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Abstract

Abstract

This thesis explores the use of light-matter coupling to address key challenges in exciton
transport in organic semiconductors, tuneable light-emission and UV plasmonic materials.
Organic photovoltaics are promising candidates for solar energy capture; however, their
performance is limited due short exciton diffusion lengths in organic semiconductors. To
address this challenge, the design of biomimetic organic light-harvesting networks capable of
strong plasmon-exciton coupling is explored. Pigment-polymer antenna complexes are formed
by attachment of chlorophyll a (Chl) to poly(cysteine methacrylate) (PCysMA) scaffolds
grown by surface-initiated atom-transfer radical polymerisation from brominated self-
assembled monolayers. The organisation of Chl within the films is programmed by controlling
the polymer grafting density and polymerisation time. The films are characterised using X-ray
photoelectron spectroscopy (XPS) depth-profiling with giant gas cluster ions. For all grafting
densities, Chl are distributed uniformly as a function of depth. However, the fraction of repeat
units bound to Chl increases with decreasing grafting density. When synthesised from gold
nanostructures, the plasmon-exciton coupling energies are correlated with the grafting density
of the polymer layer, yielding plasmon-exciton coupling energies as high as 0.46 eV. Thus, it
is demonstrated that plexcitonic complexes are promising templates for the design of
biomimetic photonic materials with long-range energy transfer mechanisms. In the field of
light-emission technologies, metal halide perovskite quantum dots (PQDs) have emerged as
promising materials due to their exceptional photoluminescence (PL) properties. A wide range
of applications could benefit from adjustable luminescence post-synthesis. In this work, an
optical nanoantenna array is designed with polarization-controlled quasi-bound-states-in-the-
continuum (g-BIC) resonances that can control and modify the perovskite PL wavelength. Si
nanopillar arrays are fabricated using electron-beam lithography (EBL) that exhibit q-BIC
resonances in the range of 690 nm to 804 nm under y-polarization, and from 638 nm to 696 nm
under x-polarization. The energies of these resonances are tuned by variation of the
nanostructure geometries. FAPbIs perovskites are deposited on the arrays using dip-coating and
the optical properties are characterised using PL mapping measurements. A wavelength shift
over a ~39 nm range was achieved, with additional spectral tuning enabled by the switching of
the pump laser polarization. The design confers a 21-fold emission enhancement of the QDs.
The research provides a path towards spectrally tailored quantum emitters. Lastly, interband
plasmons (IBPs) are of interest as they enable plasmonic behaviour in non-plasmonic materials,
such as semiconductors. IBPs arise from the electromagnetic excitation of bound electron
oscillations, enabling plasmonic resonances into the deep ultraviolet (UV) range. Despite their
significant potential, practical applications are limited due to their broad resonances. This thesis
demonstrates the sharpening of the resonances of IBPs by more than one-order of magnitude
via mode hybridization. Si nanodisk arrays are fabricated using EBL on top of a SiO> cavity.
The optical response of the system is controlled by the geometrical design, which influences
the interaction between the Si nanodisk plasmon resonances and the cavity modes. The
experimental and simulated reflectance show a Q-factor enhancement from 1 to ~43. This high-
Q resonance further increases light absorption of UV-absorbing lignin-modified polyethylene
glycol films by 7.5-fold. Our findings could be applicable to other interband plasmonic
materials and open up possibilities in applications requiring both narrow and broad band
resonances, particularly in UV-specific areas.
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11-MUL
AFM
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ATP
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BIC
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Chapter 1. Introduction

1.1 Control of light-matter interactions

Physicists have long sought to understand and to manipulate the interactions of light with
matter. Albert Einstein's explanation of the photoelectric effect in 1905 marked a pivotal
moment in understanding such interactions. In the 1920s, the development of quantum
mechanics brought deeper understanding of light-matter interactions at the atomic and
subatomic scales. Meanwhile, Max Planck's work on the quantization of energy and Louis de
Broglie's concept of matter waves laid the foundation for quantum theory, which forms the
basis of semiconductor physics.! These insights guided researchers to explore the behaviour of
light and matter at the atomic and subatomic scales, which gained significant traction from the
late 20th century onwards. This research laid the groundwork for engineering nanostructures

that could exploit quantum effects to control light emission, absorption, and propagation.??

The design of nanostructures with dimensions comparable to or smaller than the wavelength
of the incident light enabled the guidance and manipulation of light on surfaces. These confined
electromagnetic (EM) waves can interact with organic and inorganic materials, nanoparticles,
0D to 3D crystals and more. Therefore, miniaturized devices that rely on such light-matter
interactions became a reality, finding their use in a wide range of applications such as light-
harvesting technologies, detectors, sensors, light-emitting devices, quantum computing, and

encryption. 47

This thesis explores the control of light-matter interactions via two key approaches: 1) The
fabrication of nanostructures that support optical resonances with defined characteristics, such

as spectral position, linewidth and sensitivity, and 2) the deposition and 3D arrangement of
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organic and inorganic materials on such surfaces. It is shown that the strategic combination of
these materials design elements provides a means to control light-matter coupling effects. This
approach and the resulting optical phenomena are examined within different possible

applications, such as solar energy capture, light-emitting devices and UV detectors.

First, the synthesis and characterisation of an artificial light-harvesting system is explored.
Inspired by biological pigment-protein units, these systems offer extended exciton diffusion
lifetimes — a key parameter in the design of efficient hybrid solar panels. The 3D arrangement
of pigment molecules on surfaces is examined, combined with plasmonic materials. Next, the
remarkable optical properties of perovskites are introduced. Different approaches are compared
for tuning of the photoluminescence properties, involving the use of nanostructures and
external stimuli. In particular, the advantages of the use of quasi-bound-states-in-the-
continuum (g-BIC) are discussed. Lastly, it is demonstrated that semiconductors with strong
interband transitions can offer plasmonic characteristics beyond the visible spectral region,
addressing the limitations of conventional plasmonic materials. This capability proves valuable
in the design of UV-specific sensor applications. While the quality of these resonances
currently remains low, various design strategies are introduced to enhance the plasmonic

behaviour of these materials.

The following introduction provides a detailed discussion of the background to each topic, the

current state of the art, the remaining unsolved challenges and future outlook.
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1.2 Alternate approaches to solar energy capture

In recent years, an immense amount of research has been directed towards improving existing
solar energy capture technologies. The commercial photovoltaic (PV) market is currently
dominated by devices based on silicon, which yield high efficiency and a long service life.
However, despite the dominance of silicon-based PV, there has been a great deal of interest in
developing organic and hybrid organic-inorganic materials as alternatives to silicon for solar
capture technologies.®° Organic semiconductors can be manufactured from earth-abundant
elements in low energy processes. Moreover, they are lightweight and flexible.!! In the drive
towards net zero, and for applications in developing countries, these attributes are potentially
important. However, these technologies possess significantly lower power conversion
efficiencies (PCE) in comparison. This is because the excitation transfer in molecular materials
occurs via incoherent energy transfer processes, leading to short exciton diffusion lengths. The
exciton is an electrically neutral quasiparticle, which forms upon the excitation of an electron
in the material. The absorption of a photon with sufficient energy leads to the promotion of an
electron from a lower energy state to a higher energy state, leaving behind a positively charged
electron hole. In semiconductors, the transition occurs between the valence and the conduction
band, while molecular excitons are formed between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbitals (LUMO). The electron-hole pair is
Coulombically bound, and free excitons can diffuse within the material. In organic
photovoltaics, the exciton must diffuse to a donor-acceptor interface within the cell, in order
for the charges to separate and drive the generation of voltage and an electric current

(Figure 1.1).
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Figure 1.1. (a) Schematic representation of the generation of an exciton. The incoming light
(with energy of hv, where h is Planck’s constant and v is the frequency) excites the material to
promote the transition of an electron (e”) from a lower energy state (Eo) to a higher one (En),
leaving behind a positively charged electron hole (h*). (b) Illustration of the exciton diffusion

process towards the donor-acceptor interface within an organic solar panel.

For optimum performance, the excitons should have sufficiently long lifetimes, and therefore,
long enough diffusion lengths to reach the interface without recombination, ideally in the
matter of nanoseconds. The organic materials currently used are limited to short diffusion
lengths, typically within the range of ca. 10 nm up to 50 nm.*? Under such constraints, the
improvement of these devices becomes problematic. One approach to overcome this challenge
is to design multiple heterojunction devices, based on phase-separated copolymers consisting
of nanometre-scale domains of donor and acceptor. While the efficiencies of these devices are
approaching those of silicon PVs, the phase-separated structures are unstable and possess short

commercial lifetimes.!?

1.2.1 Light-harvesting in nature

Light-harvesting systems in nature are fuelled by highly efficient energy transfer processes.
The excitation transport over long distances relies on electronic coherence between pigment

molecules and short dephasing times. These properties make biological light-harvesting
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complexes the ideal example for optimising artificial technologies that rely on the same
processes. Therefore, it is important to first understand the principles that make efficient

biological light-harvesting processes, such as photosynthesis.

Photosynthesis is a biological process in which energy from sunlight is converted into chemical
energy. Nature has perfected its light-harvesting processes through years of evolution,
providing energy to maintain Earth’s biosphere and sustain life. Generally, this process is
performed by a photosynthetic organism using the energy from sunlight to produce
carbohydrate molecules and oxygen from water and carbon dioxide. Solar energy capture is
carried out by pigment-protein complexes, known as light-harvesting complexes or antenna
complexes, with the exception of green sulfur bacteria that uses chlorosomes for this purpose.
Photons are absorbed by the pigments within the light-harvesting complexes to create excitons.
By this mechanism, the collected energy is funnelled down an energy gradient by transferring
the excitation from higher energy molecules to lower energy states. The energy eventually
reaches a reaction centre where photo-induced charge separation drives the synthesis of
adenosine triphosphate (ATP). These antenna systems are arranged in three-dimensional
structures to minimize the number of energy transfer steps required to connect any two

pigments in the array to reach a reaction centre (Figure 1.2).24
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Reaction centre

hv
v [/ ' Light-harvesting complex 1 (LH1)
Light-harvesting complex 2 (LH2)

Figure 1.2. lllustration of the energy transfer mechanism found in light-harvesting organisms.

The energy from light in transferred between light-harvesting complexes (green and red
cylinders) towards a reaction centre (shown in blue).

The light-harvesting and energy transfer processes are carried out by similar mechanisms in
most light-harvesting complexes, whether they are bacterial or plant-based. Importantly, all
photosynthetic units contain large numbers of pigment molecules, which fulfil key
photosynthetic  roles. Such pigment molecules are typically chlorophylls or
bacteriochlorophylls, but carotenoids and other cofactors such as quinones or iron sulfur
centres can contribute to photosynthesis. These pigments are bound by photosynthetic proteins,
where the concentration and the variety of pigment molecules ensure the efficient collection of

available light at an appropriate spectrum.*
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1.2.2 Chlorophyll a

Figure 1.3. Structure of chlorophyll a, showing the pyrrole moieties labelled according to
IUPAC.

Photosynthetic organisms rely on pigment molecules within their light-harvesting units to
collect sunlight. A variety of pigment molecules is used in photosynthesis. Among these,
chlorophylls and bacteriochlorophylls play particularly important roles in light-harvesting and
energy transfer. It is believed that chlorophyll a and bacteriochlorophyll a were the first types
of chlorophylls to be utilised in photosynthesis when life on Earth started.'® However, a range
of chlorophyll variants (a-f) is found in nature that differ in some of the functional groups
present on the A and B rings of the chlorophyll structure (Figure 1.3). The a variant is the most

common in green plants.*

Chlorophylls share most structural elements, such as the tetrapyrrole moiety with a reduced
pyrrole ring, known as a chlorin ring, and the phytol chain, which is a long chain esterified
terpenoid alcohol.*® The planar chlorin ring contains a metal ion coordinated to the ring
nitrogens, which provides the characteristic blue-green colour of the molecule. For chlorophyll
a, the metal is a magnesium ion, which may be replaced by other coordination metals
depending on the environment of the organism. The molecule has an almost square planar

centre and width of ca. 10 A on its side.’* Another important aspect of the structure is its
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isocyclic ring V (located next to ring C in Figure 1.3) which is susceptible to different chemical
reactions. As the chlorin ring contains a delocalised m-system, it has an aromatic character that
gives rise to optical properties that can be tuned by the chelating metal and the side chains of
the chlorin ring.t” While the molecule has a similar structure to porphyrins, it is the lack of
symmetry of its electron cloud around the tetrapyrrole moiety that differentiates it from its
aromatic counterparts, which can be observed directly from its absorption spectrum

(Figure 1.4).
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Figure 1.4. Absorption spectrum of chlorophyll a (Chl a, solid line) and chlorophyll b (Chl b,

dashed line), as measured and presented by Lichtenthaler et al.*®

The absorption spectrum of chlorophyll a can be interpreted by the Gouterman model, which
is based on the four-orbital model derived for porphyrins.*® The visible and near-ultraviolet
absorption bands in the spectrum arise from electronic transitions. These are termed as the Qy
and Qx transitions, referring to the y- and x-axis of the molecule, respectively. Following the
IUPAC nomenclature, the y-axis goes through the nitrogens in pyrrole A and C, while the x-
axis passes through the nitrogens in the B and D rings (shown in Figure 1.3). The origin of the

asymmetry of the macrocycle comes from the reduced pyrrole ring D, therefore, the
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delocalization of electrons does not stretch across the whole of the chlorin ring, resulting in the
unique electronic transitions compared to porphyrins. The structural asymmetry means that
electronic transitions that would be forbidden by the Laporte orbital selection rule, i.e.
transitions between states that have the same parity with respect to an inversion centre in the
molecule, become allowed. In addition, the electrons’ spin remain the same during the
transitions, obeying the spin selection rule. Thus, when the molecule is excited by light, a & to
n* transition occurs. Absorption of light within the red spectral region populates the lowest
excited state via the Qy and Qx electronic transitions, while absorption of blue light carries

energy that can populate higher excited states, known as the Soret bands (Figure 1.5).
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Figure 1.5. Representation of the relative energies of molecular orbitals of the chlorin ring

showing the Qx, Qy and Soret electronic transitions.*

The higher excited state is relatively short lived and relaxes to the lowest excited state by
dissipation of energy in the form of heat. Due to its longer lifetime, this state is involved in the
electron transfer and energy storage processes in photosynthesis. An important consequence of
these electronic transitions is the resulting polarization along the x- and y-axes of the molecule.
Upon excitation, the transitions between the ground state and excited state gives rise to an
oscillating electric dipole moment, caused by the movement of the electrons. The magnitude

and direction of the dipole moment determine the polarization of the transition. Therefore, the
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optical behaviour of the excited molecule can be described using a classical harmonic oscillator
model, which is discussed in more detail later on.** Consequently, if incident plane polarized
light has its electric vector parallel to the y-axis of the molecule (thus parallel to the polarization
along the y-axis), a strong absorption can be observed due to the efficient interaction of light
with & electrons through resonance. Similarly, a photon can be absorbed when the frequency
of the transition dipole moment along the x-axis matches the frequency of the oscillating EM
field. As photon absorption is the first step in photosynthesis, the optical properties and relative
orientations of chromophores are important factors in the overall efficiency of light-harvesting

and energy transfer steps.?02

1.2.3 Structural and light-harvesting properties of LH2

Light-harvesting in nature is carried out by pigment-protein complexes. The simplest and best
understood example of this can be found in purple bacteria, Rhodopseudomonas acidophil,
which utilizes photosynthetic vesicles. The 3D structure of LH2 has been well researched and
provides an understanding of the molecular mechanisms of photosynthesis. The vesicles
contain a network of two different photosynthetic units embedded in the membrane, light-
harvesting complex 1 (LH1) and light-harvesting complex 2 (LH2). Both units are made of a
and g polypeptides derivatised with bacteriochlorophyll a (BChl a) and carotenoids, organised
in rings in a simple and highly symmetrical fashion. The role of LH2 is to collect and transport
energy from sunlight between the units untils it reaches LH1, which transfers this energy to the

reaction centre.??

The structure of LH2 was investigated using high-resolution techniques, which revealed the
arrangement of its protein units.?>?* LH2 is made up of smaller subunits, each containing an a-
and B-peptide, supporting three bacteriochlorophyll a molecules and one carotenoid molecule
(Figure 1.6).

10
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(b)

Figure 1.6. (a) Representation of the structure of LH2, showing the protein units, the
bacteriochlorophylls (in red and green) and carotenoids (orange). (b) The arrangement of
bacteriochlorophylls within the structure of LH2 and (c) the molecular structure of
bacteriochlorophyll a, as illustrated by R. E. Blankenship.*

Nine units aggregate into a doughnut shaped structure with a diameter of 65 A. There are two
distinct chlorophyll environments in the complex. One of these is a ring of nine
bacteriochlorophylls with the tetrapyrrole rings parallel to the plane of the membrane, held by
metal-ligand interactions and hydrogen bonding. This ring has an absorption maximum at
800 nm and is therefore called the B800 ring. The Mg?* ions are separated at ca. 21 A from
each other, resulting in a rather weak interaction between neighbouring chlorophylls. As energy
transfer between pigment molecules is highly distance-dependent, the interaction between
neighbouring pigments occurs via Forster resonance energy transfer (FRET), a non-radiative
dipole-dipole interaction. Upon the absorption of sunlight, the energy is transferred via FRET
to the second ring of chlorophylls. These can be found approximately 18 A above this ring in
the outer membrane, containing 18 chlorophyll molecules that are held perpendicular to the
plane of the surface. These chlorophylls are bound in pairs by histidine residues at much closer
proximity, ca. 9.5 A, where van der Waals contact between the molecules allows their
molecular orbitals to effectively overlap. The interaction shifts the absorption maximum of the

pigments to a lower energy, 850 nm, and are therefore known as the B850 chlorophylls. The
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close contact of the pigments allows coupling of the excitons, which essentially creates a
delocalized system of @ electrons where energy is shared coherently around the ring, with
energy transfer rates at the femtosecond timescales.?>’ In particular, the phytol chains have
an important role in assisting pigment-pigment interactions. Freer et al. demonstrated that the
chains of the three chlorophylls within each apoprotein unit are wrapped around each other,
thus creating close van der Waals contact between the molecules. This orientation ensures
efficient energy transfer by aligning the Qx and Qy transition dipoles.?® Moreover, experimental
results suggest that quantum coherence exists not only between the neighbouring pigments, but
also between the B800 and B850 rings themselves, contributing to the highly efficient energy

transfer processes observed in these biological systems.?®

Taking inspiration from the organisation of biological light-harvesting systems, if similar
structural principles could be applied in molecular photonic systems, it could help achieve
efficient exciton transport between chromophores. Subsequently, combining the organic
systems with appropriate functional layers can facilitate long-range energy transfer over the
entire photovoltaic cell. To achieve this, it is important to select appropriate materials that can
interact favourably with the organic molecules. In this regard, metals with plasmonic properties
are an excellent choice due to their ability to interact and strongly couple with the excitonic

states of the chromophores, resulting in the formation of long-lived excitons.

