surface (section 3.1.4). Three nanohole array electrodes with lattice
constants of 188 nm, 376 nm, and 1044 nm were tested (Figure 5.8).

Before spin-coating, the hAu electrodes exhibited vertical topographic features of around

40 nm peak-to-peak height as expected from the metal film thickness (Figure 5.15 b). After
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FIGURE 5.15: A C;FHSACc film on nanohole arrays with the lattice constant of 188 4 5 nm.
(a) AFM measured surface topography of the C;FHSAc film on the SiOx substrate. (b) AFM
measured surface topography of bare nanohole arrays with 188 nm lattice and 45 nm metal

thickness (Au 40 nm and Ti 5 nm). (c) Surface topography of the CsFHSAc film on the 188 nm
lattice nanohole arrays.
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spin-coating, the nanohole arrays were covered with a smooth molecular film leveling-out
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5.3. Surface plasmon-enhanced switching kinetics

the corrugations of the underlying electrodes. According to AFM measurements of hAu
electrodes with a hexagonal lattice constant of 188 £ 5 nm, the variations in topography
decreased to less than 3 nm (Figure 5.15 ¢).

For other tested nanohole arrays (376 nm and 1044 nm lattice constants), the spin-
coated film covered the nanohole arrays homogeneously without defects following the
morphology of the hAu electrode (Figure 5.16). The C;FHSAc film did not level out

FIGURE 5.16: Top row: AFM images of bare nanohole arrays with the lattice constant of (a)
188 nm, (b) 376nm, and (c) 1044 nm. Bottom row: AFM images of nanohole arrays with spin-
coated CsFHSAc film on lattice constants (d) 188 nm, (e) 376nm, and (f) 1044 nm, revealing
a variation of topography less than 3 nm, 14 nm, and 13 nm, respectively. Bottom row images
are normalized to the same height scale. Scale bars (a), (d) - 200 nm, (b), (e) - 400 nm, and
(c), (f) - 1 pm.

completely the corrugations of the underlying hAu electrodes revealing variations of the
topography of less than 14 nm for the 376 nm lattice (Figure 5.16 e) and less than 13
nm for the 1044 nm lattice constant (Figure 5.16 f). To clarify the height difference, the
AFM images were normalized to the same height scale (Figure 5.16, bottom row). The
small variations of the color level indicate that differences in topography are small for 188
nm lattice in comparison with other nanohole arrays. As it can be seen, while the lattice
constant increases, the variations of the topography rise as well. If 376 nm and 1044 nm
nanohole arrays are compared, considering the hole diameter and lattice constant, the
filling factor is lower for the 1044 nm than for the 376 nm lattice. Thus, the C;FHSAc
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film covers the 1044 nm lattice hAu electrode with the constant thickness of around 25 nm

inside the holes and shows additional coverage spikes of 13 nm height at the hole edges.

5.3.2 OPTICAL RESPONSE OF THE C;FHSAC FILM ON NANOHOLE AR-
RAYS

As it was shown in chapter 5.2, the SPP excitation conditions depend on several factors
as e.g. lattice constant, incident angle, dielectric permittivities of the metal, and the
dielectric at the surface (section 5.2). Thereby, the variation of any of these parameters
leads to a direct change in the SPP excitation.

The C;FHSACc film exhibits a decent refractive index spectrum for both real and imag-
inary parts (Figure 5.5). While the imaginary part follows the absorption spectrum due
to the absorption properties of the film, the real part exhibits more complex dependence
revealing an S-shape curvature at the absorption resonance. In the visible range, the value
of the RI varies from around 1.35 to 1.5, which, thereby, can lead to the red shift of the
SPP resonance (Figure 5.17 a, b).

As discussed in section 5.2, the nanohole arrays show an increase in transmission over
the entire investigated spectral range compared with compact Au of the same thickness
(Figure 5.17, black curves). The compact Au reveals one decent peak around 500 nm
(Figure 5.17, d), whereas the optical spectra of the hAu with lattice constants of 188
and 376 nm showed enhanced transmission peaks positioned at around 600 and 720 nm,
respectively.

The AFM measurements (Figure 5.16) revealed that the film fully spans the space
inside the nanohole forming a meniscus and covering the hAu surface completely. This
means that within the penetration length of the SPP, the refractive index increased leading
to a red shift of the transmission peak by around 80 nm (Figure 5.16 a, b, red and green
curves). Moreover, since the film is trapped within the nanoholes, the formed Fabry-Perot
resonator waveguides the light leading to the enhanced transmission by around 7% corrob-
orated by FDTD simulation (Figure A.12). The transmission spectra of the open (red)
and closed (green) C;FHSAc film deposited on nanohole arrays can be unambiguously
distinguished from the compact Au by the absorption in the UV and visible range, which
features pronounced similarities to the spectra of the same film on quartz (Figure 5.1).
Noteworthy, the position of the absorption peak in the UV range remained unaltered for
all hAu electrodes, which indicates that there is no plasmon-matter interaction in this
spectral region.

The C;FHSAc film can also clearly be switched on compact Au (Figure 5.16 d) showing
optical spectra superimposed with the self-luminescence peak of the Au. Similar features
were observed and FDTD simulated for the Au with smaller thicknesses of 20 and 10
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FIGURE 5.17: Optical response of the CsFHSAc film on compact Au and nanohole arrays.
Transmission spectra of C5SFHSAc film on (a) nanohole arrays with a lattice of 188 nm, (b) 376
nm, (c¢) 1044 nm, and (d) compact Au of 40 nm thickness (black, bare electrode; red, open film
on the hAu electrode; green, closed film on the hAu electrode). Green asterisks mark the peak
of the Au self-luminescence that exists for both compact Au and hAu. The green arrowhead
marks the SPP-induced transmission peak of the hAu. The gray double-headed arrow marks
the maximum change of absorption, where the kinetic characteristics are recorded.

nm (Figure A.13). The bands associated with the molecular film gradually rise and
the Au features disappear with decreasing Au thickness. Noteworthy, the transmission
considerably increased for hybrid structures of compact Au-C;FHSAc for all samples. The
experimentally recorded and FDTD simulated spectra corroborate that an increase occurs
for wavelengths larger than ~380 nm. The effect may be explained by waveguided light
within the film trapped between two different media.