1.2.4 Localized surface plasmon resonance

The free electrons at the surface of a metal oscillate about their mean positions. These
oscillations are referred to as plasmons, and the frequency of oscillation is called the plasma
frequency. In other words, a plasmon is a quantum of oscillation of the electron gas. The surface

plasmons associated with metal nanoparticles typically have plasma frequencies corresponding
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to the visible region of the electromagnetic spectrum; resonant coupling of these plasmons to

incident light leads to the formation of localised modes called surface plasmon polaritons.

The optical properties of a metal can be described by the Drude model, which is based on free
electrons moving against a fixed matrix of positive ion cores.3! The model provides information

about the optical response of the material in the form of the material’s dielectric function (g):

2
Wp

elw)=1- T (1.1)
In which the plasma frequency is given by the term:
ne?

w2 = o (1.2)

where n is the refractive index of the material, o is the permittivity in vacuum, m is the effective
optical mass, w is the frequency and yq is the damping constant (referring to the relaxation time
of the electron gas). Therefore, the complex dielectric function can be expressed using the real

(g1) and imaginary (g2) components:

e(w) = & (w) +igy(w) (1.3)
g =n?—k? (1.4)
&, = 2nk (1.5)

where n is the refractive index of the material and k is the extinction coefficient, which
determines the optical absorption of the electromagnetic wave travelling through the medium
— essentially quantifying the overall loss of light as it interacts with a material. In the Drude
model, when the dielectric function passes through zero (zero-crossing photon energy), it

signifies the collective oscillations of the electron cloud. Therefore, for a material to display
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plasmonic behaviour, the real part of the complex dielectric function should be negative, and
the imaginary part should be small. The photon energy at which this resonance condition is
fulfilled is related to the ratio of the density (N) of free carriers (electrons) and the relative
effective mass. Metals such as Au and Ag fulfil the resonance condition within the visible
wavelength, thus giving rise to a strong absorption peak within this spectral region arising from
the plasmon resonance. On the other hand, Al has a higher density of free electrons, and the
real part of the complex dielectric function remains negative over a larger spectral range, which
results in plasmonic behaviour at higher energies within the UV region.®? For instance,
Al/Al>O3 core-shell nanoparticles with diameters in the range of 12-25 nm display resonances

at wavelengths as low as 215 nm within the deep UV region.®

The fields associated with surface plasmons are evanescent, thus the electromagnetic wave
decays exponentially with distance from the surface. The decay length is ca. 20 nm into the
metal and A/2n into the dielectric environment, where A is the wavelength of the incoming light.
If the incoming light wave has a wavelength that is equal to or smaller than the metal
nanoparticle, the plasmon mode becomes bound and localized to the particle, creating localized

surface plasmon resonances (LSPR, Figure 1.7).
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Figure 1.7. (a) Hlustration of propagating surface plasmon polariton at the metal-dielectric

interface, as well as a representation of the intensity of the electromagnetic wave (E) as a
function of the distance from the interface. (b) Schematic of the localized surface plasmon

resonance bound to a metal nanoparticle.

On the nanoparticles surface, the oscillation of the electron cloud creates positively and
negatively charged regions. The opposite charges are bound by coulombic attraction which
generates a restoring force with a characteristic frequency. Therefore, if the frequency of the
incoming light matches the plasma frequency, the energy is coupled into the plasmon mode
and becomes confined to the particle. In a classic example, this phenomenon is indicated by
the red colour of colloidal solutions containing gold nanoparticles.®* The behaviour of the
resonant system can be quantified by its quality factor (Q-factor), which characterizes its ability
to store energy and sustain oscillations at a specific frequency. In other words, it describes the

capability of the system to confine energy and can be quantified by the following term:

Q=2ns=-1 (1.6)

e, FWHM

where e;s is the electromagnetic energy stored within the resonator and e, is the energy lost per
one radian of the cycle of oscillation. It can be related to the frequency (f) and the full width at
half maximum (FWHM) of the resonance. High Q-factors allow for longer-lived plasmons,

which in turn leads to more efficient and stronger interactions between plasmons and excitons.
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Furthermore, plasmon resonances are highly sensitive to their surrounding environment.
Therefore, high Q-factor resonances provide enhanced sensitivity to detect the changes near
the metal surface, typically resulting in the shifting of the resonance absorption maximum,

which forms the basis of various biosensing devices.®

1.2.5 Plasmonic solar cells

Plasmonic elements are incorporated into a wide range of nanotechnological devices. Their
interesting optical properties enable applications in sensing, photovoltaics, catalysis, optics and
more.3*37 Notably, it was discovered that implementing such materials into light-harvesting

devices can enhance the efficiency of photon to electron conversion.*

Ideally, the active layer in a bilayer solar cell would be ~100 nm. However, the exciton
diffusion length in polymer semiconductors is typically a few tens of nanometres, thus the
construction of an efficient bilayer cell is difficult.®® Therefore, the active layer must be as thin
as possible to optimise the charge separation and collection processes. At such low thicknesses,
maximising the fraction of absorbed light becomes challenging. Alternatively, multiple
heterojunction architectures have been introduced, however, the phase-separated structures
suffer from stability problems.*® To improve the performance of organic solar cells, the
incorporation of plasmonic materials, such as metallic nanoparticles, into the active layer has
been explored. The nanoparticles enable the scattering of incident light and lengthens the
distance that photons travel inside the material, resulting in higher chances of light absorption
within the active layer. Therefore, thinner active layers can be employed in the solar cell design

(Figure 1.8).
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Figure 1.8. Schematic of the active layer of a plasmonic solar cell, where the plasmonic

nanoparticles are deposited on the top of the semiconductor film.

The LSPR supported by nanoparticles on the anode can further enhance the PCE, by providing
a means of energy transport via nonradiative plasmon resonant energy transfer (PRET) to
nearby nanoparticles or to the semiconductor layer. This coupling effect results in the transfer
of energy over long distances at an ultrafast timescale. Since the LSPR is an evanescent field,
the energy can dissipate during the decay process to create hot carriers, which are electrons
with sufficient energy to overcome the required energy barrier for the electron injection
processes.*! For example, dye-sensitized solar cells (DSSC) consist of a semiconductor
material (typically titanium dioxide, TiO2) coated with a photosensitive dye. The dye absorbs
photons and generates electrons. When Dang et al. incorporated plasmonic multiple-core-shell
structured oxide-metal-oxide nanoparticles into DSSCs, the PCE of the system increased from
8.3% to 10.8%.%? Such improvements in the past have only been achieved by methods that
focussed on creating panchromatic cells that cover the full-spectrum which typically required
expensive and time-consuming manufacture processes. Similarly, in silicon-based solar cells,

the PCE can be improved by ca. 30% by incorporation of plasmonic elements.*> Needless to
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say, these advanced methods have great potential and have already proved to be beneficial in

the field of photovoltaic technologies.

1.2.6 Plasmon-exciton coupling

In classical physics, two harmonic oscillators are coupled when there is an exchange of energy
between them. This can be observed when two pendulums are attached to and suspended from

the same string, as shown on Figure 1.9.

Figure 1.9. Representation of two pendulums of different masses (m1, mz) hanging from
a string at distance L1 and L2, coupled by a spring (k). A simple model to show the

behaviour of a coupled harmonic oscillator.

When the pendulums are of different shape and size, and are oscillating at different frequencies
and amplitudes, the coupling effect eventually creates a hybrid mode of the two oscillators,
with mixed characteristics of the original systems. In quantum theory, photonic modes can be
treated as harmonic oscillators, with the energy En of an oscillator in the n" quantum state

being given by:

En = (n+3)ho (1.7)
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where 7 is the reduced Planck constant and n is an integer > 0. In general, the coupling
interaction can be classified into three regimes depending on the coupling strength between
two quantum states. This is characterised by the Rabi frequency (£2n) and the coupling

coefficient (g):

O, = J4g2(np +1)+ ’;—2 (1.8)

where np is the photon energy. I” = yp — yo, With yp being the decay rate of the plasmon mode

and yo is the decay rate of the exciton. The three coupling regimes are the following:

1) Weakly coupled plasmons and excitons, where the interaction is characterized by minimal
energy shifts or hybridization between the two entities. Here, the wave functions of the
coupling components are unperturbed and the plasmon and exciton energies remain largely
distinct, resulting in separate peaks in absorption and emission spectra. These spectral features
do not interact strongly with each other, and the system's optical properties predominantly
reflect the individual behaviours of plasmons and excitons. However, the emission rate of the

exciton may be modified due to the Purcell effect (see further details in Section 1.3.3).* In

weakly coupled systems, g < %(yp —Y0)-

2) Intermediate coupling, where constructive and destructive interferences give rise to mode

splitting in the far-field optical spectrum. Here, g takes the value of %(yp —Y)<g<

/% (¥p? — ¥0?). The splitting in the spectrum is often characterised by a Fano lineshape.

Coherent energy transfer may be present between the two components is typically influenced

by damping from one or more of the modes.*
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3) In contrast, strong coupling leads to significant hybridization of the electronic states, forming
new eigenstates of the system known as polaritons. In this regime, the absorption and emission
spectra still exhibit two distinct peaks, but the separation between these peaks is notably larger
than in weak coupling. The key feature of strong coupling is the observable splitting between

polariton states (Rabi splitting), giving rise to lower and upper polariton branches in the

absorption spectrum. For a strongly coupled system, g > /% (p? — Y02).% These polaritons

display unique optical properties, including enhanced light-matter interactions.

Tsargorodska et al. discovered that attachment of light-harvesting (LH) complexes from purple
bacteria attached to gold nanostructure arrays yielded a splitting in the plasmon band that was
attributed to strong coupling between the plasmon mode and excitons in the chromophores in

the LHCs (Figure 1.10).4’
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Figure 1.10. Extinction spectra demonstrating the strong plasmon-exciton coupling
phenomenon. (a) Spectra of arrays of gold nanostructures before (blue) and after (red)
attachment of wild type LH2 and (b) the mutant of LH2. The black line represents a monolayer
of wild-type LH2 on glass. (c) Illustrative energy diagram of the hybridization of the LSPR
and exciton states, which yields two new peaks with energies E: and E>. The Figure was taken

from the work of Tsargorodska et al.*’
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The experiments were repeated using maquette proteins that mimic biological complexes. It
was found that although lower in intensity, the plasmon couples with the Qx transition of
chlorophyll a. This is because the transition dipole is perpendicular to the plane of the surface,
aligning with the direction of the plasmon radiation. Within the strong coupling regime, the
energy exchange between light and matter occurs at a rate that is faster than their individual
decay rates, leading to coherent ultra-fast exchange of energy. The plasmon mode and exciton
are hybridised to form two new “plexitonic” states, and the distance between the absorption
maxima of the newly formed states is proportional to the strength of the coupling. The states
possess energies that are different from the original oscillators. The scaled coupling energy of

the system (Ec) can be estimated using the following expression:

“ZErznol N

E. ~ (1.9)

€0€pELSPR VLSPR

Here, Emol is the exciton energy and Eispr is the uncoupled LSPR energy. N is the number of
dipoles located within the mode volume of the LSPR field, Vispr, M is the transition dipole
moment for the exciton dipole, & is the permittivity of free space, & is the relative permittivity
medium. The expression demonstrates that the plasmon mode couples to an ensemble of
excitons within the plasmon mode volume. Therefore, the density of chromophores within the
plasmon mode influences the resulting coupling energy of the system. l.e., a higher number of
excitons within the mode volume can lead to larger coupling energies, and therefore stronger
coupling. This correlation was demonstrated by Todisco et al. using cyanine dye molecules
deposited onto arrays of plasmonic silver nanoparticles. The strength of the coupling was tuned
by controlling the number of dipole molecules on the surface to achieve weak, strong and

ultrastrong coupling regimes.*®
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The Jaynes-Cummings model is a useful tool for understanding coupled systems. The model
describes the detuning (®) of the system, which refers to the energy difference between the

exciton state and the LSPR state. It is defined as:

0= w,— wy (1.10)

where wp is the plasmon frequency and wo is the exciton frequency. By considering the
coupling strength (£2) which characterizes the interaction between these states, the frequencies

of the coupled modes can be calculated using the following formula:*

s = (wp = w)/2 £ [T+ (@, — o) (L11)

Analysing the change in the energies of these coupled modes against system's detuning
provides insights into the behaviour of the coupled system. In particular, the energy level
diagram for the Jaynes-Cummings model can exhibit avoided crossings, where the energies of
the coupled modes in the spectrum that would otherwise cross (i.e., have the same energy) do

not cross due to the strong coupling between the plasmon and exciton states (Figure 1.11).
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Figure 1.11. Representative plot of the energy levels of the coupled state in relation to the
system's detuning, showing the avoided crossing phenomenon. The red lines represent the
energy levels of the upper (w+) and lower (w-) energy coupled states, while the dashed lines

shows to the energy of the uncoupled energy levels of the plasmon (wp) and exciton states (wo).
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This avoided crossing depends on the coupling strength. At the avoided crossing point, the
energy states of the coupled system are hybridized states, representing a mixing of the plasmon
states and exciton states. Hence, the analysis of the energy levels of the coupled states against

the detuning enables the determination of whether the system exhibits strong coupling.

Due to the ultrafast energy exchange between excitons and the plasmon mode, the strong
coupling enables the transfer of energy between non-adjacent excitons. This phenomenon
could potentially be exploited for the transportation of energy over long distances at ultrafast
rates in light-harvesting devices. In particular, the energy of sunlight can could be guided on a
surface while preventing most of the undesirable decoherence and charge-recombination

processes that most solar energy devices suffer from.
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1.2.7 Plexcitons in light-harvesting technologies

To achieve strong plasmon-exciton coupling in a protein monolayer, the minimum area dipole
density required is ca. 10*” m within the plasmon mode volume.*’ It can therefore be assumed
that having a sufficient number of dipoles on plasmonically active surfaces will lead to a
coupling interaction. Control over the coupling strength would allow fabrication of devices
with precise characteristics. However, in existing technologies the maximum number of dipoles
bound to the surface is currently subject to limitations, as most approaches attach
chromophores in a 2D arrangement. Increasing the exciton density on the surface thus requires
the deposition of multilayers of pigments. A common approach is to spin-coat the molecules
onto the surface. For instance, chlorophyll a molecules were spin-coated onto nanostructured
gold in plasmon-sensitized solar cells, leading to an enhancement of the PCE due to the
formation of plexcitonic states from strong plasmon-exciton coupling.*® In a similar
experiment, an electrode composed of TiO. and nanostructured gold was coated with
chlorophylls by dipping it in a solution for 12 hours. The presence of the plasmonic gold slowed
charge-recombination processes and thus improved charge separation processes in the cell.>
Chlorophyll can also be used in a combination with other biological dyes such as anthocyanin
and betalain. When the mixture was bound to TiOzin dye sensitised solar cells, a PCE of 3.73%
was achieved.®* While these examples demonstrate the value of incorporating the principles of
natural photosynthesis into artificial devices, it must be noted that in these examples the
pigments are bound to the surface via physisorption. This offers a relatively weak attachment
to the surface and little control over the arrangement of molecules. Furthermore, it is believed
that physisorbed chlorophylls lie parallel to the plane of the surface, resulting in a weak
interaction between neighbouring pigments and potential concentration quenching effects due

to aggregation.
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Instead, when chlorophylls are anchored with the use of a self-assembled monolayer (SAM),
it allows efficient n-n stacking of the chlorin rings with the molecules oriented almost
perpendicular to the surface. This leads to stronger interactions between pigment molecules,

including more effective exciton coupling.>?

1.2.8 Attachment of chromophores to solid surfaces

Molecules can be attached to a surface by either physisorption or chemisorption.
Chemisorption offers the benefit of robust immobilisation because of the formation of strong
specific interactions, such as covalent bonding, between the adsorbate and the substrate. One
widely-used approach is to form a densely packed self-assembled monolayer (SAM), which
covers the surface as an ultra-thin film. SAMs are isostructural with Langmuir-Blodgett films
(i.e. they consist of close-packed, 2D crystalline assemblies of organic adsorbates. However,
in contrast to Langmuir-Blodgett films, SAMs form spontaneously by adsorption from a dilute
solution of the adsorbate in a suitable solvent, driven by strong specific interactions between
the adsorbate head-group and the substrate combined with non-covalent interactions between

the alkyl chains of the adsorbates (Figure 1.12).
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Figure 1.12. (a) Chemical structure of an alkylthiol molecule, 1-undecanethiol, showing the
head group (thiol) and tail group (methyl) functionalities used in the SAM formation. (b)
Representation of the formation of a SAM of alkylthiols from solution on gold. The steps
involve the initial disordered adsorption to the surface, followed by formation of molecular

islands of the molecules until an ordered SAM is eventually created.

Based on the choice of adsorbates, the SAM can act as an anchor to immobilise further moieties
and build supramolecular systems from the bottom up on the surface while providing control
over the position and orientation of each molecular building block. Thus, it is important to
consider the functionality that forms the covalent bond with the surface (head group), the
functional group on the opposite end of the molecule (tail group) and the backbone that
connects the two. Therefore, selective attachment of molecules and higher order assemblies
can be achieved by the use of an appropriate tail group, which provides the anchoring point on

the surface.

In addition to their spatial organisation ability, the use of SAMs offers further advantages.
SAMs are commonly employed to avoid the quenching effects of metal surfaces. The
quenching effect results from the nonradiative dissipation of energy due to the energy transfer
to the conduction electrons of the metal. This is commonly observed in fluorescence, and is

distance-dependent, meaning that it becomes less pronounced as the distance between the metal
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and the fluorophore increases. In the context of organic photovoltaics, the incorporation of a
SAM serves as a spacing layer to prevent the quenching of the excited states of the materials.
This is of particular importance in the design of organic photovoltaics, as the SAM can prevent

undesired interferences with the energy transfer processes within the light-harvesting materials.

To design organic photovoltaics based on the principles of light-harvesting in nature, it is
important to understand how such molecular systems perform their functions in vitro. Taking
the example of LH complexes, in 2007 Kondo et al. constructed a model system to study the
excitation energy transfer mechanism of the reaction centre (RC) containing LH1 complexes.
Using SAMs of amino-terminated thiols with varying methylene chain lengths, the complexes

were attached to gold electrodes in a 2D arrangement (Figure 1.13).%
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Figure 1.13. lllustration of the attachment of LH1-RC complexes to gold electrodes

functionalized a SAM of amino-terminated thiols. The electron transfer pathway is indicated
upon near-IR (NIR) irradiation. The figure was taken from the work of Kondo et al.>

The researchers found that the incorporation of the SAM prevents the denaturing of the proteins
on the gold electrode, while providing sufficient electric contact between membrane protein
and the electrode. Furthermore, the methylene chain length determined the overall efficiency
of the electron transfer, where the maximum photoinduced photocurrent response was detected

when the chain length was 6 carbon long. Using shorter SAMs, the excited states of the
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chromophores are quenched by the metal, while longer SAMs act as an insulator, decreasing
the photocurrent density. At the ideal distance, a photocurrent density of 5.1 + 0.5 x10” A cm"
2 Abstwas achieved, but only when the LH-RC complexes were well-organised on the surface.
The discoveries highlighted the significance of the structural arrangement of the light-
harvesting components, both in the vertical and lateral dimensions of the surface, to maximise

photocurrent production. %*

Applying these principles, scientists explored the construction of artificial light-harvesting
systems based on biological architectures to generate photocurrent. Gold electrodes are
typically functionalised with a monolayer of thiol-containing molecules, which form a strong
covalent bond upon adsorption. However, there are various different methods to create SAMs
on electrodes. For example, indium tin oxide electrodes can be functionalized with 3-
aminopropyltrietoxysilane (APTES), which is highly effective at binding LH1 complexes via

hydrogen bonding and electrostatic interactions.*

In DSSCs electrons are then injected into the semiconductor material, creating an electric
current. In such cells, light absorption can be improved with the introduction of polymeric hole
transporters; however, the electron transfer processes from the polymer to the metal oxides are
often inefficient. A SAM of fullerene-based electron acceptors functionalized on mesoporous
TiO2 can help assist effective electron transfer and enhance photocurrent generation.%
Similarly, Wang et al. showed that functionalising a mesoporous TiO; film with carboxy-
chlorophyll derivatives can improve the PCE of Cs,AgBiBrs double perovskite solar cells to

3.11%, with a 27% increase in short-circuit current density.>’

Therefore, SAMs can provide a relatively simple means of surface functionalisation with high
control over molecular functionalities, arrangement and orientation. However, for the design

of plexciton-enhanced solar energy capture, these methods do not provide the means to increase

28



Chapter 1. Introduction

the number of dipoles vertically on the surface, as the system is confined to a monolayer of

pigments.

1.2.9 Beyond the 2D architectures

The essential components of a biological light-harvesting complex are a protein scaffold and
its complement of pigment molecules. The efficiency of the energy transfer steps is determined
by the relative proximity and orientations of the pigment molecules to each other. In some
complexes, such as LH2, which has a highly symmetrical structure, there appears to be spatial
organisation of pigments, but in others, such as plant photosystem Il (LHCII), spatial
organisation is lacking. In all cases, the LHCs are formed in membranes, and the pigment
molecules have an orientation relative to the membrane, but it is not, in fact, obvious whether
this is necessary for their light-harvesting function. Another important aspect of LHCs is their
pigment molecule density. For example, the plant-based LHCII contains a significantly higher
density of dipoles than can be achieved in an organic solvent without unfavourable charge

recombination processes.*®

The construction of a covalently connected three-dimensional system would enable
overcoming the limitations set by previous designs. In fact, Lishchuk et al. demonstrated that
light-harvesting systems isolated from purple bacteria, spinach or artificially made
photosynthetic protein complexes, which contain multilayered pigments held by a protein
backbone, can all exhibit strong coupling with plasmonic gold surfaces.>® However, from a
technological perspective, the use of biological complexes in photovoltaics is impractical due
to the sensitive nature of the proteins. Instead, the use of polymer architectures can fulfil the

same functions as the protein backbones of LHCs.
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1.2.10 Polymer brushes as molecular building blocks

Polymer brushes are thin films that consist of densely packed polymer chains covalently
attached to a surface. The properties of the film depend on the selection of initiators, monomers
and polymerisation process, allowing control over molecular composition, physical and
chemical properties of the brush. The polymerization produces unique surface-tethered
polymer architectures, suitable for a wide range of applications. The polymer chains are
chemically bonded to the surface, with reduced degrees of freedom to adopt different
conformations due to steric hindrance. This leads to dense networks of chains vertically
stretched away from the surface, where the density of the brush depends on the concentration

of anchoring sites.

There are two main synthesis routes to create brush films, the “grafting from” method, in which
the polymer brush is grown directly from the surface and the “grafting to” method, where the
polymer chains are prepared freely in a solution and are subsequently attached to a surface.
The first method typically results in a higher density brush, while the latter approach offers a
reduced density polymer film, prepared using a more complex fabrication process. For this
reason, “grafting from” is often preferred over “grafting to”, and the density of the brush is

controlled by other means, discussed later in this chapter (Figure 1.14).
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1) SAM formation 2) Polymerisation process 3) Polymer brush formation
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Figure 1.14. lllustration of the synthesis of surface-tethered polymer brushes using the
“grafting from” method. The process involves forming a SAM of initiator molecules on the
substarte, followed by the polymerisation process of choice to yield the formation of a polymer

brush on the surface.

The first step in fabrication is the immobilization of an initiator to a solid surface. In surface-
initiated atom transfer radical polymerisation (SI ATRP), the initiator is typically an alkyl
halide bound to the surface. ATRP is a living radical polymerisation in which the initiator is
transferred to the growing polymer chain end after each monomer addition cycle. It is important
that the selected monomer can stabilise the propagating radical species; these commonly
include styrenes, methacrylates, methacrylamides and acrylonitrile. A metal catalyst with two
accessible oxidation states is required, typically a copper complex, which initiates the
polymerisation via one-electron transfer to form the radical species of the initiator. A suitable
catalyst provides fast initiation, which is detrimental to achieve narrow molecular weight
distribution and ensure that all living chains propagate at a similar rate. This is a major
advantage of ATRP, as it provides controlled chain growth with low polydispersity. However,
due to the oxygen-sensitive nature of the catalyst, the reaction must be carried out under inert
atmosphere to prevent oxidation processes converting the active Cu(l) species into Cu(ll) and
halting the reaction. To circumvent this, a variation of SI-ATRP may be carried out, known as

“activators regenerated by electron transfer” (ARGET) ATRP (Scheme 1.1).%°

31



Chapter 1. Introduction

+M

A

P,—X + Cu(lX/L~=—==— Cu(l)Xy/L + Py

LN L

! reducing agent |

Scheme 1.1. Simplified mechanism of surface-initiated ARGET ATRP in which a reducing
agent is employed to regenerate the catalyst. M denotes the monomer, Py is the growing
polymer chain, X is a halogen and L is a chelating agent.

The method includes the addition of a reducing agent in excess, e.g. ascorbic acid, to regenerate
the active Cu(l) species in solution while also mopping up any dissolved oxygen in the reaction
mixture.?® This step significantly simplifies the polymerisation procedure, enabling the
synthesis of polymer brushes with a wide range of functionalities without the need of inert
conditions. Thus, complex systems may be created via relatively simple and cost-effective

methods.

Based on the monomer of choice, different functionality and reactivity can be introduced to the
brush. These thin films are therefore ideal for the specific binding and immaobilisation of single
molecules, enzymes or cells, enabling the building of functional organic layers and the
characterisation of molecular functions and behaviour to different stimuli. For example,
biologically inert poly(2-hydroxyethyl methacrylate) (pHEMA) brushes possess a pendant
hydroxy functional group which can be modified to introduce biologically active functional
groups. To create a cell-adhesive surface, arginine-glycine-aspartic acid (RGD) peptide units
may be introduced. 8! This tripeptide is found in the cell-adhesion protein, fibronectin, which
is involved in regulating cellular attachment where RGD units are bound to integrin membrane
receptors. Using this approach, Tugulu et al. studied human umbilical vein endothelial cells by

immobilizing them to pHEMA brushes.®? The same researchers have derived a method to

32



Chapter 1. Introduction

functionalise the cell-resistant and antifouling poly[oligo(ethylene glycol)methacrylate]
(POEGMA) brushes with O6-alkylguanine-DNA-alkyltransferase (AGT) fusion proteins. This
was achieved by first converting the pending alcohol groups into p-nitrophenyl chloroformate,
then introducing a benzylguanine derivative that provides the binding sites for AGT proteins.
This method was found to be selective of the AGT proteins only, and is useful in the study of

AGT moieties with a protein of interest.5®

One of the most widely used approaches for protein binding to surfaces is the use of
carbodiimide crosslinking, otherwise known as the “EDC/NHS” coupling reaction, in which a
carbodiimide and N-hydroxysuccinimide are used to convert a carboxylic acid to an active ester
that can react with an amine to form an amide linkage. For example, pPHEMA and pOEGMA
brushes can be derivatised with the antibody immunoglobulin G (IgG), to which proteins can

coordinate t0.%*

Given its compatibility with a wide range of monomers featuring diverse functionalities such
as alcohols, carboxylic acids, and epoxy groups, SI ATRP opens up promising avenues for the
modification and functionalization of polymer brushes.®® Once an ideal attachment scheme is
established between the monomer and guest molecules, another important factor to consider is
the extent of functionalisation, i.e. the “yield” of the reaction. Brushes synthesized using the
“grafted-from” method typically exhibit a tightly packed, dense structure, which can prevent
the penetration of larger molecules into the brush. This results in a predominant attachment at
the uppermost layers of the film. When the objective is to fully derivatise a polymer chain, as
in the creation of light-harvesting networks with high pigment concentrations, it may be
necessary to decrease the brush density, thereby achieving a more flexible and accessible

molecular structure that reagents can diffuse into for binding.
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1.2.11 Relationship between the grafting densities and properties of surface-grafted

polymers

One approach to reduce the grafting density of surface-tethered polymers involves reducing
the density of initiator sites on the surface by coadsorbing the initiator moiety with an inert
adsorbate. Bao et al. employed this technique to create pHEMA brushes with varying film
densities. Their findings demonstrated a direct correlation between reduced initiator density
and the thickness of the polymer films.®® This is expected, as polymer chains that have more
spatial freedom around them can adopt a more relaxed conformation to collapse onto
themselves (known as the “mushroom regime”), thus lowering their average height in dry

conditions (Figure 1.15).

Solvated

Grafting density

Collapsed

“mushroom” » “brush”

Figure 1.15. lllustration of the conformation of surface-grafted polymers as a function of the

grafting density, in their solvated and collapsed forms.
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The natural tendency of an isolated polymer chain on a surface is to collapse, forming a random
coil which dimensions are defined by the radius of gyration. However, when polymer chains
are grafted sufficiently closely to a surface, they experience steric repulsion, causing them to

swell away from the surface (“brush regime”).

The grafting density of the polymers influences the reactivity of the chains. When using smaller
reagents in post-polymerisation modification, brushes can exhibit nearly quantitative
attachment rates.®”®® However, the attachment of bulkier reagents becomes problematic in
dense polymer films. Hence, the creation of reduced density surface-grafted polymer films is

particularly appealing for enabling subsequent post-synthesis functionalization.

Zapotoczny et al. used mixed SAMs, formed by coadsorbing p-tolytrimethoxysilane with p-
(chloromethyl)phenyltrimethoxysilane onto silica, to vary the grafting density of 3-
(trimethylsilyl-2-propynyl)methacrylate brushes.®® By varying the ratio of the two adsorbates
on the surface, the initiator density was controlled on the surface. Brushes were synthesised
with high to low grafting densities, and subsequently reacted using copper-catalysed “click”
chemistry with silicon phthalocyanine chromophores, containing two azide moieties. The
attachment resulted in the linking of neighbouring polymer strands, where the highest density
brushes experienced diffusion limited rates of the “click” reaction. Therefore, dense brushes
possessed lower dye concentrations. In another study, researchers controlled the grafting
density of hydroxy-terminated oligo(ethylene glycol) methacrylate (OEGMA) and methoxy-
ended OEGMA films on silicon substrates by diluting the SAM with an inert silane. Subsequent
attachment of azobenzene units revealed that the films with reduced density polymers exhibited
a yield of 50%, whereas the brushes with the highest density only achieved a yield of 10%."
At sufficiently low grafting densities, it becomes possible to attach even larger materials to

brushes at significantly high concentrations. For instance, 13 nm gold nanoparticles were
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incorporated into poly(N,N-(dimethylamino ethyl) methacrylate) brushes. The initiator density
was regulated using a combination of 2-bromo-2-methyl-N-(3-
(triethoxysilyl)propyl)propenamide initiator and an inert silane. When the polymer chain
density was high, ca. 0.5 nm, the nanoparticles adhered primarily to the upper layer of the
brush, resulting in relatively low particle concentrations. However, when the grafting density

was reduced to ca. 0.26 nm2, the concentration of particles increased by twofold.”

Thus, the “grafting from” approach allows the fabrication of surface-tethered polymers. The
use of mixed SAMs on the surface offers control over the grafting density and consequently,

the reactivity of the polymer networks.

1.3 Metal halide perovskites in optoelectronic devices

A different approach to enhance the PCE of hybrid solar panels involves exploring alternative
materials with exceptional light-absorbing characteristics. This exploration has led to the
discovery of metal halide perovskites, which experienced a surge in popularity over the recent
years owing to their outstanding optical properties.’? The perovskite crystal structure was first
derived from the mineral, CaTiOs, which was discovered in 1839.”® However, it wasn't until
the past decade that researchers began to explore the properties of this crystal composition,
after Miyasaka et al. demonstrated their potential as efficient absorbing materials for solar
cells.” Since their emergence, perovskites have become a central focus in energy research,
showing remarkable progress that resulted in highly competitive PCEs within solar cell
technologies.” The rapid development paved the way to achieve photoluminescence quantum
yields (PQY) exceeding 90%, strong optical absorption and low charge recombination rates

with micrometre scale exciton diffusion lengths.”*"6"® Consequently, the PCE of hybrid
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organic/inorganic perovskite solar cells improved significantly from 3.8% to 22.1% in recent
years.”® 82 Simultaneously, the photoluminescence (PL) properties of metal halide perovskites
have attracted significant interest. The following sections explore the unique light-emitting
properties of perovskites and their potential to revolutionize not only solar cell technologies

but also the broader landscape of lighting, display technology, and sensor applications.

The emission characteristics of perovskites are strongly linked to their structural properties,
such as chemical composition, crystal structure, and material dimensions, offering
opportunities for precise tuning of the PL. More specifically, tailoring these properties allows
for the modification of the material's band gap, defined as the energy difference between the
valence band maximum and the conduction band minimum. The size of the band gap
determines the optical properties of the material. Absorption of light leads to the formation of
an exciton which subsequently relaxes via radiative decay, leading to the emission of a photon

(Figure 1.16).

Conduction band

Valence band

Figure 1.16. Energy level diagram of the photoluminescence process, involving the valence

and conduction bands of a material. Eq refers to the energy of the band gap.
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The wavelength of the emitted light is determined by the material's bandgap and the exciton
binding energy. The latter refers to the energy required to separate an exciton into an electron
and a hole. Highly efficient LEDs with remarkable colour purity have been developed with the
use of perovskite materials, demonstrating a luminous intensity of 43 candela per ampere,
which approaches the performance of commercially available phosphorescent organic LED
lights.® Fine-tuning the bandgap serves as a versatile method to shape the material's optical
properties. Notably, researchers have achieved a wide range of PL wavelengths across the
visible and near-infrared spectral regions by simply adjusting the material's chemical

composition, size, and structure.®*

1.3.1. Perovskite structure and optical properties

Perovskites are crystalline materials characterized by the formula of ABX3, where “A” is an
organic or inorganic monovalent cation (e.g. Ca?*, Sr?*, Ba®*, methylammonium (MA),
formamidinium (FA)), “B” is a bivalent metal cation (e.g. Pb?*, Cu?*, Sn?*, Co?*, Ge?*, Eu?)
and “X” is typically a halogen (C17, Br, I"). The representative crystal structure is shown on

Figure 1.17.

Figure 1.17. Cubic unit cell representation of the crystal structure of perovskites.