None of the aforementioned features is observed for the hAu electrodes with the largest
lattice constant of 1044 nm. This nanohole arrays-C;FHSAc structure does not exhibit
SPP-related optical features but instead shows a drop in transmission superimposing the
main features of the pure molecular spectrum on quartz within the UV-vis wavelength

range.
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5.3.3 SWITCHING KINETICS OF THE C;FHSAC FILM ON NANOHOLE AR-
RAYS

As described in section 5.1.3, the opening and closing processes follow different trends
of kinetics. While the opening reaction can be fitted with the first-order kinetics (equa-
tion 5.4), the opposite closing process empirically follows the formula consisting of a sum
of two exponents (equation 5.5). Based on the obtained spectra the C;FHSAc film can be
reversibly switched through different substrates like Au, nanohole arrays (hAu electrodes),
and almost fully transparent quartz (Figure 5.17).

In order to investigate the kinetics on different substrates and evaluate the contribu-
tion of SPPs on the switching processes, two scenarios were tested. The first one was
introduced as the C;FHSAc film, which is positioned behind the substrate forming a
transmission structure (light source - substrate - C;FHSAc film). Thereby, the light has
to pass through the substrate material to reach the film, which reduces the light intensity
at the film and is expected to affect the switching rate. In contrast, the second scenario
involves the switching from the frontside, where a C;FHSAc film is sandwiched between
a light source and the substrate forming the configuration (light source - C;FHSAc film
- substrate). In this scenario, the reduction of the transmitted light intensity due to the
filtering by the substrate is disregarded, highlighting only the interaction between light

at the substrate surface and the film.

Back-side switching (light source - substrate - C;FHSAc)

In order to determine the back-side switching kinetics, the same evaluation methods as
for the quartz substrate were applied as described in section 5.1.3. The opening process,
which is initiated by visible light corresponds to the first-order kinetics and follows the
equation 5.4. The extinction spectra (1-Transmission) are recorded with the light ex-
posure in between and the corresponding kinetic coefficients can be extracted from the
experimental traces.

In parallel, to corroborate the obtained kinetic coefficients, FDTD simulation was ap-
plied using the calculated refractive index of the C;FHSAc film (Figure 5.5). The simula-
tion confirmed the experimental transmission spectra in good agreement closely reproduc-
ing the main features of the nanohole array-C;FHSAc structure (Figure A.12). However,
there is no straightforward algorithm established to evaluate the switching kinetics in
particular for absorbing materials like molecular films. Therefore, here a simple method
was developed to quantitatively evaluate the kinetics on different substrates including

compact Au, nanohole arrays, and quartz.
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5.3. Surface plasmon-enhanced switching kinetics

Generally, according to the formula k = I, - ¢ - ¢, the kinetic coeflicient £ is linearly
proportional to the light intensity absorbed by the molecular film during switching, which
is in the same terms linearly proportional to the square of the electrical field. Therefore,
if the value of the square of the electrical field is determined within a molecular film, it
can serve as a comparison factor to evaluate the rate of kinetics for all substrates.

The FDTD simulation enables to capture the electrical field within the z-z cross-section
(Figure 3.5) of the substrates. The field is determined with high resolution in each node
of mesh showing a nonuniform and complex distribution, in particular for hAu electrodes.
Based on AFM measurements of the C;FHSAc film (Figure 5.2 and 5.16), the FDTD
simulation model assumes that for the hAu electrodes the nanoholes are completely filled
with molecules and covered with an additional molecular layer of 18 nm thickness on top
of the hAu surface. For hole-free substrates such as quartz and compact Au, the C;FHSAc
film is modeled to uniformly cover the surface with 18 nm thickness. The FDTD simula-
tion corroborated with a good agreement the transmission spectrum of hybrid C;FHSAc
- nanohole arrays and C;FHSAc - compact Au structures (Figure A.12 and A.13 b, d).
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FIGURE 5.18: Spatial distribution of the square of the electrical field in the cross-section of hAu
electrodes with molecular films at the wavelengths (606 nm, 630 nm, 580 nm) of the maximum
extinction in the visible range (corresponding to the opening process): (a) lattice constant of
190 nm and cross-section at the wavelength of 606 nm, (b) lattice constant of 380 nm and
cross-section at wavelength of 630 nm, (c) lattice constant of 1050 nm and cross-section at the
wavelength of 580 nm.

The features related to the surface plasmon-molecular film interaction are expected to
be observed in the visible range for the lattice constants of 190 and 380 nm. In particular,
at the maximum of extinction of the C;FHSAc film, where light is absorbed with the
highest efficiency, the kinetic parameters were determined. The 2D cross-section through
the square of the electrical field distribution of nanohole arrays with the lattice constant
of 190 nm showed a high intensity (around 10 arb. units) at the edges of the hAu, which
are ascribed to SPP formation (Figure 5.18 a). The field intensity decreases gradually

with the distance from the hAu surface to values between approximately 1 and 3 arb.
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units, while for 380 nm lattice the field drops from approx. 25 arb. units to similar values
around 2 arb. units. (Figure 5.18 b). As predicted, the hAu electrode with the largest
lattice constant of 1050 nm showed a more uniform distribution within the molecular film
revealing values around 1 arb. units. The highest intensities observed (around 9 arb.
units) are located at the edges of the hAu surface and under the film, which are ascribed
to edge effects and reflection, respectively.

The spatial distribution of the square of the electrical field showed a complex spreading,
which leads to the question of how to evaluate the intensity of light absorbed by the
molecular film. The field is defined for different sample dimensions and mesh parameters
making the summing of the values not sufficient for representing a comparison factor. On
the other hand, the distribution revealed a wide spectrum of intensities with a pronounced
peak at mean and median values (Figure 5.19) with the latter one being around the

maximum of distribution. Thereby, the averaged median value was chosen to evaluate and
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FIGURE 5.19: Histogram of the square of the electrical field values extracted within the molec-
ular film for hAu electrodes with lattice constant of (a) 190nm, (b) 380nm, (¢) 1050nm, which
correspond to the electrical field distribution in Figure 5.18. The histograms show blow-ups of
the distribution around the median and mean values.

compare the kinetics for the different substrates used here. Additionally, to quantitatively
estimate the error of averaging, the absolute median deviation was calculated.

The 2D cross-section through hole-free surfaces such as quartz and compact Au showed
a relatively uniform spatial distribution of the square of the electrical field (Figure A.14),
making a small median deviation.

Furthermore, the opening process is triggered by a white-light source with a broad
wavelength range from 450 nm to 700 nm (Figure 3.2), matching with the absorption
range of the closed film leading to a non-uniform absorption efficiency, which depends on
the respective wavelength. To take into account this feature and evaluate the opening
kinetics, the median value of the square of the electrical field was determined at each
wavelength within the closed C;FHSAc film. Firstly, the wavelength range of the largest
white light absorption was defined for each sample. It corresponds to the FWHM of the
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absorption spectrum obtained by subtraction of the spectra of the closed and open isomer
(Figure 5.20).
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FIGURE 5.20: FDTD simulated absorption obtained as a difference between the absorption
spectrum of open and closed films on hAu electrodes with lattice constant of (a) 190 nm, (b)
380 nm, (c¢) 1050 nm. Red dotted lines correspond to the full width at half maximum. Median
values of the square of the electrical field inside the closed molecular film (represents an opening
process) within the visible range for hAu electrodes with lattice constants of (d) 190 nm, (e) 380
nm, and (f) 1050 nm. Dotted lines denote the error obtained as median absolute deviation for
each wavelength.

The FWHM was obtained for all substrates: quartz, compact Au, and nanohole arrays.
The hAu electrode with the lattice constant of 190 nm showed the FWHM of 95 nm with
a maximum at 597 nm (Figure 5.20 a), while the 380 nm lattice revealed the FWHM of
70 nm with a maximum at 642 nm (Figure 5.20 b). The nanohole arrays with a lattice
of 1050 nm showed the FWHM of 134 nm with a maximum at 588 nm (Figure 5.20 c).
Noteworthy, the median value increased with the wavelength towards the visible spectral
range for lattices of 190 and 380 nm, while for 1050 nm it remained relatively constant
deviating by around 0.8 arb. units.

The averaging of the square of the electrical field over the wavelengths in the range
of FWHM was carried out according to the formula (equation 5.7) that represents the

weighted mean value with absorption as weighting coefficient.

Eiin, A B
R 57

87



5. Results & Discussion

where E? is the square of the electrical field at wavelength {i}, A; is the absorption at
wavelength {i}, [Amin © Amaz] corresponds to the FWHM range.
Considering all aforementioned conditions, both experimental and FDTD simulated

kinetic coefficients were obtained (Figure 5.21). The experimental values were extracted
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FIGURE 5.21: Kinetic coefficients of the opening process for back-side switching (light source-
substrate-CsFHSAc film). The experimental kinetic coefficients (gray) and error bars were
extracted from the fitting by first-order kinetics 5.4 and standard deviation of the mean, re-
spectively. The median values of the square of the electrical field (orange) within the molecular
film with error bars obtained as median absolute deviation. Both experimental and simulated
coefficients with respective errors were normalized by the corresponding value of the coefficient
for the quartz substrate.

from kinetic traces recorded at the maximum of extinction, while weighted mean was
applied to average median values of the square of the electrical field within the C;FHSAc
film. The errors are obtained as standard and absolute median deviation for kinetic traces
and FDTD simulated data, respectively. In order to compare experimental and FDTD
data, each coefficient together with errors was normalized to the reference value of the
molecular film on quartz.

Clearly, the fastest opening kinetics is observed for the C;FHSAc film on nanohole
arrays, in particular, for the lattices with constants of 188 and 376 nm. The experimental
coefficients appear to be by 46% and 21% faster for hAu electrode with lattice constant
of 188 and 376 nm, respectively, in comparison with the almost fully transparent quartz
substrate. Generally, the small deviation within the error range observed between the ex-
perimental and simulated data can be explained by several approximations applied during
FDTD evaluation. As expected, the coefficients are strongly reduced for compact Au due
to the limited ability of the light to reach the molecular film. This led to slow kinetic rates
reduced by 90%, 72%, and 61% for 40, 20, and 10 nm Au thickness, respectively. The hAu
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5.3. Surface plasmon-enhanced switching kinetics

electrode with the largest lattice constant of 1050 nm showed a large deviation between
experimental and simulated data in comparison with other samples, however, the kinetics
reveal a relatively low coefficient that is by 36% smaller compared to quartz according
to FDTD simulation. This may suggest the absence of surface plasmon enhancement for
this lattice constant, which, however, was clearly observed for other hAu electrodes with
lattices of 190 and 380 nm.
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FIGURE 5.22: Spatial distribution of the square of the electrical field in the cross-section of hAu
electrodes decorated with the molecular film for irradiation with A = 380 nm (corresponding to
the closing process): (a) lattice constant of 190 nm, (b) lattice constant of 380 nm, (c) lattice
constant of 1050 nm.

Unlike the opening, the closing process is triggered by UV illumination within the
narrow irradiation spectrum around 380 nm (Figure 3.2), which facilitates the kinetic
evaluation. This means that the square of the electrical field can be straightforwardly
captured at A = 380 nm via 2D cross-section through substrates with an open C;FHSAc
film (Figure 5.22).

@ | (b) ] (c)
@380nm |1 ... \edian 2

300 _@380nm

300

200 200

100 100

Number of points

04 0.6 0.8 1.0 0.3 0.5 0.7

FIGURE 5.23: Histogram of the square of the electrical field values extracted within the molec-
ular film for hAu electrodes with lattice constant of (a) 190 nm, (b) 380 nm, (¢) 1050 nm, which
correspond to the electrical field distribution at Figure 5.22. The histograms are zoomed around
the median and mean values.
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The spatial distributions for 190, 380, and 1050 nm nanohole array lattices as expected
did not show SPP-related features but were rather affected by attributes ascribed to edge
effects and reflectance. Moreover, the values of the square of the electrical field within
the film laid in the range around 0.5 - 0.8 arb. units, which can be clearly observed in
histograms (Figure 5.23). The distribution, in general, revealed a broader peak-to-peak
spectrum of the square of the electrical field in comparison with the distribution for the
opening process. However, the determined mean and median values are in close vicinity
of the maximum, especially the latter one, which, similarly to the opening, was chosen to
evaluate the closing process, too.

Furthermore, the experimental coefficients were extracted from the kinetics traces at
the maximum of extinction. Therefore, in the same manner as for the opening process,
both experimental and FDTD simulated values were normalized by the respective kinetic

coefficients of the film on the quartz substrate (Figure 5.24).
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FIGURE 5.24: Kinetic coefficients of the closing process for back-side switching (light source-
substrate-CsFHSAc film). The experimental kinetic coefficients (light blue) and error bars are
extracted from the fitting with equation 5.5 and standard deviation of the mean, respectively.
The median values of the square of the electrical field (dark blue) within the molecular film with
error bars obtained as median absolute deviation. Both experimental and simulated coefficients
with respective errors bars are normalized by the corresponding value of the coefficient for the
quartz substrate.