In order to assess the probability of perovskite structure formation during synthesis, the

Goldschmidt tolerance factor (tg) and the octahedral factor (poct) should be taken into
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consideration, which considers the ionic radii of the “A”, “B” and “X” components. In the case
of perovskites, the tolerance factor typically falls in the range of 0.8 < tg < 1.0.858 Generally,
for successful perovskite formation, the cations should be small enough to compensate for the
larger ionic radii of the metals (tc ~ 1). For instance, the combination of Pb?* (1.19 A) with I
(2.20 A) requires that the “A” component is limited to a maximum of 2.9 A. This requirement
is met by using small organic molecules consisting of less than three C-C or N-N bonds, such
as “MA” or “FA”.8" The chemical composition of the perovskite structure plays an important
role in tailoring its band gap. Besides the electronic properties of the constituent ions, variation
of the “ABX3” structure directly impacts bond lengths and angles within the crystal,
subsequently influencing the overall perovskite lattice. For example, a larger ionic radius of
the “A” cation leads to an expanded lattice, which decreases the band gap, leading to lower
energy emissions.®8 On the other hand, the use of larger “X” cations typically leads to higher
energy emissions, since the changing the cation causes a shift in the energy of valence and

conduction bands relative to each other.8°

Another approach to adjust the band gap and control the emitted wavelength of light involves
manipulating the physical dimensions and structure of the perovskite crystals. By adjusting the
organic and inorganic components, as well as the reaction conditions (e.g., temperature and

solvent system), 3D, 2D, 1D and 0D perovskites can be synthesised (Figure 1.18).
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Figure 1.18. Schematic of the 3D, 2D, 1D, and 0D perovskite frameworks (top) and
dimensionality of the materials (bottom). Figure was taken from the work of Gonzélez-Carrero

et al.®

Each morphology carries its set of advantages and disadvantages with respect to optoelectronic
properties and stability. For example, the 3D perovskite structures, which are characterised by
having multiple repeat units of the corner-sharing metal halide [BXs]*~ octahedra, are prone to
degradation at ambient conditions.®” On the other hand, low-dimensional perovskites with 2D
structures, where the perovskites are one monolayer thick and extend across a 2D plane, exhibit
increased resistance to moisture-induced degradation.* Additionally, they possess enhanced
electron-hole Coulomb interactions forming tightly bound excitons within the energy range of
300-400 meV, which leads to high photoluminescence efficiencies.®? Further reducing the
particle size, the 2D sheets can be divided into perovskite wires and individual octahedra,
creating 1D and OD perovskite particles, respectively.®®> When the size of a perovskite

nanoparticle decreases, the available energy levels for electrons and holes become quantized
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due to the quantum confinement effect. In other words, the energy levels of electrons and holes
become more discrete, leading to a smaller range of available energy transitions during
recombination processes. Typically, smaller nanoparticles possess higher energy bandgaps in
comparison to their higher-dimensional bulk counterparts.®* In addition, OD quantum dots
exhibit narrower emission bandwidths and high exciton binding energies, while their unique
structural properties lead to increased stability against moisture-induced degradation.®
Leveraging the quantum confinement effect thus provides a versatile means to finely tune the

material’'s optical and electrical properties.

1.3.2 Post-synthesis tuning of the photoluminescence

The ability to manipulate the band gap and consequently the PL properties of perovskites by
altering their chemical composition, size, and particle shape has been extensively explored and
established.® As discussed earlier, employing distinct particle sizes and morphologies presents
advantages and disadvantages in terms of stability and optoelectronic characteristics.
Therefore, in certain applications, preserving the intrinsic crystal properties, while selectively
altering the PL characteristics, can offer advantages. In this regard, post-synthesis modification
processes provide the opportunity to adjust the PL properties without altering the entire

perovskite structure. However, to date, this remains a significant challenge.

One approach to adjust the PL properties after synthesis is to alter the material's chemical
makeup via ion exchange.®>% Akkerman et al. demonstrated that the optical characteristics of
colloidal CsPbX3 nanoparticles could be tailored post-synthesis by exposure to CI~, I, or Br-
ions.%” This method allows tuning of the nanoparticle emission across a wide spectral range
from ca. 410 nm to 650 nm. The drawback of this is that the repeated ion displacement can
introduce defects in the crystal structure, ultimately reducing the PL brightness and leading to

bandwidth broadening. Alternative to the chemical exposure method, inducing distortions to
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the perovskite lattice by applying external stimuli can also modify the PL emission wavelength.
For example, in the case of MAPDI3s, the change in temperature from 12 K to 300 K induces a
transition from tetragonal to orthorhombic phase around the temperature of 150 K. The
transition is characterized by a shift in the emission wavelength from 780 nm to 750 nm.%
Similarly, applying pressure to the crystals can lead to lattice distortions. In particular,
anisotropic deformation of 2D phenylethylamine lead iodide ((PEA)2Pbls) perovskite can be
achieved by subjecting the crystal sheets to high pressure.® Increasing the pressure from 0 GPa
to 7.6 GPa results in a redshift from 521 nm to 602 nm. However, with increasing pressure, the
PL intensity is gradually reduced, while the full width at half maximum (FWHM) of the PL
peak broadens. Above 6.2 GPa, the changes to the PL properties become irreversible, while
further above 7.6 GPa, the PL becomes fully quenched. Therefore, such methods may not be

suitable for applications that require a stable PL brightness.

Alternative approaches to the above-mentioned external stimuli rely on the use strong electric
or magnetic fields to modify the energy levels of perovskites, directly influencing the band gap
of the materials. The valence band of metal halide perovskites is formed from s-like orbitals,
while the conduction band has p-like orbital character, both originating from the Pb?* orbitals.
Within the electronic structure, there is a dark singlet state with total angular momentum of
J =0 and an optically active bright triplet state with J = 1.2%° When the perovskite adopts a
tetragonal or orthorhombic phase, the degeneracy of the bright state is lifted. Therefore, upon
excitation, the emission spectrum can show single, double, or triple bands depending on the
phase and orientation of the crystal.’® In the presence of a strong electric field, the degeneracy
of the bright triplet state is broken, leading to the splitting of the energy levels, known as the

Rashba effect (Figure 1.19).
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Figure 1.19. Fine structure of the band-edge exciton in CsPbBrs, showing the splitting of the
exction into three bright states and a dark state. The figure was taken from the work of Becker

et al.102

In perovskites affected by the Rashba effect, the spin-dependent energy levels can lead to
different optical transitions for electrons with different spin orientations, which can result in
spin-dependent emission characteristics. This allows for the manipulation of energy band
structures and, consequently, the PL properties of the material. For instance, MAPDbBTr3
perovskites undergo a temperature-dependent PL band splitting under such conditions, with a
maximum separation of the peaks of 28 nm at 300 K.1% Similarly, the Stark effect, which refers
to the splitting and shifting of spectral lines in the emission or absorption spectra in the presence
of aweak electric field, can also modify the optical properties of the material. Li et al. observed
a 2.6 nm shift in the PL wavelength of CsPbls quantum dots as a result of this phenomenon.%
Furthermore, the presence of an external magnetic field can lead to the modification of the PL
properties via the Zeeman effect, enabling a shift in the emission energy and PL polarization

state. However, the PL shift attributed to this method has remained modest. For example, when
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subjecting CsPbBrsz nanocrystals to magnetic fields from 0 T to 16 T, the emission wavelength
shifts only by ca. 0.7 nm.1% The PL peak shift achieved by various methods listed above was

summarized in Table 1.1.

Photoluminescence ..
Method energy shift (meV)* Conditions Reference

lon-exchange 133 Exposure to halide salts %
12 K to 160 K temperature

Temperature 63 change

Pressure 921 ~2,900 atm to ~40,000 atm 4

pressure change

Suspension over SiO; rings with o,

Strain 26 biaxial strain
- 0 T to 0.47 T change in magnetic  ,oq
Magnetic field 30 field at 293 K
Reflection and transmission o,
Rashba effect 110 geometry PL setup at 300 K
Zeeman effect 0.8 15 T magnetic field at 4.2 K 109
Use of co- and counter-circularly
Stark shift 6.4 polarized pump—probe 1%

configuration

Table 1.1. Photoluminescence (PL) wavelength shift achieved by different methods outlined
in the literature, including a brief note on the conditions at which the changes were observed.
The values were extracted from the results provided in each work. *As some of these
approached yield multiple PL bands due to a splitting phenomenon, we quote the emission
wavelength shift of the second peak relative to the main PL peak position.

While a number of these methods can achieve considerable PL tuning and are effective to a
certain extent, it is important to note that they can be destructive in nature and often require
sophisticated equipment. Furthermore, they can induce irreversible changes and lead to the
emergence of multiple emission bands. Consequently, these approaches may not be ideal for

applications that require simpler setups and the generation of single, narrow emission peaks.
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Given these limitations, there is a need to explore more effective and practical approaches for

the post-synthesis PL tuning of perovskite materials.

1.3.3 The use of photonic structures to modify perovskite emissions

Photonic structures, including nanoantennas and cavity structures, emerged as powerful tools
for tailoring and enhancing the optical properties of materials. As first proposed in the seminal
work of Purcell in 1946, the emission properties of a material are strongly influenced by its
surrounding electromagnetic environment.!® Consequently, when an emitter is placed in the
vicinity of such resonators, its absorption and emission properties undergo changes. In this
context, photonic nanostructures provide a means to enhance the PL efficiency, control
emission directionality and even manipulate the polarization state of emitted light of perovskite

materials.!?

The interaction between an emitter and a resonator is described by the Purcell effect, which
refers to the weakly coupled interaction of a quantum emitter, such as an atom, molecule, or

quantum dot, and a resonant mode (Figure 1.20).

) hv, .
Mirror Mirror

hv

Figure 1.20. Representation of a quantum emitter in a resonant cavity, where Purcell coupling

leads to an increased photon decay rate.
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If the emitter is situated near or within an optical resonator, the emitter's interaction with the
resonant cavity leads to modifications in its emission properties, primarily its spontaneous
emission rate and the emitted photon's spectral characteristics. The presence of the resonant
cavity modifies the local density of optical states of the emitter, essentially creating an
environment with a higher probability of emitting photons. This leads to an increased rate of
spontaneous emission, where the enhancement factor (also known as the Purcell factor, Fp) can

be quantified by the following expression:t2113

R =20 (&)3 (1.12)

412 Verr \n

where Q is the quality factor of the resonance, Ve IS the effective mode volume, 4 is the

emission wavelength and n is the effective mode index.

Typically, to increase Fp, efforts are focussed on improving the Q-factor of a resonance or
reducing the effective mode volume of the electromagnetic field. Optical cavities are excellent
for this purpose as they are designed to confine and control light within small volumes. For
instance, Fabry-Perot type cavities are constructed using two highly reflective mirrors that
confine light to create standing electromagnetic fields within the cavity.!** The mirrors
employed can be thin metals or distributed stacked materials with multiple alternating dielectric
and/or metal layers. For instance, alternating Ag and LiF layers can serve as a cavity to modify
the emission wavelength of CsPbBrs nanocrystals. When placed upon the cavity, the perovskite
emission wavelength can be shifted up to 8 nm, depending on the thickness of the mirror
layer.*'> However, due to the quenching effect of the metal interface, this method leads to a 5-
fold reduction of the PL intensity. In another study, it was shown by Liu et al. that when

CsPbBr3 nanocrystals are placed on top of 2.5 TiO2/SiO- pairs, the directional forward emission
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can be enhanced by 3-fold, while achieving a significant narrowing effect of the PL

bandwidth.116

As the Purcell coupling modifies the spontaneous decay rate of an emitter, the effect can be
directly observed by measuring the PL lifetime of the perovskite particles in the vicinity of the
resonator. For instance, when MAPbI3 thin films are deposited on stacked layers of SisN4and
SiO,, the spontaneous emission rate is reduced by 1.8-fold.!*” On the other hand, when using
a SisN4 photonic crystal nanocavity alone, CsPbBr3 perovskite nanocrystals experience a 10-
fold enhancement of the emission brightness, while the radiative lifetime of the emission is
reduced by 2.9-fold.!*® In recent years, new designs have been developed based on these
principles to further control and enhance the PL properties. For example, the PL brightness of
CsPbX3 QDs (where X = ClI, Br, 1) can be significantly improved via the Purcell effect when
coupled with a plasmonic Ag crystals and a polyvinylpyrrolidone spacer layer. This method
enables a 3.5-fold enhancement in the total PL intensity.'*® The Purcell enhancement can also
be achieved by depositing the material on a layer of SiO2 photonic crystals with 200 nm
diameter, which serves as an optical cavity and can modify the emission properties of
perovskites. It was found that the PL of CsPb(Bro.s1Clo.49)s perovskites can be enhanced by 6-

fold compared to when coated on glass.*?

Similar to optical cavities, nanostructures can also modify the PL properties of emitters.!?
Nanoantennas that support LSPR are popular for this reason, typically made of metals such as
Ag, Au, Al or Cu. For example, Wu et al. reported that Er**-doped upconversion nanoparticles
show an impressive 1.01 x 10* times enhancement of the PL intensity for red emission when

sandwiched between a gold film and a layer of silver nanocubes (Figure 1.21).1%2
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Figure 1.21. Illustration of a plasmonic cavity-coupled monolayer of upconversion
nanoparticles (red spheres), sandwiched between a gold thin film and silver nanocubes. The
figure was taken from the work of Wu et al.1?2

Here, the quenching effects from the metals are less pronounced, as the overall PL signal is
dominated by the emission from the nanoparticles coupling to the gap plasmons, rather than
the particles in contact with the metal interface. In general, the drawback of using metallic
nanostructures is that its quenching effects should be mitigated. Such effects become
detrimental to the PL brightness when the emitter is at distance less than 20 nm from the metal
interface. Therefore, the incorporation of spacer layers is often required in these designs, which
adds complexity to the fabrication of light-emission devices. Furthermore, conventional metal
nanostructures support plasmonic resonances with relatively broad bandwidths, leading to
lower Q-factors, which limits the maximum enhancement achievable by the Purcell effect. To
address this, researchers in recent years focussed on the fabrication of nanostructures

possessing optical modes with high Q-factors to couple with the excitonic state of emitters.
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1.3.4 Bound-states-in-the-continuum (BIC)

Bound states are confined waves within a system. Examples of these include electrons in atoms,
where the particles are confined due to potential energy wells. The bound states have discrete
energy levels, which means that their energy is quantized. The states remain confined in the
system (i.e. do not radiate out of the system), because their frequency is outside of the
continuous spectral range of other propagating waves. Here, the spectral continuum refers to
the range of energy levels in a system that are not quantized. Within the continuum, unbound
radiative wave states — resonances — exist that “leak out” of the system. These are typically
higher in energy, therefore, the bound states cannot interact with them, preventing their

radiation into the far-field.

Bound-states-in-the-continuum (BICs) are unique in the sense that they defy these classical
principles; they exist within the continuous spectrum of energy levels in the system yet remain

perfectly confined (Figure 1.22).123
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Figure 1.22. Illustration of the types of modes that can exist within a system. BICs lie inside

the continuum but remain localized without radiation. The figure was created by Hsu et al.*?®
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As BICs do not interact with the other existing states within the system, they cannot be excited
by waves outside of the system coming from infinity and also cannot decay.'?* The
consequence of this is that the Q-factor of BICs is theoretically infinite. When there is rotational
symmetry or reflection in a particular system, symmetry-protected BICs arise, which remain
localized as long as the symmetry of the system is protected. For example, extended photonic
structures that are uniform or periodic in at least one dimension can possess such states. In such
structures, the modes that belong in different symmetry classes are decoupled. Specifically,
bound states can exist in one symmetry class coexisting with other symmetry class states that
exhibit a continuous spectrum of modes, without any coupling between the two.*?® Here, the
different symmetry classes are the even and odd modes. Even modes are wave patterns that
exhibit symmetry under reflection about a particular centre point. On the other hand, odd modes
are wave pattern which show anti-symmetry under reflection about a particular axis. In other
words, rotation of the pattern about the axis would show an inverted wave pattern. For instance,
cylindrical holes in a dielectric material that expand in the x and y directions have rotational
symmetry around the z-axis (C2). In this system, the even and odd modes with respect to the
C. axis are decoupled, where the odd modes are radiative states and the even modes are bound

to the system (Figure 1.23).1231%
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Figure 1.23. A photonic crystal with a hole array which has rotational symmetry around the z-
axis (C2). At normal incidence, even modes are bound states, while the odd modes propagate

in the normal direction. The figure was taken from the work of Hsu et al.*?®

In order to access these high Q states, the modes must radiate out of the system. This can be

achieved by breaking the symmetry of the system, which allows the BIC states to couple with
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the far-field and become resonances (Figure 1.24).

S

e

Figure 1.24. Example of the symmetry-breaking of the nanoarray geometry. While the
symmetrical cube arrays possess BIC modes (left), introducing the asymmetrical element to its
geometry leads to the formation of q-BIC modes (right). The figure was taken from the work

of Liu et al.1?®
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These resonances, known as quasi-BIC (g-BIC) states, mimic the characteristics of true BICs,
while being optically accessible, which enables their use in various applications. They possess

narrow linewidths and high Q-factors, making them particularly useful in sensing applications.

1.3.5 The use of q-BIC resonances to modify the optical properties of emitters

The use of g-BICs presents an alternative to plasmonic resonances for modifying the emission
properties of an emitter. While plasmonic resonances have been extensively employed to
enhance light-matter interactions, g-BICs offer several distinct advantages. One key advantage
lies in their inherently narrow linewidths and ultrahigh Q-factors, leading to enhanced light-
matter coupling and increased Purcell factors. Unlike plasmonic resonances, which often
exhibit broad linewidths due to inherent losses in metals, g-BICs maintain exceptional
coherence and spectral purity, facilitating a more precise control over resonance frequencies.?
This property is critical for achieving efficient and selective enhancement of desired optical
transitions. Additionally, g-BICs can be engineered within dielectric or photonic structures,

avoiding the challenges associated with the fabrication complexity of metal-based plasmonics.

For instance, silicon can support g-BIC resonances.*?”'?® Silicon's high refractive index and
low absorption coefficients enable strong light confinement and manipulation within its
nanostructures. By engineering periodic or structured silicon-based photonic systems, it is
possible to create resonant modes that satisfy the conditions for g-BIC formation. For example,
asymmetric holes in a square array possess g-BIC resonances, which can be used to increase
the PL intensity of G-centres - a type of defect originating from substitutional carbon atoms in
the lattice - of crystalline Si (c-Si) by 40 times.'?® Most notably, leveraging the asymmetrical
structural design, the polarization of the emitted light could be controlled, showing linear
polarization with directionality. These results are promising, as silicon's prevalence in

microelectronics allows for the integration of g-BIC-enhanced processes into existing silicon-
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based platforms. Other materials, such as monolithic hexagonal boron nitride, have also been
explored to achieve g-BIC resonances. Cao et al. performed simulations which demonstrated
that grating metasurfaces with broken in-plane inversion symmetry can realize an ultrahigh
Purcell factor of 3.3 x 10%, enhancing the spontaneous decay rate of single photon emitters.'
Meanwhile, Zhen et al. studied periodic nanostructured cavities made of dielectric photonic
crystals. When rhodamine 6G molecules are suspended near the cavity, the fluorescence signal
was enhanced by 6300-fold due to the g-BIC resonant modes supported by the cavity.'*

Therefore, the use of g-BICs presents a promising tool to achieve high Purcell enhancement

effects.