Unlike opening kinetics, both experimental and FDTD simulated values for all inves-
tigated nanohole arrays reveal slower closing rates in comparison with quartz substrates.
In particular, the hAu electrodes of lattice constants 190, 380, and 1050 nm show slower
kinetics by 42%, 31%, and 23%, respectively. As expected the compact gold films suf-
ficiently filtered the UV light leading to much slower kinetic rates by 78% and 75% for

thicknesses of 20 and 10 nm, respectively. There is a noticeable trend observed that the
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5.3. Surface plasmon-enhanced switching kinetics

rate of kinetics increases from almost opaque substrates such as compact Au to more
transparent materials like nanohole arrays and almost fully transparent quartz. This
suggests that the closing kinetics for all substrates are directly linked to the transmission.

If the experimental results of closing (Figure 5.24, light blue) and opening (Figure 5.21,
grey) are compared, the latter process exhibited smaller error bars in comparison with clos-
ing. Unlike the opening, where the error is the combination of the statistical error of the
experiment and the fitting deviation based on the two-coefficient formula (equation 5.4),
the fitting formula of the closing process (equation 5.5) consisted of four coefficients, which
results in larger error bars. Additionally for FDTD obtained values, the closing process
exhibited bigger error bars as well, which originate from much broader peak-to-peak field
distributions in comparison with the values obtained for the opening process.

As mentioned above, the transmission configuration (light source - substrate - C;FHSAc
film) involves light to be filtered by the substrate. The list of investigated substrates
varies from almost fully transparent quartz material to an almost opaque compact Au.
The nanohole arrays, due to the hole-patterned metal, owned higher transparency than
a compact film of the same thickness and, therefore, have a less pronounced effect on

the switching rate as a compact electrode. To take into account this geometrical feature
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FIGURE 5.25: (a) Extracted kinetic coefficients of the closing process at the maximum of extinc-
tion for quartz, Au of different thicknesses, and hAu of different lattice constants plotted against
the transmission of respective bare substrates. (b) Median value of the square of electrical field
within a molecular film in open form (represents a closing process) on quartz, Au, and hAu
substrates plotted correspondently against transmission of the respective bare substrate. The
error bars in (b) are determined as median absolute deviation. The linear fitting is carried out
for datapoints that correspond to compact substrates (Au, quartz).

and, thus, consider the contribution of the light intensity that is transmitted through
the bare substrate and, thereby, is expected to be absorbed by the C;FHSAc film, the
kinetic values obtained for both opening and closing processes by experimentally recorded

traces and FDTD simulation (Figure 5.24 and 5.21) were plotted versus the transmission
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5. Results & Discussion

of the bare substrate (Figure 5.25 and 5.26). Both experimental and simulated closing
data (Figure 5.25) showed a linear dependence on the transmission through the respec-
tive sample. These results indicate that there is no significant influence of the nanohole
arrays on the switching kinetics for the closing reaction which is in agreement with the
expectation according to the determination of the kinetic coefficient k = I, - ¢ - t. In this
case, only transmitted UV light contributed to the switching reaction without additional
enhancement (e.g. surface plasmon enhancement).

In the same manner as the closing was analyzed, the opening kinetic coefficients were

plotted versus the transmission of the bare substrates (Figure 5.26). Similar to the reverse
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FIGURE 5.26: (a) Extracted kinetic coefficients of the opening process at the maximum of ex-
tinction for quartz, Au, and hAu substrates plotted versus the transmission of the bare substrate.
(b) Median value of the square of the electrical field within a molecular film in the closed form
(represents an opening process) on quartz, Au, and hAu substrates scaled to the transmission of
bare substrate. The error bars in (b) are determined as median absolute deviation. The linear
fitting is carried out for datapoints that correspond to compact substrates (Au, quartz).

closing reaction, here for the opening process, the compact Au and the quartz substrate
reveal a linear dependence of k with the transmission. Assuming that there are no ad-
ditional enhancing effects on the switching, the kinetic coefficients for hAu electrodes
should also follow the aforementioned linear trend, as observed for the closing reaction.
However, as already verified (Figure 5.21), there is an enhancement of the electrical field
leading to faster kinetics than through quartz substrate. This leads to the fact that, for
instance, the 188 nm lattice nanohole arrays revealed an ~2.3 times faster opening than
expected based on the reference line, while 376 nm lattice hAu electrode showed ~2.1
times faster opening reaction. The measured and simulated accelerated opening kinetics
can be assigned to the excitation of SPP which enhanced the strength of the electrical

field, in particular, in the vicinity of the holes
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5.3. Surface plasmon-enhanced switching kinetics

The FDTD simulated kinetic characteristic for the largest lattice constant of 1050 nm
is in good agreement with the reference line, which corroborates that molecules remained
unaffected by surface plasmon enhancement and are switched only by the transmitted
white light. The experimental results for this type of nanohole arrays showed faster open-
ing kinetics than expected, presumably because of the somewhat smaller molecular film

thickness of this electrode compared with other hAu electrodes as verified in section 5.3.1.

Front-side switching (light source - C;FHSACc - substrate)

The transmission configuration (light source - substrate - C;FHSAc) confirmed the sur-
face plasmon enhanced field intensities, which lead to a faster opening reaction than
through quartz substrates. This makes nanohole arrays suitable for vertical geometry
devices, where they can serve as a conductive electrode that accelerates visible-light-
triggered chemical reactions including molecular switching. However, the effect may be
even stronger if the light illumination is performed directly on molecular films deposited
onto nanohole arrays. In this scenario, the light is not filtered by the substrate leading
to full conversion of the incident light into surface plasmon excitation. Additionally, the

reflected light may play a role in further enhancing the switching reaction.
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FIGURE 5.27: Kinetic coefficients of the closing process for front-side switching (light source-
C;FHSAc film-Substrate). The experimental kinetic coefficients (light blue) were extracted
from kinetic traces by fitting with equation 5.5, the error bars were obtained as standard error
of the mean. The FDTD simulated median values of the electrical field (dark blue) within the
molecular film with error bars obtained as median absolute deviation. Both experimental and
simulated coefficients with respective errors bars were normalized by the corresponding value of
the coefficient for the quartz substrate.

The front-side switching was characterized in the same manner as the back-side con-

figuration. In the working space of the FDTD simulation only the position of the light
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source was replaced with the output detector maintaining the position of the structure
and electrical field monitor. The averaged median values were obtained for the opening
and closing processes, while kinetic coefficients were extracted from experimental traces.

As verified, the closing process should not reveal additional surface plasmon assigned
enhancement, but only kinetic rates defined by the incident light intensity. The results
obtained for front-side closing reaction showed a relatively small deviation from the kinetic
coefficient of the C;FHSAc film on quartz (Figure 5.27). Almost all samples, in particular,
nanohole arrays exhibited slower experimental and FDTD simulated kinetic values in
comparison with quartz substrate. Furthermore, the results are obtained with relatively
large errors, which makes the comparison more difficult. However, the general trend
suggests that there is no sufficient enhancement occurring, but kinetics are affected by
other factors e.g. reflection.

Unlike closing, the opposite process of opening as expected revealed certain enhance-

ments, particularly, for nanohole arrays (Figure 5.28). Even though the experimental
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FIGURE 5.28: Kinetic coefficients of opening process for front-side switching (light source-
CsFHSAc film-substrate). The experimental kinetic coefficients (gray) and error bars were
extracted from the fitting by first-order kinetics 5.4 and standard deviation of the mean, re-
spectively. The median values of the square of the electrical field (orange) within the molecular
film with error bars obtained as median absolute deviation. Both experimental and simulated
coefficients with respective errors were normalized by the corresponding value of the coefficient
for the quartz substrate.

data showed an increase in kinetic rates by 13% and 21% for hAu electrodes with lattices
of 188 and 376 nm, respectively, the FDTD values revealed enhancement by 50% and
60%. These results indicate a surface plasmon assigned increase in light intensities, which
does not occur for other substrates. Noteworthy, the gold films exhibited an increase in
kinetics with the Au thickness. The compact Au with 40 nm thickness revealed 21% faster
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5.3. Surface plasmon-enhanced switching kinetics

kinetics than quartz substrate, which may be related to the reflection. The intensity of
reflected light increases with the Au thickness, which suggests this to be the origins of the

enhanced kinetics on compact films for front-side switching.

Impact of C;FHSAc film thickness on kinetics

The results obtained here revealed some deviation between experimental and FDTD sim-
ulated data, which originates from several factors such as fitting algorithm, statistical
deviation, and molecular film thickness. The latter may play a significant role, partic-
ularly, for nanohole arrays, since due to the geometrical features the thickness of the
molecular film may greatly vary leading to somewhat thinner films.

In order to evaluate the impact of the film thickness on the switching kinetics, C;FHSAc
species was deposited onto quartz substrate from different initial concentrations of 1, 2,
and 5 mM resulting in film thicknesses of around ~9, ~18, and ~36 nm, respectively.
The approximate thickness was calculated according to the Lambert-Beer law based on
the measured maximum extinction in respect to the known reference of the 18 nm film
(Figure 5.29 a).
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FIGURE 5.29: (a) Extracted kinetic coefficients for the opening process for the films of different
thicknesses on quartz plotted versus the maximum value of extinction in the visible range. (b)
Extracted values of the median values of the square of FDTD simulated electrical fields vs
maximum extinction for the molecular film of 9 nm, 18 nm, 36 nm, and 72 nm thicknesses at
380 nm (blue) and averaged in the visible range (orange).

The switching was performed from the backside according to the configuration (light
source - quartz - C;FHSAc film) and the opening process was characterized based on the
first-order kinetics (equation 5.4). As it can be seen (Figure 5.29 a), while the extinction
increases, the opening kinetic coefficient decreases. This means that the rate of switching

is directly correlated with the film thickness revealing an almost linear trend. To verify the
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experimental results, FDTD simulation was performed testing film thicknesses of 9, 18,
36, and 72 nm (Figure 5.29 b). Both processes of opening and closing were characterized
according to the aforementioned algorithm of capturing a square of electrical field and
analyzing it in terms of averaging median values. FDTD simulations corroborated the
experimental results confirming a linear decrease of the square of the electrical field in
respect to the increase of the maximum extinction. According to the obtained results,
the intensity of the electrical field for the opening process drops by around 30% with the
increase of the thickness by a factor of 8. In contrast, the experimental results show a
larger decrease by approx. 50% with the increase in thickness by a factor of 4.
Furthermore, the aforementioned decrease in kinetic rate with the thickness suggests
that the enhancement of switching on nanohole arrays may be even stronger in comparison
with hole-free flat surfaces. Especially, the quantitative disagreement between FDTD
simulated and experimental kinetic results for the hAu electrode with the largest lattice

constant of 1050 nm may originate from C;FHSAc film thickness.
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5.4 ELECTRICAL MEASUREMENTS OF DIARYLETHENES

Electrical reversible switching of diarylethens was reported in single-molecule junctions as
well as in the form of thick organic films mixed with conductive polymers. Here, along with
the optical measurements, in order to test the electrical response of the C;FHSAc film, the
pure solution of molecular species was employed without adding extra components e.g.
polymer matrices. This was done to prevent the possible interference of the responses.

The electrical measurements of a C;FHSAc film sandwiched between bottom and top
electrodes in the crossbar configuration were carried out according to the methods de-
scribed in sections 3.3 and 4.4. Firstly, the switching ability of molecular species was tested
by performing separated measurements of open and closed states employing hole-free bot-
tom electrodes. Subsequently, the UV-vis live switching was tested utilizing nanohole per-
forated bottom electrodes. The results described below were conducted in collaboration
with S. Tang and introduced in [151].

5.4.1 SWITCHING ABILITY OF C;FHSAC MOLECULES

To test the switching ability of C;FHSAc molecules, two independent scenarios were
performed. The molecular species with an initial concentration of 5 mM were initially
exposed to visible light converting the solution to the open state. Subsequently, the

molecules were deposited by means of spin-coating (see section 3.1.4) and sandwiched
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FIGURE 5.30: (a) Current density distribution with corresponding (b) frequency histogram
measured on crossbars with compact bottom and top electrodes with junction area of 16 pym?2.
The red and green I-V curves stand for the CsFHSAc film spin-coated in open and closed form,
respectively.

between hole-free compact bottom electrode and top electrode fabricated by transfer onto
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POP substrate. Both electrodes possessed 4 pum wide leads forming a junction area
of 16 ym?. The current density-voltage traces were recorded in the range of +100mV
and plotted correspondingly (Figure 5.30 a, red). The same preparation procedure was
carried out with initial UV light exposure to record response of closed C;FHSAc molecules
(Figure 5.30 a, green).