1.4 Interband transitions to realise plasmonic resonances outside

the visible region

Silicon's significance goes beyond its ability to support g-BIC resonances.'*? The attributes of
Si that enables it to support g-BIC resonances - its high refractive index, strong light
confinement and compatibility with fabrication techniques - also position it as a candidate as a
material with plasmonic character. Notably, silicon nanostructures exhibit interband transitions
within the ultraviolet (UV) spectrum, giving rise to resonances with plasmonic behaviour.**®
This is particularly relevant for applications such as high-resolution imaging, advanced
spectroscopy, and next-generation data storage, where the shorter UV wavelengths offer

enhanced spatial resolution and sensitivity.***
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1.4.1 Intraband vs interband plasmonics

In the earlier sections, plasmons were introduced as the collective oscillations of the electron
cloud of metals. The phenomenon arises from the excitation by light, which induces intraband
transitions within the conduction band from an occupied s-band to an empty s-band. However,
in recent years, other materials have been identified as “plasmonic” that do not meet the
conventional optical criteria required to observe such effects. As discussed in section “71.2.4
Localized surface plasmon resonance”, for metals, the coupling effect between light and the

electron cloud can be modelled by the Drude expression.

While the Drude model provides an essential tool to describe the optical properties of metals,
it starts to break down at frequencies where interband transitions between electronic bands can
occur. For example, it does not fit the experimentally obtained data of Au beyond the visible
region.™> At these photon energies, transitions occur either from the valence d-band to a band
at the Fermi surface, or the electron near the Fermi surface is excited to an empty conduction

band. These transitions are known as the interband transitions (Figure 1.25).

Conduction band

Intraband
transitions

A

Interband
transitions

Valence band

Figure 1.25. Illustrative energy level diagram demonstrating the intraband and interband and

transitions between the valence and conduction bands of a material.
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To describe the optical response of materials with interband transitions, the Drude-Lorentz
model was introduced, where the Drude component accounts for the intraband effect and the
Lorentz oscillator component takes into account the electronic interband transitions. The new
complex dielectric function therefore becomes:*!

2 w2
g(w)=1-—b— 43K Tt (1.13)

w?+jwyq wi—w?-jwy;

where K is the total number of higher-energy oscillators with the corresponding resonant
frequency w;. 1/y; is the lifetime and fj is the weighting coefficient. The use of this term allows
the characterization of materials with plasmonic behaviour, where the resonances originate
from interband transitions. The significance of this is that interband transitions can lie outside
the visible region, giving rise to plasmonic resonances in the UV or near-IR regions in certain
materials. In particular, it accurately describes the plasmonic behaviour of semiconductors such

as Si.

1.4.2 UV plasmonic materials based on interband transitions

UV-based technologies are a widespread and established field, including water purification,'%
germicidal uses,*3” UV sensor integrated circuits,**® air quality monitoring,**® communication
systems*® and fluorescence detection.*! Considering this, it is not surprising that an intense
search has begun for materials that can push plasmonic resonances towards the UV region.
Furthermore, the promise of using semiconductors for this job gathered much interest due to

their adaptability to a number of applications.

As discussed earlier, Al has been explored as a UV plasmonic material. However, Al oxidizes
rapidly in contact with air, and the plasmonic resonances are severely affected by the amount

of Al,O3 within the structure.!*? To address this issue, interband plasmonic materials offer a
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promising alternative solution. For instance, Pd and Pt have overlapping s- and d-bands at the
Fermi energy, which gives rise to interband activity at a wide spectral range spanning from the
UV to the NIR.}® In addition, several p-block elements exhibit plasmonic behaviour
originating from strong interband transitions. By fabricating nanostructures of these materials,
one can realize a negative value of the real part and a small imaginary part of the complex
dielectric function, thereby enabling plasmonic behaviour at the photon energy corresponding
to interband transitions. For instance, Toudert et al. showed that for bismuth, the &, spectrum
exhibits a strong peak near 0.8 eV, attributed to interband transitions with a high oscillator
strength.** This observation suggests that subwavelength Bi nanostructures can support
plasmonic resonances outside the visible region. Indeed, Bi nanoparticles with a diameter of

~20 nm embedded in Al,O3 display a plasmon resonance around 400 nm in the UV region.1#*

Furthermore, Si, germanium (Ge), and amorphous arsenic (As) are semiconductors that feature
strong interband transitions in the ultraviolet and visible regions. Si, in particular, is of interest
due to its ease of surface deposition and patterning. Thin Si films with 60 nm thickness satisfy
the resonance condition to support broadband SPPs down to 107 nm within the deep UV
region.1*> Furthermore, cylindrical nanodisks and nanoholes of Si with diameters in the range
of 50 — 170 nm possess localized plasmon resonances around 250 nm in the UV-C range

(Figure 1.26).1%
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Figure 1.26. (a) Real (erear) and imaginary (€imag) parts of the complex dielectric function of Si
within the UV range, showing that the negative €mag leads to plasmonic behaviour. (b)
Experimental reflectance spectra of Si nanodisks with diameters of 110 nm, 140 nm
and170 nm, placed in a randomized order on the substrate. The spectra show the plasmon

resonance dip within the UV region. The figure was taken from the work of Dong et al.**3

Meanwhile, metasurfaces made of Si nanorods with 142 nm length and 32 nm width enable the
manipulation of the phase of the scattered field for circularly polarized light within the
wavelength range of 280 nm to 400 nm.**® These unique properties of Si make it an excellent

candidate for manipulating UV light.*#’

1.4.3 Improving the Q-factor of interband plasmonic materials

While interband plasmonic (IBP) materials hold significant promise, their plasmonic properties
are still lacking compared to materials like Au and Ag, primarily due to the poor Q-factor of
their resonances. Currently, the Q-factor of IPB materials remains low, not exceeding ~3,
resulting in limited near-field enhancements.*3* For instance, the plasmon resonance of ~20 nm
diameter Bi nanoparticles exhibit a Q-factor of only 1.1** Similarly, the UV plasmonic Si
nanostructures also possess a low quality resonance of 1.13 This leads to broadband plasmon
resonances - a drawback for applications such as optical sensors and photodetectors, where

higher Q-factors are crucial for improved device performance.14814°

57



Chapter 1. Introduction

The low Q-factor in IPB materials can primarily be attributed to their high Ohmic losses,
associated with the conversion of plasmon energy into heat that dissipates into the material .*>
In general, the width of plasmon bands is determined by damping effects, involving radiative
and nonradiative processes. Radiative decay typically originates from particle plasmons
transforming into photons through coupling between different optical excitations. Other
damping effects, such as scattering, propagation, and inherent losses exists also contribute to
the linewidth broadening. Additionally, surface roughness, limitations in fabrication methods,
and the presence of other materials impact the Q-factor.'>! Therefore, to improve the quality of

resonances, these loss mechanisms must be addressed.

Firstly, optimizing the nanostructure design is crucial. Selecting nanofabrication methods that
produce precise nanostructures with minimal surface roughness and high geometrical accuracy
is essential. Electron beam lithography is therefore a popular choice; it involves the use of a
focused beam of electrons to expose a resist material, which is subsequently developed to create
the desired pattern with sub-10 nm resolution.’™®? Further enhancements can be achieved
through annealing to reduce grain boundaries, increase surface smoothness, and improve
material crystallinity.!>® The nanoparticle size can also be considered to control the plasmon
band linewidth. Particles that are much smaller than the wavelength of the incoming light
experience a displacement in the nanoparticle's charge distribution from its equilibrium
position, which leads to a dipole moment oscillation. This dipolar resonance is the most
fundamental type of plasmonic resonance. However, if the particle size is increased, higher-
order modes can be accommodated, including quadrupole, octupole, and other higher-order

multipoles (Figure 1.27).
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- -

Figure 1.27. Illustration of the charge distribution of a nanoparticle supporting a dipole mode
(left) and another particle possessing a quadrupole mode (right).

These modes involve more complex charge distributions, leading to resonances at different
frequencies compared to the dipole modes. For instance, quadrupole modes feature charge
distributions with two pairs of opposite charges along different axes, resulting in more complex
field patterns. Multipole modes can be dark modes (subradiant), due to the opposing charges
cancelling one another. Therefore, they are characterized by their minimized interaction with
external electromagnetic fields - with reduced radiative damping effects - leading to minimal
scattering and radiation.*>* The reduced far-field scattering results in intense near-field effects,
amplifying interactions with neighbouring materials. Their interaction with radiative modes
(bright modes, superradiant) gives rise to hybridized properties and distinct resonant features,

where the linewidth of the overall resonance can be significantly reduced.

Another approach to improve the Q-factor of plasmon resonances involves the use of dielectric
cavities. A dielectric layer placed between a mirror and the nanostructured material can
effectively confine energy from incident light, giving rise to cavity resonances. For example,
nanodisks fabricated from Al typically exhibit plasmonic resonances with a Q-factor in the
range of 2-4. Zhu et al. demonstrated that a significant reduction in radiation damping be
achieved by fabricating the Al nanodisk array on top of fused silica, where far-field coherent
interactions improved the Q-factor to 27.1% Additionally, researchers reported an ultrahigh

sensitivity cavity-coupled plasmonic device using the combination of Au nanorods with a
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Fabry-Perot cavity of a resonant dielectric photonic crystal slab. The interaction between the
broad Fabry-Perot cavity resonance and the plasmonic resonance of the Au nanorods lead to a
hybridization effect, resulting in a Q-factor of 435 and an ultrastrong near-field effect in the

visible region.%

Zhang et al. presented a highly efficient room temperature UV surface plasmon polariton (SPP)
nanolaser, operating at 370 nm, with a remarkably low threshold of approximately 3.5 MW
cm2.2%" This threshold is nearly 1,000 times lower compared to previous room temperature
visible plasmonic nanolasers. The performance of the nanolaser is attributed to the presence of
a high-Q cavity, originating from the efficient coupling between photonic and plasmonic
modes. The device structure comprised of a triangular GaN nanowire deposited on an Al film,

separated by a thin SiO cavity layer to reduce the Ohmic losses.

A different method to enhance the Q-factor involves the coupling interaction between wide and
narrow resonances to achieve electromagnetically induced transparency (EIT).'*® This
phenomenon originates from a quantum interference effect within a three-level quantum
system, typically involving gas phase atoms. The system comprises a ground state |1), a
metastable state |2), and an excited state |3). Transitions from |1) to |3) and |2) to |3) are dipole
allowed, while |1) to |2) is dipole forbidden. A control field couples to states |2) and |3), while

a probe field couples into state |1).1%°

In the absence of the control field, the probe field is absorbed via the |1) to |3) transition.
However, when the control field is activated, the interaction induces destructive interference
between the absorption and emission pathways. This interference results in a narrow frequency
window around the probe field, making it “transparent”. Consequently, the probe field can

propagate through the medium without significant absorption. 6
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As previously mentioned, systems can exhibit dark and bright modes, with bright (radiative)
modes having a large scattering cross section and low Q-factors, such as plasmonic modes. In
contrast, dark modes possess high Q-factors because they do not radiate via far-field coupling.
Dark modes, which can act as a metastable level, can interact with a dipole-allowed transition
to the ground state and an additional energy level upon pumping. If combined with microcavity
systems, the coupling between the cavity modes corresponds to the control field, while input
from the first cavity mode corresponds to the probe field. *® Thus, the coupling between the
narrow mode with a broad mode of a resonator produces a sharp EIT spectrum is with a high
Q-factor.®! For example, metamaterials comprising of a design based on a nanoring and a

nanorod can realise a resonance with a 60% transmittance and a Q-factor of 97.%6*

In summary, the low Q-factors observed in IPB materials limits their potential in the field of
nanoplasmonics. Although researchers have made substantial progress in enhancing the Q-
factor of plasmonic materials using surface design, achieving high quality UV plasmonic
resonances remain challenging. Nevertheless, these advancements represent significant steps
towards realizing high-Q resonances in IPB materials, thus opening the path towards their UV

applications.
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1.5 Aims

The aim of this thesis is to examine three different approaches to the control of light-matter
interactions that offer promise for solving key challenges in solar energy capture, tuneable
light-emission and UV plasmonic materials. In particular, the work addresses the following

challenges identified in the preceding review of the literature.

1) The performance of organic photovoltaics is limited by the short exciton diffusion lengths
in organic semiconductors, which results from the dominance of incoherent excitation transfer
mechanisms. It is hypothesized that the development of new molecular materials that embody
coherent excitation transfer mechanisms could transform the performance of molecular
semiconductors. One way to achieve such coherent excitation transfer is to incorporate strong
light-matter coupling. In the strong coupling regime, the coherent ultrafast exchange of energy
among the ensembles of emitters emerges from the underpinning physics. However, the design

rules of such materials are currently lacking.

To address this, Chapter 3 describes the synthesis of biomimetic organic light-harvesting
networks, inspired by photosynthetic light-harvesting complexes capable of strong plasmon-
exciton coupling. In nature, pigment-protein antenna complexes regulate interconnected
networks of energy transfers. Taking inspiration from these biological systems, artificial
pigment-polymer complexes are created in which poly(cysteine methacrylate) (PCysMA)
scaffolds grown from gold nanostructures by surface-initiated polymerisation are decorated
with Chl. To control the properties of plasmon-exciton coupling, the excitons must be
organised in 3D. This is achieved by control of the grafting density, degree of polymerisation

and coupling chemistry. The resulting polymers are analysed as a function of depth using X-
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ray photoelectron spectroscopy (XPS) depth profiling with a giant gas cluster source, with the

coupling chemistry characterised in detail.

2) Perovskites exhibit remarkable light emission characteristics. However, there is limited
potential to control the properties of a particular material via post-synthetic methods; thus,
adjusting the emission wavelength of the material to suit a specific application is challenging.
In this chapter, a different approach is explored that is based on the incorporation of photonic
nanostructures. It is hoped that this will provide a method for the synergistic control of the
emission properties in devices. Although such approaches have been attempted previously, the
maximum spectral shift reported to date has been modest, with a quenching of the PL

brightness.

In Chapter 4, a new approach to the post-synthesis PL tuning of perovskite materials is
explored. The coupling of g-BIC resonances to the perovskite exciton states via the Purcell
effect enables the homogeneous tuning of the emission wavelength. Si nanostructures which
support optical g-BIC resonances are fabricated via electron beam lithography and the
perovskite nanoparticles are deposited onto the nanostructures by dip-coating. Analysis of the
Purcell effect is carried out using both theoretical and experimental methods. The emission
wavelength shift is tuned by adjusting the geometrical parameters of the Si nanostructures, as
well as the polarization state of the incident laser light. Thus, the work aims to introduce an

alternate approach to tuning the emission without the need for extreme conditions.

3) The incorporation of plasmonic elements in devices can greatly improve their performance.
While conventional plasmonic materials are widely employed for this purpose, their plasmonic
resonances are limited to the visible spectral region. However, a diverse range of UV-specific
applications would benefit from plasmonic elements. IBP materials have the potential to

address the demand for UV-plasmonic technologies. Nevertheless, they exhibit large intrinsic
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losses, resulting in low Q-factors for their plasmonic resonances, which limits their practical

applications.

Chapter 5 demonstrates an approach to overcome this challenge by exploring a nanoantenna
design to improve the O-factor of IBP resonances in the UV region. Using lithographically
designed Si nanostructures fabricated on top of a photonic SiO cavity, the interaction between
the LSPR and the photonic cavity modes is investigated. The extent of hybridisation between
the modes is controlled by varying the cavity thickness, disk height, diameter and the pitch. To
examine the sensitivity of the high-Q resonance to its local environment, a UV-absorbing
lignin-polyethylene glycol (lignin-PEG) co-polymer film is deposited over the plasmonic
array, and the resulting optical properties are characterised using experimental and simulated

reflectance measurements.

These three chapters aim to demonstrate that the optical properties of molecular films can be
programmed via the integration and synergistic design of nanostructured photonic elements. It
is hoped that such strategies may provide flexible new routes to the design and construction of
photonic devices for applications in solar energy capture, optoelectronics, sensors and many

other fields.
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Chapter 2. Methods

2.1 Analytical and characterisation methods

2.1.1 Nuclear Magnetic Resonance (NMR) spectroscopy

The 'H NMR spectra was obtained using Bruker Avance and Avance IIl HD NMR
spectrometers, operated at a frequency of 400 MHz. The samples were dissolved in ca. 5 mL
solvent in milligram quantities and filtered prior to the measurement. The *H NMR results can

be found in the experimental sections of the following chapters.

2.1.2 High Performance Liquid Chromatography (HPLC)

Liquid chromatography mass spectrometry (LC-MS) analysis was carried out with a Waters
LCT classic time-of-flight (ToF) liquid-chromatography mass spectrometer at the Sheffield
Department of Chemistry Chromatography Service. Milligram-scale samples were dissolved

in ca. 2 mL dichloromethane prior to the analysis.

2.1.3 Reflectance spectroscopy

Reflectance measurements were carried out using a polarized broadband light source on a
CRAIC UV-VIS-NIR micro-spectrophotometer. The measurements were calibrated using a
NISR calibration sample (CRAIC Technologies) to record the absolute reflectance and
operated with an integration time of 100 ms with an average of 50 measurements per spectrum.

Measurement conditions specific to each study are outlined in Chapter 4 and Chapter 5.
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2.1.3 Ultraviolet-visible spectroscopy

Compounds dissolved in the appropriate solvents and the spectra were measured using a 2 mL
quartz cuvette with a 1 cm path length. Measurements in dry conditions were recorded by
attachment of the sample to a custom-made holder. The sample faced the incident light source
laying upright, with a pinhole positioned above the sampling area of interest. The analysis was
carried out using an Agilent Technologies Cary 50 spectrophotometer in the spectral range of

350 - 800 nm or with a Cary 5000 spectrophotometer, in a spectral range of 350 - 850 nm.

2.1.4 Photoluminescence (PL) and PL lifetime measurements

The PL measurements were carried out in ambient conditions. The mapping was conducted on
a WITec Alpha 300 S Scanning Near-field Optical Microscope in confocal microscopy mode.
A linearly polarized 532 nm CW laser with a power of 50 uW was focused on the sample
through a 50x objective with a NA of 0.6. An integration time of 0.05-0.10 second was used.
The time-resolved PL was collected on a Picoquant Microtime 200 TCSPC system coupled
with an Olympus microscope in confocal configuration, with a 20x objective lens. The data
was recorded and fitted with Picosharp software. A pulsed laser of 640 nm, with pulse duration
of 70 ps was used to excite the sample, and the repetition rate was set to 40 MHz, with an
average power of 1 uW. To collect the spectrally integrated PL (660-800 nm range), a Si single
photon avalanche photodiode (APD) was used. The instrument response function (IRF) was
obtained using the scattered excitation light from the sample, from which the instrument
response time was determined (~240 ps). The PL spectra and PLQE were obtained by photo-
exciting the samples in an integrating sphere, using a Spectra-Physics 405 nm (100 mW, CW)
diode laser, and measuring the absorption and photoluminescence using a calibrated Ocean

Optics Flame-T and Flame-NIR spectrometer.
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2.1.5 Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)

Prior to the SEM imaging, the samples were coated with 2 nm Cr to reduce the charging. The
metal was deposited using electron beam evaporation (Denton Explorer E-beam Evaporator),
at a deposition rate of 1 A/s and a pressure of 4 x 10" Torr. SEM imaging (Elionix, ESM-9000)
was carried out using an electron acceleration voltage of 5 kV. The TEM imaging was
performed using FEI Titan equipped with a Gatan OneView camera, and was carried out at

200 kV.

2.1.6 Contact angle goniometry

The contact angle of deionised water was measured using a Rame-Hart 100-00 goniometer on
the sample surfaces. The volume of a 2 pL droplet was used, which was deposited on the
sample slide by raising the sample stage towards the droplet, after which the stage was lowered.

The contact angle was measured 5 s after the deposition, three times on each side of the droplet.

2.1.7 Spectroscopic ellipsometry

Ellipsometry is a non-destructive surface characterization technique for the determination of
the thickness, composition, refractive index, and other optical characteristics of thin films and
layered structures. The characterization is based on the change in the polarization of light after

interaction with the sample surface.!6?

The sample is illuminated with a continuous beam of linearly polarised light at an angle,
typically 60-75 © with respect to the sample surface, and the reflected beam is directed into an
analyser and detector. Upon reflection, the polarization state of the light wave becomes

elliptical. This change in the polarization state is measured and expressed in terms of the
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amplitude ratio, psi (¥), and the phase difference, delta (A) of the incoming light wave, and are

analysed as a function of wavelength (Figure 2.1).163

Light Source p-polarization

(unpolarized) s-polarization
Plane of incidence

-

Polarizer Analyzer /

Detector

Figure 2.1. Experimental setup for spectroscopic ellipsometry measurements, as illustrated by

Negara et al.163

The detected signal in itself does not provide information about the sample properties but can
be used to construct a computational model which enables the deconstruction of the signal into
the optical properties of the sample.’®? To analyse the change in the polarization state that
occurs during reflection, the incident and reflected light is decomposed into two components,
p-polarized light, characterized by its electric field vector oscillating parallel to the plane of
incidence, and s-polarized light, with its electric field vector perpendicular to the plane of
incidence. The elliptical polarization arises from the superposition of these two linearly
polarized waves. Upon reflection, the amplitudes of the p and s components become altered,
here denoted as rp and rs. The ratio of these two amplitudes is the complex reflectance ratio (p),

and it holds information about both ¥ and A, as described by the following relationship:%*

p=2=tany - eit (2.1)

Ts
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The properties of the light beam also depend on the angle of incidence, which, in turn, provides

information about the refractive index (n) of the medium, as governed by Snell's law:

n, sinf, = n, sin 6, (2.2)

Here, n1 is the refractive index of the medium that the incident wave travels through, and n;
corresponds to the refractive index of the sample being analyzed. 6 is the angle of the incident

light, and 6 is the angle of refraction.

When light enters into a new medium, its speed is altered (c"), and its ratio with the speed of

light in a vacuum (c) provides the material’s refractive index:

n=- (2.3)

When light propagates within absorbing materials, the refractive index alone cannot adequately
describe its behaviour. It is therefore necessary to introduce the complex refractive index (N),

which involves incorporating the material's extinction coefficient (k) in the following manner:

N =n-—ik (2.4)

Using this equation, the sample's relative permittivity can be determined, also known as the
complex dielectric constant (&) of the material. It consists of real (e1) and imaginary parts (e2),

as introduced in Chapter 1, and it is related to N by the following expression:

£=¢g —ig; =N? (2.5)

Thus, measuring ¥ and A yields important insights into the optical properties of the sample.
By constructing an appropriate computational model for the experimental data, the sample can

be characterized, extracting information about its film thickness, composition, and surface

69



Chapter 2. Methods

roughness and optical constants. In addition, important parameters such as the sample's

reflectance and transmittance can be derived.

2.1.7.1 Experimental procedure

The experimental measurements were carried out using a J. A. Wollam Co. Inc M-2000TM-V
variable angle ellipsometer. The data in Chapter 3 was collected at an incidence angle of 70 °©
over a spectral range of 371 - 1600 nm or using an Alpha-SE ellipsometer operating at 370 -
1000 nm at an angle of 75 °. The data presented in Chapter 5 was carried out using 50 °, 60 °
and 70 ° incident angles across the 190 nm to 320 nm spectral region. The modelling of the

experimental data was performed using CompleteEASE software 5.14.

2.1.8 X-ray Photoelectron Spectroscopy (XPS)

XPS is an analytical technique which provides quantitative and elemental analysis of the
composition of materials. The measurement is performed by irradiating a sample with X-rays,
which causes the emission of electrons from the core shells of the atoms. These emitted
electrons are then analysed to determine their kinetic energy and, consequently, the elemental

composition of the material and chemical state of the atoms within the sample.

In the experimental setup, the sample is mounted in an ultrahigh vacuum chamber (< 1077 Pa).
The X-rays are generated by a beam of electrons directed at an anode, which generates a
focused beam of X-rays with a specific energy depending on the source material, typically Mg
Ka (1253.6 eV) or Al Ka (1486.6 €V)). The X-rays are focussed on the sample surface at a
known angle to the surface normal and penetrate the solid in 1-10 um on the target area of the
substrate. When the X-rays collide with the sample, core electrons are ejected from the atoms
near the surface due to the photoelectric effect. If the X-ray provides sufficient energy, it can

overcome the binding energy of the electron in the atom and can be ejected from the Fermi
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energy level into the vacuum as a photoelectron. The electrons that escape the sample surface

are then collected into an electron energy analyser and the electron detector (Figure 2.2).

(a) (b) Photoelectron
Energy analyser

sl
KE f
Free electron energy
X-ray source @
Conduction band
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_________ / — - Fermi level
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Valence band
Photoelectrons

= 2p
X-ray \ , © 2s

BE
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Figure 2.2. (a) Schematic illustration of the experimental setup of XPS. (b) Energy level
diagram displaying the process of the photoemission effect, where the incident X-ray causes
the emission of a photoelectron from the 1s orbital of an atom. BE, KE and @ refers to the
binding energy, kinetic energy and work function, respectively.

When the emitted electrons reach the detector, their kinetic energy (KE) is measured, which
allows the determination of the binding energy (BE) of the atomic orbital from which the

electron is ejected. This can be calculated using the following expression:

BE = E, — (KE — ®) (2.6)

Where E, is the photon energy of X-ray photons and @ is the work function, a correction factor
for the instrument which correlates to the minimum energy required to eject an electron from
beyond the Fermi energy. During the analysis, the work function and photon energy are known
values, therefore, the binding energy can be determined. The electrons ejected from different
atomic orbitals (s, p, d, etc.) have different binding energies, characteristic to their chemical

bonding state and local environment. The analysis provides a spectrum with the measure of
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signal intensity against binding energies, giving rise to peaks corresponding to their originating

chemical bonding environments. The peak intensity (1) is described by:

I =JpoK A, (2.7)

Where J is the photon flux, p is the atomic concentration, o is the emission cross-section and
K. accounts for the proportion of electrons transmitted as a function of kinetic energy (the
transmission function), the detector efficiency and the effect of stray magnetic fields on the
transmission of low-energy electrons. A, is the attenuation length, which refers to the distance
that an emitted photoelectron can travel through a material before losing a significant amount
of its energy. Typically, the attenuation length limits the sampling depth to ~10 nm of the
surface of an organic thin film. Because of this, conventional XPS measurements are limited

to only the top layers of the surface.

2.1.8.1 XPS depth profiling

Analysis of the composition of thin films with a thickness larger than 10 nm is limited using
conventional XPS measurements due to the short sampling depth of the method. A solution to
this is to use depth profiling, a specialized XPS technique used to analyse the chemical
composition and elemental distribution of a material as a function of depth.!% In this
configuration, layers of the sample surface are etched by an ion beam, followed by the sampling

of the material (Figure 2.3).
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Figure 2.3. lllustration of the etching of the surface layer of a material using a gas cluster ion

beam.

In sputter depth profiling, a high-energy ion beam is rastered across the sample surface. Using
a gas cluster ion beam (GCIB) depth profiling setup, the primary component is the ion source.
High-purity gas is introduced to the ion gun via a gas inlet. The choice of gas depends on the
specific experimental requirements and the nature of the sample under investigation. For
example, noble gases are commonly employed due to their interness. Furthermore, the size of
the ion clusters is considered. Smaller ions can be more damaging to the surface, while larger
gas clusters, such as Arioo” or Ceo™ are more suitable for sensitive materials, which require a
gentle etching process.'® Within the ion source, the gas undergoes an expansion process,
leading to adiabatic cooling. This cooling induces the formation of gas clusters as the individual

gas atoms combine, held together by van der Waals forces (Figure 2.4).7
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Figure 2.4. Schematic of the generation of a gas cluster ion beam, as illustrated by
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To form the gas cluster ions, electrons are introduced into the expansion chamber. The
electrons collide with the gas atoms within the clusters, resulting in ionization. Using an
accelerator, these ions bombard the material and sputter away surface layers. When a layer is
removed, the beam is blanked and XPS measurements are taken to analyse the composition
and chemical states of the newly exposed surface. This process can be repeated multiple times
to assemble a depth profile that shows the variation of chemical composition as a function of

depth.

2.1.8.1.1 Experimental measurements

XPS measurements were collected using a Kratos Axis Supra spectrometer (Kratos Analytical,
Manchester, UK). The source used was a monochromatized Al Ko X-ray source using an
emission current of 15 mA, operating at 225 W and a base pressure of 10 — 101° mbar. The
analysis area was 700 um x 300 um. High-resolution and survey scans were acquired with pass
energies of 40 eV and 160 eV, with a resolution of 0.10 eV and 1.0 eV, respectively. The peak

fitting was carried out using the CasaXPS software. The peak positions were calibrated to the
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main hydrocarbon C1s signal, which was set to 285 eV. The conditions of depth-profiling
measurements were adjusted depending on the sampled material. Further details can be found

in Chapter 3.

2.1.9 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a nanoscale imaging and characterization technique. It
enables the characterisation of surfaces with nm resolution, providing information on the
topography and the mechanical properties of materials. This information is derived by the
analysis of the interaction between a probe tip supported by a cantilever and the sample surface

(Figure 2.5).168
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Figure 2.5. Schematic the AFM measurement, showing the probe tip of the cantilever near the

sample surface.

During the measurement process, a laser beam is focussed on the top of the cantilever, which
is reflected onto a photodetector. When the AFM tip is brought into close proximity to the
surface, the atomic forces between the tip and sample can lead to the deflection of the

cantilever. As the cantilever moves away from its original position, the reflected laser beam is
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monitored on the detector, which provides information about the mechanical properties of the

surface. The interaction force between the tip and sample is described by Hooke's law:
F=—k.z (2.8)

where F is the force exerted on the cantilever, kc is the cantilever's spring constant and z is the
cantilever deflection from its equilibrium position. To construct an image of the surface, the
sample stage is moved in the x- and y- plane and the interaction force is measured as a function
of position. This interaction between two atoms can be described by the Lennard-

Jones potential (Vij):1%

r

V) = e ()" - ()] @9

where r is the distance between two particles (here, the atom of the tip of the AFM probe and
the surface atoms or molecules), &q is the potential well depth and a4 is the distance between
particles at which the potential energy is zero. The expression provides the potential energy
curve in terms of attractive and repulsive forces as a function of the separation distance between

the tip and the sample surface (Figure 2.6).
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Figure 2.6. Representation of the Lennard-Jones potential curve for neutral two particles as

they approach each other.
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When the tip approaches the surface, the attractive forces cause a downward deflection of the
tip. However, when the tip is very close to the surface, mechanical instabilities cause it to jump
into mechanical contact. As the load is increased further, the tip experiences a repulsive force,
and the cantilever is deflected away from the surface. Rastering the tip across the surface, the
z-position of the cantilever is continuously adjusted by a feedback system according to the
changes in the cantilever’s oscillation amplitude, in order to keep it at a constant value.
Therefore, the analysis of the variation in the z-position provides topological information of

the surface.

AFM measurements can be carried out in two operating methods, tapping-mode and contact-
mode. In contact mode, the tip remains in constant mechanical contact with the surface and the
repulsive force acting at the tip-sample contact is measured. Through the application of an
external load, the tip is pushed into the surface material and a constant force between the tip
and the sample is maintained by adjusting the height of the cantilever. The deflection of the tip
is measured as it is scanned across the surface. A variety of modifications of contact mode
enable the measurement of the adhesion and stiffness properties of the sample, and forces

related to chemical interactions, including electrostatic forces and chemical bonding forces.

In tapping mode AFM, the tip oscillates near the sample surface at its resonance frequency.
The tip makes intermittent contact with the sample, leading to the dissipation of energy. By
controlling the oscillation amplitude, it is possible to move between light tapping (oscillation
amplitude close to the free oscillation amplitude) and heavy tapping (amplitude set point below
the free amplitude). Because the probe only strikes the sample intermittently in tapping mode,
less energy is dissipated in the contact than is the case in contact mode, and the risk of sample

damage during imaging is greatly reduced, although not completely eliminated.
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2.1.9.1 Experimental measurements

Atomic Force Microscopy (AFM) measurements were carried out in air using a NanoScope
Multimode V microscope (Bruker, Germany). Images were obtained in tapping mode with
OTESPA-R3 tapping probes (Bruker, Germany, resonance frequency of ca. 300 kHz and a
nominal tip radius of 7 nm). The measurements were analysed with the Bruker NanoScope

Analysis (v.1.5) software.

2.1.10 Theoretical analysis using finite-difference time-domain (FDTD)

The optical characteristics of nanostructured surfaces were examined using theoretical
techniques. The simulations were performed using the three-dimensional finite-difference

time-domain (3D FDTD) method.

To simulate the electromagnetic properties of a material, FDTD relies on solving Maxwell’s
equations, which describe how electric and magnetic fields interact and propagate through
space. The algorithm was first proposed in 1966 by the applied mathematician, Kane Yee, and
has been perfected since to enable the calculation of reflectance, transmission, diffraction,
interference, and absorption of materials.'®® Using a simulation software, a model is
constructed based on the parameters of the nanostructure of interest. This involves defined
geometrical properties and the use of specific optical constants for each material employed in
the model. In addition, electromagnetic sources and detectors can be employed that can inject
and monitor radiation, respectively. Within the model, the spatial area of interest is selected,
which divides the space into grid cells with finite dimensions. For each cell, the software
calculates the electric and magnetic field values by solving Maxwell’s equations. The

simulation progresses in discrete time steps, continuously updating the electric and magnetic
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field values at each grid cell. Therefore, the modelling allows the determination of the field

evolution as a function of time.1’®

To obtain mode distributions and far-field spectra, FDTD simulations were carried out using
Ansys Lumerical FDTD Solutions R2.4 software. Detailed outline of the simulation procedures

can be found in Chapter 4 and Chapter 5.

2.2 Surface fabrication techniques

2.2.1 Fabrication of gold slides

Microscope coverslip glass slides (22 mm x 50mm, #1.5 thickness, obtained from Menzel-
Glaser, Germany) were used as substrates for chromium and gold deposition. The thermal
evaporation was carried out using a diffusion pumped Edwards 306 thermal evaporator with a
bell jar evaporation chamber and a piezoelectric film-thickness monitor, and the metals were
deposited from a gold wire (99.997% trace metals basis, Goodfellow Advanced Materials, UK)
and chromium chips (99.5% trace metals basis, Sigma-Aldrich). The glass slides were placed
ca. 12 cm above the current-driven evaporation sources. The gold wire was evaporated from a
tungsten cup boat, while the chromium chips were evaporated from a tungsten coiled wire boat.
The evaporation chamber was roughed out to a pressure of 10 mbar via a rotary pump, after
which the diffusion pump was engaged for high vacuum. When the pressure of at least 10°
mbar had been reached, the current was supplied to the boat to achieve a deposition rate of 0.1

nm/s. Further details can be found in Chapter 3.
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2.2.2 Photolithography

Photolithography is the process of creating patterns on a substrate by light exposure of a
photoresist coating. The light is focused on the sample surface through a mask, which contains
the desired pattern. When exposed, the photoresist undergoes a chemical change to harden or
decompose, depending on whether a positive or negative photoresist is used. Positive resists
become more soluble in the developer solution when exposed, while negative resists harden
and cannot be removed during the development process. Subsequent to the exposure process,
the sample is developed and etched to remove the material under the areas of the decomposed

resist to yield the patterned surface (Figure 2.7).1"
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Figure 2.7. A typical photolithography and metal deposition process, adapted based on the

illustration of Museau et al.1"?

The resolution limit of the technique is primarily dictated by the wavelength of the light used
(4). The minimum feature size (CD) that can be printed is calculated using the following

expression:

CD = ky= (2.10)
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where ki is a coefficient that accounts for process-related factors and NA is the numerical
aperture of the objective used. Therefore, to achieve higher resolution, the use of low
wavelength light sources is preferred. In particular, the resolution limit using UV light is ca.
100 nm, while deep-UV light enables the fabrication of features of ca. 50 nm in dimension.'’*
While this surface patterning technique provides a versatile and reliable fabrication of
nanopatterned substrates, proximity effects that originate from the diffraction or scattering of
light passing through the mask can lead to badly resolved or distorted patterns. An alternative
method, interferometric lithography, operates on a similar principle but eliminates the need for
a photomask. In this technique, a sample with a thin film coating is exposed to UV light, and

patterns are created by the interference of two interacting light waves.

2.2.3 Interferometric lithography

A typical experimental setup of interferometric lithography consists of the use of a continuous
wave UV laser, with its laser beam split into two beams that are guided to interact on the sample
surface from different incident angles.’”® When the laser beams are irradiated on the sample
surface, the constructive and destructive interference of the two laser beams selectively exposes
the photoresist according to the phase difference of the two interacting beams. The
nanostructures are created by carefully tuning both waves to obtain the desired interference
pattern on the surface. After the exposure, the sample undergoes a development process

specific to the photoresist used.