If the cross-section at 100 mV is taken and plotted correspondingly as a frequency
histogram (Figure 5.30 b), two decent current density peaks can be distinguished. These
peaks can be attributed to closed and open C;FHSAc molecules. Noteworthy, the 5 mM
solution was expected to form relatively thick films of approx. 70 nm, meaning that
hopping electron transport should be dominating. Additionally, the current density for
each state exhibited a wide distribution, however, narrow enough to conclude around
one order of magnitude difference between open and close states. The obtained cur-
rent values showed a good agreement with already reported diarylethene-based large-area

junctions [11].

5.4.2 LIVE SWITCHING OF C;FHSAC MOLECULES

In order to test the live switching ability of C;FHSAc molecules, the molecular solution
of 1 mM concentration was deposited on bottom electrodes fabricated by NSL by means
of spin-coating (see section 3.1.4). Before deposition, the molecules were switched to
open state to test the UV light initiated closing and to closed state to check the visible
light-triggered opening process.

In case of closing (Figure 5.31 a), the C;FHSAc molecules were sandwiched between
10 pm wide bottom and 6 pm wide top electrodes. As can be seen, the current increases
during the UV illumination approx. by the factor of 6 confirming the expected trend.
Noteworthy, there is a drop of current occurring after reaching saturation, which is re-
peatedly observed for the other experiments [151]. After this drop, the signal stabilizes in
time, which can be attributed to the open state. Moreover, the noise associated with the
signal (Figure 5.31 a, grey lines) dramatically increases near the peak subsequently reduc-
ing after the current drop. These two effects such as noise increase and current drop may
be linked to each other and related to the molecular order. During UV triggered closing
process, molecules tend to alter their chemical configuration, which consequently makes
the molecular film a disordered matrix with more scattering centers for the electrons.

To test the opening of C;FHSAc molecules, they were sandwiched between 6 pm wide
bottom and top electrodes. Unlike the closing, for opening process the current associated
with the molecular signal is expected to decrease during visible light illumination. As can
be seen in Figure 5.31, b), there is no change of the signal during the opening process,

which repeatedly was observed for other tests in [151].
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FIGURE 5.31: Live switching of C;FHSAc molecules. (a) UV light initiated closing (corresponds
to the violet range) showing an increase of current density, (b) Visible light-initiated opening
(corresponds to the orange range) showing stable signal, which was expected to decrease. The
original current time traces (grey lines) were smoothed out with low frequency filter (black lines).

Unidirectional electrical switching with only closing occurring was already reported for
other geometries e.g. multilayer graphene electrodes [11], suggesting that the electronic
couplings I" (see section 2.1.1) correlate with the photoswitching behavior. In this case,
the coupling may be stronger for closed molecules supporting proper electron transport.
Additionally, the lack of free volume for a conformational change in the molecules within
the solid film may contribute to the quenching of the opening process [73].

Noteworthy, molecules were able to support bidirectional optical switching on hAu
electrodes revealing two stable states. Thereby, surface plasmon-related heating or other

factors should not hinder the electrical switching capability.
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CHAPTER 6

SUMMARY & OUTLOOK

Plasmonic large-area molecular contacts based on nanohole arrays were realized enabling
to increase the switching rate of photochromic molecules via surface plasmon-enhanced
fields. Diarylethenes served as the model compound to study the influence of SPPs on
the kinetic coefficients of visible-light-triggered reactions such as molecular switching.

The excitation of SPPs via nanohole arrays fabricated by nanosphere lithography (NSL)
were investigated as a function of geometrical features like lattice constant, metal thick-
ness, hole diameter, incident angle, and surrounded media showing a strong optical trans-
mission (around ~60%) and an enhancement of electrical field intensities up to a factor of
25 inside diarylethene solid films. Two different scenarios of back- and front-side switching
were studied to evaluate the contribution of SPPs to kinetic rates. The experimental data
were evaluated by FDTD simulations confirming an SPP-induced enhancement up to 50%
compared to quartz substrate of the visible-light-triggered switching opening reaction on
nanohole arrays.

Based on the systematic analysis of the SPP resonance as a function of kinetic pa-
rameters, it was confirmed that the enhancement effect is strongest when the wavelength
range of the SPP resonance overlaps with the range of molecular absorption. Moreover,
modifying the SPP resonance parameters and thickness of the molecular film can lead to
even faster kinetics than observed in this work.

To realize the electrical switching the fabrication methods to implement nanohole ar-
rays into large-area molecule junctions were developed proposing two schemes for com-
pleting nanohole arrays-molecule-metal contact. Unidirectional switching of diarylethenes
was achieved enabling the UV-activated closing reaction and hindering the visible-light-
triggered cycloreversion. Taking into account the fact that optical responses of bidi-

rectional switching were observed, this suggests several factors that can be modified to



6. Summary & outlook

improve the electrical opening. The coupling between molecule and, in particular, the top
metal electrode should play a key role. This can be improved by modifying the junction
geometry e.g. roughness of the electrodes, thickness of the passivation layer, molecule

film thickness, etc.
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APPENDIX A

APPENDIX

A.1 PrRoTOCOLS

Bottom electrode by NSL
o Dehydration of 4" quartz or SiOx wafer on the hot plate at 150°C for approximately
10 min.

o Spin-coating of LOR3B resist at 3000 rpm for 40 sec with an acceleration of 500

rpm/s. Spin-coating is carried out with closed lid.

o Soft baking at 150°C on the hot plate for 5 min to evaporate the residues of resist

solvent.

» Spin coating of nLOF2020 photoresist at 3000 rpm for 40 sec with an acceleration
of 500 rpm/s (closed lid).

« Soft baking at 100°C for 2 min.

« Exposure by a Mask Aligner (i-line) with 55 mJ/cm? and 40 mJ/cm? for quartz and

SiOx substrate, respectively. The utilized mask is shown in figure A.6.
o Post-exposure baking on the hot plate at 110°C for 1 min.

o Development in MIF 326 for 35 sec. Constant moving during process to support

uniform development followed by rinsing in DI water.

o Cleaning RIE chamber in the following conditions:

— SFy (100 scem), RF power 200 W, ICP power 2000 W, time 20 min.
— SFy/Ar/0, (40/10/50 sccm), RF power 200 W, ICP power 2000 W, time 20

min.



A. Appendix

— Ar/0O, (20/40 sccm), RF power 200 W, ICP power 2000 W, time 40 min.

Conditioning RIE chamber with the etching protocol: Ar/CHF; (30/5 sccm), RF
power 120 W, pressure 0.02 mbar, time 20 min. The Helium flow is kept constant

at around 5 scem.

Etching the quartz/SiO, substrate. The time is chosen based on the rate of 12.9
nm/min (Figure 4.8). To get the trench of around 50 nm depth, the time of etching

is 4 min.

Cleaning the substrate in oxygen plasma to prepare for the following PS particle

deposition. The parameters: O,, pressure 0.7 mbar, power 200 W, time 5 min.
PS particle deposition is described in section 4.1.1.
Cleaning the RIE chamber with the aforementioned protocol.

Conditioning RIE chamber with the particle etching protocol: O,/CHF, (40/10
scem), RF power 30 W, pressure 0.026 mbar, 7' = 0°C, time 20 min.

Etching particles. The time is chosen based on the particles’ diameter and dimen-

sions of the substrate (section 4.1).

Metalization of titanium 5 nm at the deposition rate of 0.1 nm/s followed by Au

deposition 40 nm at the rate of 0.5 nm/s.

Lift-off of the nLOF2020 resist in acetone (app. 10 h) followed by immersing in
MIF326 developer to remove residuals of LOR3B resist. Rinsing the substrate in

isopropanol and DI water.

Particle lift-off by means of an adhesive tape followed by ultrasonication in acetone,

isopropanol and DI water.

Conditioning RIE chamber with the following protocol: O,, RF power 200 W,
pressure 0.026 mbar, T = 20°C, time 20 min.

Etching the residuals of resist: O,, RF power 200 W, pressure 0.026 mbar, T =
20°C, time 5 min.

Dicing into 13.5x13.5 mm? chips.

106



A.1. Protocols

Workflow of bottom electrode fabrication by NSL

Photolithography

RIE

Particle
Deposition by NSL

O

000Pp0000do0O0
Au 0oo000p

Deposition 00Q3o0000pPOO

LEELL

Lift-Off

FIGURE A.1: Schematic drawing representing bottom electrode fabrication by NSL. Left column
- side view, right column - top view.

FIGURE A.2: Double layer LOR3B and negative photoresist nLOF2020 after development show-
ing a designed pattern of the bottom electrode. (a) SiOx substrate, "Grad" chip with the pair
leads of 10pm, 6pm, 4pum, 2pum, and 1pm; (b) Quartz substrate, chip with 4um wide leads.
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Bottom electrode by electron-beam lithography

Metal deposition of chromium (Cr) 5 nm at 0.1 nm/s onto 4" quartz wafer.
Dehydration of the wafer on the hot plate at 185°C for approximately 5 min.
Spin-coating of PMMA resist AR-P 639.04 50K at 2000 rpm for 60 sec with an

acceleration of 500 rpm/s. Spin-coating is carried out with closed lid.

Soft baking at 185°C on the hot plate for 5 min to evaporate the residues of resist

solvent.

Spin coating of PMMA resist AR-P 649.04 200K at 2000 rpm for 60 sec with accel-
eration of 500 rpm/s (closed lid) followed by soft-baking at 180°C for 2 min.

Electron-beam writing of the mask A.7 with dose of 375 uC/cm? and acceleration
voltage of 100 kV.

Development in AR 600-55 for 2 min with constant moving to support uniform

development.
Rinsing in isopropanol for 5 min.

Metalization of Cr 3 nm at the deposition rate of 0.1 nm/s followed by Au 40 nm at
rate of 0.5 nm/s. The Ar sputtering is carried out before Cr deposition with voltage
of 80 V and current of 2 A for 15 sec.

Lift-off of the PMMA double layer resist in acetone (app. 1 h) followed by immersing

in isopropanol and DI water.
Lift-off of the resist residues by means of adhesive scotch tape.

Lift-off of the resist and tape residuals by Megasonic (50% power, 20 min) followed
by immersing in IPA and DI water.

Conditioning RIE chamber with the chromium etching protocol:
— Cl,/0, (30/20 sccm), RF power 25 W, ICP power 1800 W, pressure 0.03 mbar,
T = 20°C, time 5 s.
— Cl,/0, (30/20 sccm), RF power 25 W, ICP power 1000 W, pressure 0.03 mbar,
T = 20°C, time 20 min.
RIE etching of chromium layer:
— Cly,/0, (30/20 sccm), RF power 25 W, ICP power 1800 W, pressure 0.03 mbar,
T = 20°C, time 5 s.

— Cl,/0, (30/20 sccm), RF power 25 W, ICP power 1000 W, pressure 0.03 mbar,
T = 20°C, time 10 s.
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A.1. Protocols

« ALD of Ta,O; with the following conditions:

— Power 300 W, pressure 0.107 mbar, T = 200°C.
— Number of cycles was chosen based on the desired resulting thickness according

to the deposition rate of 10 nm per 125 cycles.

o Spin-coating of AZ5214E at 4000 rpm for 60 sec followed by soft baking at 105°C
for 60 sec.

« Exposure with 75 mJ/cm? utilizing mask A.8.

o Development in MIF326 for 50 sec.

+ Conditioning RIE chamber with the etching protocol: Ar/CHF; (30/5 sccm), RF
power 120 W, pressure 0.02 mbar, time 20 min.

« Etching Ta,O5 layer for 150 sec.

o Resist removal in acetone, isopropanol, and DI water.

« Dicing into 14x14 mm? chips.
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FIGURE A.3: (a) Optical image of the developed double layer of PMMA resist for 6 pym width
bottom electrode, scale bar 200 um, (b) SEM image of 4 pm wide lead after deposition of Au
and Ti followed by lift-off in acetone. The resist undercut was not effective enough, which led
to the remaining parts inside nanoholes.
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Top

electrode by transfer onto POP stamp

Dehydration of 4" SiOx wafer on the hot plate at 150°C for approximately 10 min.

Spin-coating of nLOF2020 photoresist at 3000 rpm for 40 sec with an acceleration
of 500 rpm/s (closed lid).

Soft baking at 100°C for 2 min.

Exposure by a Mask Aligner (i-line) with 40 mJ/cm? utilizing mask depicted in
figure A.9.