This method enables the creation of patterns over a large area with significantly enhanced
resolution and accuracy, below the diffraction limit of the light source. In the work discussed
in Chapter 3, a Lloyd's mirror was employed to obtain interferometric patterns of gold, which

eliminates the need of a second laser beam.*’* Additionally, instead of the conventional method
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of spin-coating a photoresist, a self-assembled monolayer (SAM) of thiol molecules bonded to

gold were used as a resist, which form a highly ordered dense thin film of molecules on the

surface. In the exposed areas, the alkanethiolates are photooxidised into sulfonates that are

weakly physisorbed on the surface and are therefore easily removed. The subsequent etching

process can then remove the material under the exposed areas to reveal the pattern.

R-SAu + 320, + & —> R-SO; + Au

Scheme 2.1. Photooxidation process of the Au-S bond.

The experimental setup consists of a 244 nm laser beam directed onto a Lloyd’s mirror

interferometer. The sample is mounted on one side of the interferometer and the mirror is

positioned at a tilted angle of 26, as shown in Figure 2.8.17
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Figure 2.8. (a) Schematic illustration of the Lloyd's mirror interferometric lithography setup
used for the fabrication of gold nanostructures. (b) Diagrams demonstrating the fabrication of
the patterns by two exposures, with the sample rotated by an angle of ¢ between the exposures.
(c) The photooxidation of the SAM on the gold surface exposed to the UV light, followed by

the etching process to remove the exposed areas. The figure was taken from the work of

Tsargorodska et al.1"®
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The incident laser beam illuminates the interferometer, exposing the sample to both the direct
laser beam and its reflection from the mirror. This interaction results in the formation of parallel

lines, with the pitch (p) between two adjacent lines determined by the following equation:

p=—2 (2.11)

" 2nsin®

Where / is the wavelength of light, n is the refractive index of the medium and & is the angle
between the sample plane and the mirror. Multiple exposures enable the creation of intricate
periodic patterns. For instance, rotating the sample by an angle of ¢ around its in-plane axis
allows the creation of period nanodot arrays, as outlined in the following experimental

procedure.

2.2.3.1 Experimental process

The patterning was carried out using a Lloyd’s mirror two-beam interferometer. A Coherent
Innova 300C frequency-doubled argon-ion laser (Coherent, UK) was used to generate UV light
(244 nm). The beam was passed through a focusing objective, 10 um pinhole, then a spatial
filter and expanded to irradiate a region ca. 0.8 cm? in size. The angle between the mirror and
the sample in the interferometer was varied between 20 + 2.5° and 30 % 2.5°. The etching of
the photopatterned monolayers was carried out by immersion in a solution of 2 mM cysteamine
with 8% V/V of ammonia in ethanol. After etching, the samples were rinsed with ethanol, dried
with nitrogen and annealed in a chamber furnace (Carbolite, UK) at 525 + 3°C for 120 min
with a heating rate of 7 °C min™t. Further details of the fabrication process are outlined in

Chapter 3.
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2.2.4 Micropatterning of surface-grafted polymers

Micropatterned polymer brushes were prepared using a photolithographic process. Briefly, a
SAM of thiols formed on gold surfaces is exposed to a UV laser through a copper mesh grid
mask. The oxidized thiols are then washed off the surface and replaced by a SAM of the ATRP
initiator. After the SAM formation, polymer brushes are grown form the initiator-covered

regions (Figure 2.9).
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Figure 2.9. Illlustration of the micropatterning process. A sample is prepared with a “diluent”
molecule SAM, followed by the exposure to UV light through a mesh grid. The photo-oxidised
molecules are then removed by a solvent wash. Following, the sample is immersed in a solution
of the initiator-containing thiols to form a SAMs on the exposed surface, from which the
polymerisation can be initiated.
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2.2.4.1 Experimental procedures
The exposure was carried out using a Coherent Innova 300 C frequency-doubled argon ion
laser (A = 244 nm) through a copper mesh grid with a mesh of 2000, which was held in place

by a quartz disk. The experimental process is outlined in detail in Chapter 3.

2.2.5 Electron-beam lithography (EBL)

Electron-beam lithography (EBL) is a nanofabrication technique that allows the precise

fabrication of nanostructures on a substrate using a focused electron beam.

A resist is deposited onto the substrate by spin-cpating. The resist serves as a mask to protect
or expose specific areas of the substrate during the electron exposure. A positive or negative
type resist can be used, depending on the sample requirements. After coating with the resist,
the sample is loaded into a sample holder with thin conducting layers above or below the resist,
in order to reduce any charging effects. The holder is then transferred into the high vacuum
EBL chamber, where the patterning takes place. The electrons are emitted from an electron
gun, often using a field-emission electron source. These electrons are focused into a fine beam
using electromagnetic lenses to be scanned across the sample surface in a predetermined
pattern. The scanning is controlled using a computer software, which allows the creation of
complex patterns by defining the desired geometries on the surface, designing the scan path
and specifying exposure parameters such as beam current and exposure time. In particular, the
exposure dose, which depends on the beam current and exposure time, needs to be controlled

to prevent overexposure or underexposure of the resist.

After the electron beam exposure has been completed, the sample is subjected to a controlled
baking process to stabilize the resist material and remove any remaining solvent, after which it

is gradually cooled to room temperature. Subsequently, the resist is developed by immersion
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in an appropriate solvent to selectively remove the areas where the resist remained soluble.
These are the exposed areas of positive resists and the unexposed areas of negative resist types.

Rinsing the sample thus yields the desired surface pattern.

2.2.5.1 Fabrication procedures

The samples were spin-coated (5k round-per-minute (rpm)) with 2% hydrogen silsesquioxane
(HSQ, Dow Corning XR-1541 E-beam resist), after which the lithography process was carried
out immediately. Using electron beam lithography (EBL, Elionix ELS-7000), the patterns were
written with an electron acceleration voltage of 100 keV, a beam current of 500 pA, and the
exposure dose depending on the desired pattern characteristics. To develop the sample, it was
immersed in a solution of NaOH/NaCl (1% wt./4% wt. in de-ionized water) for 60 seconds and
deionized water for another 60 seconds, followed by rinsing with acetone, isopropyl alcohol
(IPA) and drying with nitrogen.’® Details of the sample fabrication specific to each study are

outlined in Chapter 4 and Chapter 5.
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Chapter 3. Chlorophyll Binding to Poly(cysteine methacrylate)
Scaffolds in Pigment-Polymer Antenna Complexes studied by
Depth-Profiling X-Ray Photoelectron Spectroscopy

3.1 Introduction

Light-harvesting complexes (LHCs) organise pigment molecules (chlorophylls and
carotenoids) with exquisite precision within photosynthetic membranes in plants and
bacteria.’* There has been intense interest in the design of biomimetic materials that are
inspired by these pigment-protein complexes for applications in solar energy capture,’’-18
artificial photosynthesis, 8118 photonic device fabrication'®!8 and other areas.'®187
Recently, a new approach to the design of biomimetic light-harvesting structures was
described, in which pigment-polymer antenna complexes, formed by the covalent attachment
of chlorophylls (Chl) to surface-grafted polymer scaffolds grown by atom-transfer radical
polymerisation (ATRP) from gold nanostructures, are coupled to localised surface plasmon
resonances (LSPRs) to yield plexcitonic antenna complexes.*® In these systems, strong light-
matter coupling leads to the formation of macroscopically-extended excited states, in which an
ensemble of excitons exchanges energy coherently with a confined optical mode.
Concentrations of Chl were achieved in plexcitonic antenna complexes that were ~3x higher
than those found in plant antenna complexes, and plasmon-exciton coupling energies up to
0.4 eV were achieved, ~2x larger than those determined for similar systems based on biological

LHCs.

Thus, plexcitonic antenna complexes are promising templates for the design of novel kinds of

biomimetic photonic materials. However, to realise this goal, it is desirable to achieve a high
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degree of programmability, so that materials can be designed that display bespoke optical
properties. In the strong coupling regime, the coupling energy Ec is proportional to YN, where
N is the number of excitons within the plasmon mode volume. Moreover, the field strength of
the plasmon mode decays with distance, being greatest near to the gold surface. Thus, to
achieve programmability of optical properties, it is necessary to be able to control the
organisation of excitons (Chl) within the polymer scaffold. Chl are bulky, with a molecular
mass ~ 2x that of the PCysMA repeat unit; thus penetration of Chl into the polymer scaffold is
expected to be sterically hindered, and strongly dependent on the polymer grafting density, and

the task of controlling the distribution of Chl within the scaffold is challenging.

The distribution of the pigments within polymer brushes can be controlled via covalent
attachment to the monomer units, which prevents aggregation and loss of the chromophores,
while aiding their solvation.!818° One approach to achieve this is by synthesising and
polymerising dye-containing monomer units. However, this poses challenges due to potential
back-biting and cross-linking processes, which hinder the polymerisation mechanism and
rate.1% Moreover, many common dye molecules act as radical traps, thus inhibiting radical
polymerisation mechanisms. Alternatively, molecules can be coupled to pre-formed polymer
chains using various chemical procedures, including carboxylic acid activation with
carbodiimide and succinimide chemistry,%1%2 triazines and alkyne-azine cycloadditions,'%319
or thiol-ene coupling.!®>1% When smaller molecules are involved, the degree of
functionalisation is typically high (>70%).°® For instance, 4-(trifluoromethyl)benzylamine can
be readily attached to brushed containing succinimidyl group-activated carbonate
monomers.1® However, bulkier molecules are subject to significant steric constrains, and their

diffusion into the polymer network depends significantly on the density of the brush
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film 846819 Consequently, low attachment rates and inhomogeneous distribution within the

films are commonly observed.

In plexcitonic antenna complexes, the scaffold is a surface-grafted poly(amino acid
methacrylate), poly(cysteine methacrylate), PCysMA, grown by atom-transfer radical
polymerisation (ATRP) from initiators at the surface of gold nanostructures. This enables the
grafting of uniform films with high controllability of the polymer thickness.?®® Chl are
covalently coupled to pendant amine groups via active ester linkers. The goal of this study is
to determine the extent to which the organisation of Chl (and hence, excitons) can be
programmed in 3D by regulating the polymerisation time and grafting density of the surface-
grafted polymers. We use depth-profiling by X-ray photoelectron spectroscopy (XPS)
combined with sputtering by Arsooo” and Arzo00" gas clusters to characterise the distribution of
Chl in the surface-grafted film as a function of the degree of polymerisation and grafting

density.

Conventional XPS depth-profiling approaches are impeded by the limited sampling depth (for
angle-resolved measurements?®!) and the high rate of ion beam damage (in conventional depth-
profiling using argon ion beams?°22%%)_ In recent years, however, there has been interest in the
application of gas cluster sources to the analysis of polymeric materials. In contrast to
conventional Ar* sources, which yield a high rate of degradation in polymer systems, giant gas
cluster ion sources (GCIS) offer controllable, low rates of erosion, thus opening the way to
accurate in-depth analysis.?%22042% |n particular, gas cluster sources offer the possibility for
chemical state analysis with depth,2%6-2%8 whereas older approaches tended to yield largely

compositional analyses.?%%-213

89



Chapter 3. Chlorophyll Binding to Poly(cysteine methacrylate) Scaffolds in Pigment-Polymer
Antenna Complexes studied by Depth-Profiling X-Ray Photoelectron Spectroscopy

In this chapter the utility of Arsoo™ and Arxo0o” clusters for the characterisation of Chl binding
to PCysMA scaffolds is examined. In addition, the plasmon-exciton coupling of the plexcitonic
complexes grown from nanostructured gold is analysed using extinction measurements. It is
shown that XPS depth-profiling facilitates sensitive, quantitative analysis of Chl binding as a
function of depth, degree of polymerisation and surface grafting density. These findings
demonstrate that the grafting density of the polymer films can be controlled by co-adsorption
of initiator-terminated disulfides and inert thiol molecules. Chemical state analysis enables
quantitative measurement of the fraction of cationic nitrogens in pendant amine groups as a
function of depth, revealing a charge gradient through the film. In contrast, chemical state
analysis indicates that there is a uniform distribution of the pigment molecules throughout the
films, while the overall concentration of Chl within the polymer is dependent on the polymer
grafting density. The extinction spectra of the plexcitonic complexes formed by growing Chl-
functionalised scaffolds from gold nanostructures is measured. It is demonstrated that the
plasmon-exciton coupling is readily controlled by manipulation of the architecture of the
plexcitonic complexes, and that the XPS depth-profiling data are correlated with plasmon-
exciton coupling energies, determined by modelling of the strong coupling. This study of
biomimetic pigment-polymer antenna complexes opens up exciting possibilities in the design
of applications that require organic networks with tailored optical properties, such as solar

energy capture, 0214216 catalysis?!"2® and advanced photonic devices.?'%-222
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3.2 Experimental

3.2.1 Materials

Acetone-d6 (> 99%), ammonia solution (35%), deuterium oxide (99.9%), methanol (HPLC
grade, 99.99%), sulfuric acid (>95%), sodium hydroxide (> 97%), dichloromethane (HPLC
grade, 99.8) and dimethylformamide (99%) were obtained from Fisher Scientific
(Loughborough, UK). Ethanol (HPLC grade, >99.8%), acetone (HPLC grade, 99.8%), Diethyl
ether (HPLC grade, > 99.8%) and n-hexane (HPLC grade, >97) were obtained from Honeywell
Research Chemicals (Loughborough, UK). Acetic acid (> 99.7) petroleum ether (40-60°C
HPLC grade) and ethyl acetate (99.5%) were obtained from Sigma-Aldrich, Poole, UK.
Chloroform-D (99.8%), hydrochloric acid (35%) and hydrogen peroxide (30%) and

tetrahydrofuran (99.7%) were obtained from VWR chemicals (Lutterworth, UK).

11-mercapto-1-undecanol (97%), 2,2°-Bipyridyl (> 99%), 2,4,6-Trimethylpyridine (99%), 2-
Bromoisobutyrylbromide (98%), 3-(Acryloyloxy)-2-hydroxypropyl methacrylate (> 70%), 3-
Aminopropyltriethoxysilane (99%), 4-(dimethylamino)pyridinium 4-toluenesulfonate (98%),
Bis[2-(2-bromoisobutyryloxy)undecyl]disulphide (97%), Copper (1I) chloride (99%),
cysteamine hydrochloride (> 98%), L-Ascorbic acid (reagent grade, > 98% ), L-Cysteine, 3-
(acryloyloxy)-2-hydroxypropyl methacrylate, lithium hydroxide monohydrate (> 98%),
dimethylphenyl  phosphine  (99%), N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (crystalline), N-Hydroxysuccinimde (98%), oxalyl chloride (99%), paraffin oil
(puriss), phosphate buffered saline (tablets), triethylamine (>99.5%) and zinc acetate dihydrate
(99.999%) were obtained from Sigma-Andrich, UK. Spinach leaves (500 g) were procured
from a local supermarket retailer. Silica gel (40-63 um particle size), sand (acid-washed) was

obtained from VWR chemicals (Lutterworth, UK). Magnesium sulfate (anhydrous, > 70%),

91



Chapter 3. Chlorophyll Binding to Poly(cysteine methacrylate) Scaffolds in Pigment-Polymer
Antenna Complexes studied by Depth-Profiling X-Ray Photoelectron Spectroscopy

sodium chloride (> 99.5%), sodium dodecyl sulphate (micropellets), sodium hydrogen
carbonate (> 99%), sodium hydroxide (> 97%) was purchased from Fisher Scientific
(Loughborough, UK. Argon gas (ISO 14175-11-Ar, Pureshield) was purchased from BOC

(UK).

Chromium chips (99.5% trace metals basis) were obtained from Sigma-Aldrich. Gold wire
(99.997% trace metals basis) was obtained from Goodfellow Advanced Materials (UK).
Microscope coverslip glass slides (22 mm x 50mm, #1.5 thickness) were purchased from
Menzel-Glaser (Germany) The AFM tapping probes (OTESPA-R3 model, resonance
frequency of ca. 300 kHz and a nominal tip radius of 7 nm) were obtained from Bruker
(Germany). Copper mesh grids (mesh 2000, 3.05 mm) were purchased from Agar Scientific

(Essex, UK).

Deionized water was created by filtering water with an Elga Purelab Option DV35 water

filtration system, measured to a conductivity rating of 15 mQ.cm.

3.2.2 Methods

3.2.2.1 Characterization of the synthesised materials

The 'H NMR spectra was obtained using Bruker Avance and Avance Il HD NMR
spectrometers, operated at a frequency of 400 MHz. Liquid chromatography mass spectrometry
(LC-MS) analysis was carried out with a Waters LCT classic time-of-flight (ToF) liquid-
chromatography mass spectrometer at the Sheffield Department of Chemistry Chromatography

Service.
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3.2.2.2 Cleaning of glassware and substrates

Prior to their use, microscope coverslip slides and glassware were cleaned by immersion in
piranha solution (a mixture of 30% hydrogen peroxide and 70% concentrated sulfuric acid).
Once cooled to room temperature, the glassware was rinsed with copious amounts of deionised

water and sonicated for 10 — 15 min, after which it was placed in an oven (ca. 90 °C) to dry.

3.2.2.3 Fabrication of gold slides

Microscope coverslip glass were used as substrates for chromium and gold deposition. The
thermal evaporation was carried out using a diffusion pumped Edwards 306 thermal evaporator
with a bell jar evaporation chamber and a piezoelectric film-thickness monitor, and the metals
were deposited from a gold wire and chromium chips. The gold wire was evaporated from a
tungsten cup boat, while the chromium chips were evaporated from a tungsten coiled wire boat.
The evaporation chamber was roughed out to a pressure of 10 mbar via a rotary pump, after
which the diffusion pump was engaged for high vacuum. When the pressure of at least 10°
mbar had been reached, the current was supplied to the boat to achieve a deposition rate of 0.1
nm/s to create a chromium adhesive layer with a thickness of 5— 7 nm and a gold layer with a
thickness of 20 — 25 nm. After the required thickness was reached, the current was lowered

slowly and the Cr/Au coated coverslip slides were left to cool for at least 30 min.