Post-exposure baking on the hot plate at 110°C for 1 min.

Development in MIF 326 for 35 sec. Constant moving during process to support

uniform development followed by rinsing in DI water.
FOTCS deposition in the glovebox:
— Activation of the SiOx by plasma treatment: gas O,, pressure 1 mbar, power
80 W, time 5 min.
— Transfer wafers into a desiccator, pipette 300 uL. PFOTCS.

— Set an Ar pressure in a desiccator at 5 mbar, silanize for 90 min.

Metallization of 40 nm Au with a rate of 0.5 nm/s at low vacuum conditions.

Lift-off in acetone for ~2 h followed by rinsing in isopropanol and DI water (acetone

lift-off without ultrasonic treatment).
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A.1. Protocols

Workflow of top electrode fabrication by transfer onto POP stamp

Photolithography

FOTCS
Deposition

Au
Deposition

Lift-Off

Metal
Transfer

TE
Stamp

FIGURE A.4: Sketch representing top electrode fabrication by transfer onto POP stamp. Left
column - side view, right column - top view.

Top electrode by direct fabrication onto POP

o FOTCS deposition onto two 4" SiOx wafers according to the protocol described
in A.1.

o Cleaning the 4" POP substrate in isopropanol and DI water.

+ Imprint Nanonex 2000 (to make the surface smooth):
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— Sandwich POP substrate between two SiOx wafers.

— Vacuum for 2 min.

Imprint at 90 °C, 60 psi (4.1369 bar) for 5min.
— Cooling down to 35 °C.

Detach the POP from SiOx wafers by immersing in isopropanol.

o Spin coating of AZ5214FE resist at 4000 rpm for 60 sec with an acceleration of 500
rpm/s. The spin-coating is carried out with closed lid.

o Soft baking at 65 °C on the hot plate for 20 min.

o Exposure by a Mask Aligner (i-line) with 75 mJ/cmy utilizing mask depicted in
figure A.9.

e Development in MIF326 for 50 sec. Constant moving during process to support

uniform development followed by rinsing in DI water.
e Wet etching of gold in TechniEtch ACI2 for 1 min.
o Wet etching of Ti in TechniEtch TC for 2.5 min.

o Removal of the AZ5214F resist in acetone for 5 min followed by rinsing in isopropanol

for 5 min.
Workflow of top electrode fabrication by photolithography

Photolithography

Au / Ti Wet Etching

Resist Removal

1]
-1

FIGURE A.5: Sketch representing top electrode fabrication by photolithography. Left column
- side view, right column - top view. Blue substrate represents a 4" POP wafer, yellow color
corresponds to the Au/Ti layer, violet color denotes the positive resist AZ5214E.




A.2. Photo- and e-beam fabrication masks

A.2 PHOTO- AND E-BEAM FABRICATION MASKS

Photomask design for bottom electrode fabricated by NSL

FIGURE A.6: Photomask layout for bottom electrode fabricated by NSL. (a) The mask is
designed for a 4" wafer, which consists of 34 chips with etching marks on the right side for
Dektak etching test. Each chip is designed to include 10 leads with different widths of 1 pm,
2 pm, 4 pm, 10 pm, and "Grad" (includes pair of all widths). The leads are positioned with
10 pm interdistance. (b) The 4 pm width chip layout, which consists of 10 leads connected to
feedlines and contact pads for top electrode assembling.
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Mask design for bottom electrode fabricated by e-beam lithography

(@)

PR PN
¢ 7= T 7S 7l =l
W W M W W
== == == == =l
KA PR AR S

N
=
ZINS

11111111111

11111111111

FIGURE A.7: Electron beam mask layout for bottom electrode fabrication. (a) The mask is
designed for a 4" wafer, which consists of 25 chips with alignment markers for the passivation
mask. Each chip is designed to include 10 leads with different width of 2 pym, 4 pm, 5 pum, 6
pm, 8 pn, and 10 pym. The leads are positioned with 10 pm interdistance. (b) The 4 ym wide
chip layout, which consists of 10 leads connected to feedlines and contact pads for top electrode

assembling. (c) Zoom image of 4 pm lead
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A.2. Photo- and e-beam fabrication masks

Photomask design for passivation layer

4/2um

Bottom

FIGURE A.8: Photomask layout for passivation layer. (a) 4" wafer designed as dark field mask
with bright field alignment markers. (b) The 4um wide chip layout, which consists of openings
for feedlines, contact pads for top electrode assembling, and openings for central parts of the
leads. (c) Zoom image of 4 pm lead.
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Top electrode photomask design

FIGURE A.9: Photomask layout for top electrode fabrication consisting of 166 chips. Each
column is marked to indicate the width of the leads.
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A.3. Optical properties of nanohole arrays

A.3 OPTICAL PROPERTIES OF NANOHOLE ARRAYS
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FIGURE A.10: Dielectric permittivity of gold egoa = Re(egoid) + @Im(ecod) (black - real part,
yellow - imaginary part)
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FIGURE A.11: Wavelength vs Re(egoiq) curves calculated based on equation 2.19 for nanohole
arrays with lattice constants of (a) 188, (b) 376, (c) 516 and (d) 1044 nm. Red datapoints -
surface plasmon resonance that corresponds to the interface between quartz and gold for (1,0)
mode; Blue datapoints - resonance between gold and air interface for (1,0) mode. Intersections
with Re(egoiq) (arrowhead marks) determine the position of SPP resonance correspondingly.
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A.4 FDTD AND EXPERIMENTAL SPECTRUM
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FIGURE A.12: FDTD simulated transmission spectra of CSFHSAc film on a) — hAu with lattice
of 188 nm, b) — 376 nm, c¢) — 1044 nm, d) — solid Au of 40 nm thickness (black — bare electrode,
red — open film on electrode, green — closed film on electrode)
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A.4. FDTD and experimental spectrum
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FIGURE A.13: Top row: Transmission spectrum of compact Au of 10 nm thickness (black)
with spin-coated molecular film in open (red) and closed (green) form. (a) Experimental data,
(b) FDTD simulation. Bottom row: Transmission spectrum of compact Au of 20 nm thickness
(black) with spin-coated molecular film in open (red) and closed (green) form. (c) Experimental

data, (d) FDTD simulation
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FIGURE A.14: Square of electrical field distribution in the z-z cross-section of CsFHSAc molec-
ular film on quartz substrate for (a) open configuration at 380 nm and (b) closed configuration

at 570 nm.
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