3.2.2.4 Fabrication of gold nanostructure arrays

The gold nanostructures were fabricated by Dr Anna Lishchuk using interference lithography,
as outlined in the following reference article.r’* Gold slides were functionalised with a SAM
of 1-octadecanethiol (ODT) by immersion in a 1 mM solution of ODT in degassed ethanol for
18 h. Following, the slides were rinsed with ethanol and dried with nitrogen, after which they

were immediately photopatterned by interferometric lithography. The patterning was carried
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out using a Lloyd’s mirror two-beam interferometer. A Coherent Innova 300C frequency-
doubled argon-ion laser (Coherent, UK) was used to generate UV light (244 nm). The beam
was passed through a focusing objective, 10 um pinhole, then a spatial filter and expanded to
irradiate a region ca. 0.8 cm? in size. The angle between the mirror and the sample in the
interferometer was varied between 20 + 2.5° and 30 + 2.5°. A dose of 35 — 40 J cm2 was used
to expose the SAM functionalized gold surfaces. Parallel lines of gold nanostructures were
created by a single exposure. Patterns of gold nanodots were achieved by a second exposure
after the rotation of the sample on the stage by different angles. The second exposure was

carried out at a dose 15 — 20% lower than the first one to avoid overexposure.

The etching of the photopatterned ODT monolayers was carried out by immersion in a solution
of 2 mM cysteamine with 8% V/V of ammonia in ethanol. After etching, the samples were
rinsed with ethanol, dried with nitrogen and annealed in a chamber furnace (Carbolite, UK) at

525 + 3°C for 120 min with a heating rate of 7 °C min2.

3.2.2.5 Preparation of micropatterned PCysMA brushes

Substrates with Cr/Au were functionalised with 11-mercapto-1-undecanol by immersion in a
2 mM ethanolic solution, as outlined in the Formation of mixed self-assembled monolayers in
Chapter 3. After the 24 h incubation period, the slide was removed, rinsed with ethanol and
dried with nitrogen. Subsequently, the sample was exposed to a Coherent Innova 300 C
frequency-doubled argon ion laser (4 = 244 nm) through a copper mesh grid with a mesh of
2000, which was held in place by a quartz disk. The samples were exposed using a dose of 62
J cm to photooxidise the alkanethiolates in microscale patterns. The samples were then rinsed
with ethanol and moved into 2 mM ethanolic solutions either DTBU or the mixed solutions of

DTBU and 11-MUL for 2 hours. When ready, the samples were removed from the solution,
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rinsed with ethanol and dried with nitrogen, after which the PCysMA brushes were grown from
the samples as outlined in section “3.2.2.17 Synthesis of PCysMA brushes”. Following, the

thickness of the polymer layers was determined using tapping-mode AFM measurements.

3.2.2.6 Optical characterization

Spectroscopic ellipsometry was carried out on an Alpha-SE ellipsometer (J. A. Woollam Co.,
Lincoln, NE), using a He-Ne laser with an excitation of A = 633 nm. The data was recorded at
an incident angle (@) of 70°. During the data fitting process, the dry polymer films were fitted
using a refractive index (n) of 1.50.222 Ultraviolet-visible spectroscopy analysis was carried
out using an Agilent Technologies Cary 50 spectrophotometer in the spectral range of 350 -
800 nm. The gold plasmonic arrays prepared with interferometric lithography were measured

with a Cary 5000 spectrophotometer, in a spectral range of 350 - 850 nm.

3.2.2.7 Contact angle goniometry

The contact angle of deionised water was measured using a Rame-Hart 100-00 goniometer on
the sample surfaces, using a droplet of a 2 uL. The contact angle was measured 5 s after the

deposition, three times on each side of the droplet.

3.2.2.8 XPS measurements and depth-profiling procedures

XPS measurements were collected using a Kratos Axis Supra spectrometer (Kratos Analytical,
Manchester, UK). The source used was a monochromatized Al Ko X-ray source using an
emission current of 15 mA, operating at 225 W and a base pressure of 10® — 101° mbar. The
analysis area was 700 um x 300 um. High-resolution and survey scans were acquired with pass

energies of 40 eV and 160 eV, with a resolution of 0.10 eV and 1.0 eV, respectively. The
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conditions of depth-profiling measurements were as follows. For fully dense brush films, the
measurements were carried out by etching of the material using a Arsooo” cluster source and
energy of 10 keV, which was rastered across a2 mm x 2 mm region. After the etching process,
high resolution spectra were collected over a 110 um x 110 pum sampling area in the centre of
the crater with a resolution of 0.2 eV, using a 40 eV pass energy and ion beam current of 7.3 nA.
The etching time was 60 s per etching cycle. For the films with a grafting density of
xBrau) = 0.47 £0.11, the etching time was 15s per cycle, while for polymers with
xBrAw = 0.39 £ 0.07, a time of 10 s was used. The depth-profiling of the lowest density films
of yeraw = 0.26 £ 0.05 were collected by etching with an Arao0* cluster source and energy of
5 keV. The ion beam current was 6.3 nA and an etching time of 5 s was selected. The peak
fitting was carried out using the CasaXPS software. The peak positions were calibrated to the

main hydrocarbon C1s signal, which was set to 285 eV.

3.2.2.9 AFM measurements

Micropatterned pCysMA brushes were prepared as outlined in “3.2.2.5 Preparation of
micropatterned PCysMA brushes ” after which the samples were transferred to the microscopy
setup to be measured in ambient conditions. The measurements were carried out in air using a
NanoScope Multimode V microscope (Bruker, Germany). Images were obtained in tapping
mode with OTESPA-R3 tapping probes (Bruker, Germany, resonance frequency of ca. 300
kHz and a nominal tip radius of 7 nm). The measurements were analysed with the Bruker

NanoScope Analysis (v.1.5) software.
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3.2.2.10 Synthesis of cysteine methacrylate (CysMA)

The monomer was prepared following the method of Alswieleh et al.> L-Cysteine (7.54 g, 62.23
mmol) was dissolved in 100 mL of deionised water, and 3-(acryloyloxy)-2-hydroxypropyl
methacrylate (13 mL, 14.86 g, 69.36 mmol) was added slowly to the stirred aqueous solution.
Afterwards, dimethylphenyl phosphine (20 pL, 1.94 pg, 1.41 x 10® mol) was added as a
catalyst to initiate the reaction. The cloudy solution was then stirred at room temperature for 2
h, after which time the solution became colourless. Once complete, the product was washed
with ethyl acetate (2 x 100 mL) followed by dichloromethane (3 x 100 mL). The water was
then removed by rotary evaporation at 55 — 60°C to produce a white solid. After collection, the
solid was then dried under reduced pressure for 48 h, with analysis confirming the CysMA
monomer as a white, crystalline solid (16.175 g, 48.12 mmol, 77%). The resulting CysMA
monomer was stored in a desiccator at room temperature. 'H NMR (400 MHz, D>0) ¢
(ppm)=1.86 (s, 3H), 2.60-3.15 (m, 6H), 3.74 (m, 1H), 3.84 (m, 1H), 4.08-4.43 (m, 4H), 5.67
(s, 1H), 6.09 (1H); '*C NMR (400 MHz, D,0) § (ppm) = 17.37, 26.41, 32.18, 33.95, 53.61,
65.27, 65.34, 66.90, 127.18, 135.66, 168.72, 172.75, 174.14; TOF MS LD": expected = 335.37
g'mol’!, observed = 336.0 [(M+H)*, M=C3H21NO7S]; HPLC (30 min, 10% Acetonitrile in

water (0.1% trifluoroacetic acid), detection = 225 nm) = 22.8 min, 90.0%.

3.2.2.11 Extraction of pheophytin a

Spinach leaves (500 g) were prepared by cutting the stems and mid-veins from the leaves and
discarding them, followed by washing with deionised water. These were then dried on paper
towel and then frozen for 16 h at -20°C. This matter was then macerated in 6 instalments by
placing the leaves in a blender with acetone (250 mL) and stirring on a pulse setting for several
min until a dark green slurry was obtained. The extract was then filtered by standard vacuum

filtration to separate the dark green liquid from the leftover pulp. The acetone and the remaining
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water were then removed by rotary evaporation to give a dark green substance. This was
extracted from the remaining water first using petroleum ether 40-60°C followed by washing
with 60% aqueous methanol. The resulting organic layer was dried over magnesium sulfate,

filtered and the solvent removed, leaving a green solid.

To simplify the separation process, all the chlorophylls present in this initial mixture were
reduced to their non-metallated pheophytin variants. Here, the solid was dissolved in glacial
acetic acid (25 mL) and stirred for 3 h at room temperature. The solution was then neutralised
to pH 7 with careful addition of saturated aqueous sodium hydrogen carbonate solution. A
brown precipitate was formed in the solution. This precipitate was then extracted from the
water layer using dichloromethane and the combined organic layer washed with water before
drying and solvent removal as before. The resulting brown solid was then purified by column
chromatography (silica, 6:3:2 n- hexane: ethanol: acetone) to give pheophytin a as a black solid
(235 mg, 0.288 mmol). Rf =0.33 (6:3:1 hexane: ethanol: acetone); LC-TOF-MS ES+, obs. m/z
= 872 (17.191 min), calc. = 871.22 [(M + H)*, M=CssH74N4Os]. *H NMR (400 MHz, CDCls)
8 (ppm) = 0.09, -1.60 (br s, 1H, NH), 0.69-0.97 (m, pythyl CH-CHs) 0.96-1.41 (m, pythyl CH>),
(m, pythyl vinyl, 2H) 1.82 (d, J = 6.29, 3H), 1.90 (m, 3H), 2.08 (m, 3H), 2.19, 2.36 (m, 2H),
2.50, 2.64 (m, 2H), 2.83 (br t, J = 5.39, 2H), 3.26 (s, 3H, methyl), 3.42 (s, 3H, methyl), 3.71
(brs, 3H, methyl), 3.71 (br s, 2H, CH2-CHz3) 3.90 (s, 3H, COOCHg), 4.23 (br d, J = 7.71 Hz,
1H) 4.31 (m, 2H, pythyl CH>), 4.46 (m, 1H HC-CHj3), 4.50 (m, 3H, CH3) 5.15 (m, 1H, pythyl
vinyl), 5.14, 5.38 (m, multiple H, aggregation), 6.18 (d, J = 9.16, 1H, vinyl), 6.22 (s, 1H, CH-
COOCHs3), 6.31 (d, J = 19.21 Hz, 1H, vinyl, cis), 8.02 (dd, J = 11.28, = 5.97, 1H, vinyl, trans)

8.58 (s, 1 H, ring 6-H), 8.85 (s, 1H, ring a-H), 9.40 (s, 1H, ring f-H).
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3.2.2.12 Methyl pyropheophorbide a (Me-PyPh a)

Extracted pheophytin a (312 mg, 0.358 mmol) was dissolved in pure 2,4,6-collidine (20 mL)
and the vessel backfilled with an argon atmosphere. This solution was then stirred at 130 °C
with a reflux condenser under argon for 16 h. Once complete, the collidine was removed using
a high-vacuum rotary evaporator (70-80 °C, 1-4 mbar) to give a brown solid. This solid was
then immediately dissolved in an ice-cold sulfuric acid solution (50% in deionised water,
50 mL) and stirred at room temperature under argon for 3 h. The mixture was then poured into
1 L of ice water and the pH of the solution was adjusted to 5 using an aqueous solution of
sodium hydroxide. The solution was left to stir for 4 h, allowing to precipitate. The precipitated
black solid was collected by vacuum filtration, washed with ice cold water and then dissolved
in dichloromethane (100 mL) to collect. The organic solution was washed with water (3 x 100
mL) and once with 10% aqueous sodium bicarbonate (100 mL), followed by drying with
magnesium sulfate and solvent removal as before. The resulting solid was then purified by
column chromatography (silica, 6:3:2 n-hexane: ethanol: acetone) to give a brown solid (108
mg, 0.197 mmol, 55%): R¢= 0.48; LC-TOF-MS ES+, 0bs.=549 (14.006 min), calc.=548.69
[(M)*, M = C34H36N403]. 'H NMR (400 MHz, CDCls) & (ppm) = 0.13, -0.71 (br s, 2H, NH)
0.85-0.96 (m, aggregation), 1.19-1.39 (m, aggregation), 1.47 (s, 3H), 1.70 (t, J = 7.66 Hz, 3H),
1.89 (d, J=5.77, 3H), 2.06 (m, 3H), 2.19, 2.33 (m, 2H), 2.59, 2.73 (m, 2H), 2.84 (brt, J =5.95
Hz, 2H), 3.22 (s, 3H), 3.42 (s, 3H), 3.65 (s, COOCH3, 3H), 3.66 (s, 3H), 3.67 (s, 2H), 3.70 (s,
3H), 4.31 (br d, J = 7.16 Hz, 1H), 4.51 (dd, J = 7.16 Hz, 1H), 5.21 (dd, J = 19.62 Hz, J = 42.55
Hz, 2H), 5.38 (m, multiple H, aggregation), 6.18 (d, J = 11.57 Hz, 1H, vinyl), 6.29 (d, J =
17.90, 1H, vinyl), 7.02 (s, 1H, cis), 7.99, (dd, J =6.10 Hz, J = 11.45 Hz, 1H, vinyl, trans), 8.59

(s, 1H, ring 6-H), 9.37 (s, 1H, ring a-H), 9.48 (s, 1H, ring B-H).
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3.2.2.13 Pyropheophorbide a (PyPh a)

Me-PyPh a (102 mg, 0.186 mmol) was dissolved in tetrahydrofuran (25 mL) to which aqueous
lithium hydroxide monohydrate (3 M, 10 mL) was added. This mixture was stirred under argon
at room temperature for 18 h. Once complete, the solution was neutralised with addition of 3
M aqueous hydrochloric acid dropwise until pH 7 was reached according to universal indicator
paper. The organic layer was then extracted with dichloromethane (3 x 50 mL), washed with
water (3 x 100 mL) followed by brine (100 mL), then dried with magnesium sulfate, filtered
and evaporated as before. This resulted in a black solid (71 mg, 0.138 mmol, 74%): TOF-MS
ES+, obs. =535.1, calc. = 534.66 [(M + H)*, M = C33H34N403]. *H NMR (400 MHz, CDCl3)
§ (ppm) = 0.12, -1.73 (br s, 1H, NH), 0.89 (br dd, J = 6.61 Hz, 2H), 1.24 (d, J = 6.15 Hz, 3H),
1.25-1.39 (m, aggregation), 1.65 (t, J = 7.68 Hz, 3H), 1.83 (d, J = 7.09 Hz, 3H), 2.24, 2.36 (m,
2H), 2.65 (m, 2H), 3.15 (s, 3H), 3.38 (s, 3H), 3.06 (s, 3H), 3.59 (s, 3H), 4.06 (g, J = 6.15 Hz,
1H), 4.29 (br d, J = 9.22 Hz, 1H), 4.48 (br dd, J = 6.66, J = 7.43 Hz, 1H) 5.18 (q, J = 19.84 Hz,
J=4150 Hz, 2H), 6.13 (d, J = 11.46 Hz, 1H, vinyl), 6.24 (d, J = 18.09 Hz, 1H, vinyl, cis), 7.91
(dd, J=6.26 Hz, ] = 11.46 Hz, 1H, vinyl, trans), 8.54 (s, 1H, ring 6-H), 9.26 (s, 1H, ring a-H),

9.36 (s, 1H, ring B-H).

3.2.2.14 Zinc-pyrochlorophyllide a (Zn-pyChl)

PyPh a (71 mg, 0.138 mmol) was dissolved in dichloromethane (35 mL) and saturated zinc
acetate dihydrate in methanol (4 mL) was added to this. The solution was then refluxed at 35 °C
under argon for 40 min, after which the solution was observed to changed colour form dark
brown to dark green. The organic layer was then extracted with ethanol (40 mL) followed by
washing with water (3 x 50 mL). Drying with magnesium sulfate, filtration and solvent removal

were then carried out as before to give a blue-green solid (66 mg, 0.110 mmol, 80%). TOF MS
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LD+: expected = 695.097 g mol, observed = 693.5 [(M—2H)*, M = C37H3sNs0sZn]. *H NMR
(400 MHz, CDCls) 6 (ppm) = 0.09 (s ??), 0.88 (br t, J = 7.46 Hz, 3H, methyl), 1.00 (t, J = 7.59
Hz, 3H), 1.05-1.48 (m, multiple H, aggregation), 1.53 (g, J = 6.70 Hz, 3H), 1.79 (d, J = 28.31
Hz, 3H, methyl), 2.05 (m, 2H, CH2-CH2-COOH), 2.32 (m, 2H, CH>-CH>-COOH), 2.83 (t, J =
5.68 Hz, 2H, CH>-CHj3), 3.17 (s, 3H, methyl), 3.34 (s, 3H, methyl), 3.68 (s, 3H, methyl), 3.95
(d, J = 7.10, 2H), 5.17 (br m, 1H), 5.37 ( br m, 1H), 5.77 (dd, J =6.68 Hz, J = 10.96 Hz, 2H,
vinyl), 6.39 (J =6.85 Hz, J = 10.57 Hz, 2H, vinyl), 7.00 (d, J = 7.23 Hz, 1H, vinyl, cis), 8.01
(m, 1H, vinyl, trans), 8.47 (br s, 1H, ring 6-H, 1H), 9.35 (br s, 1H, ring a-H), 9.55 (br s, 1H,
ring B-H); TOF-MS ES+, obs. = 597.2, calc. = 598.024 [(M — H)*, M = Cs3H32N403Zn]; IR
(CH:ClI; solvent, cm™) = 35002400 (broad band, O-H stretch), 3010 (sp? C-H stretch), 2926,
2858 (sp® C-H stretch), 1711 (C=0 stretch), 1460 (aromatic C=C stretch), 1375 (C-O stretch);
UV/Vis (dimethylformamide, nm) = 430 (Soret), 573 (Qx), 656 (Qy); HPLC (21 min, 75%

Acetonitrile in water (0.1% trifluoracetic acid), detection=254 nm) = 12.4 min, 96.8%.

3.2.2.15 Succinimidyl zinc-pyrochlorophyllide a (SC-Zn-pyChl)

Zn-pyChl (10 mg, 1.67 x 10° mol) was mixed with 4-(dimethylamino)pyridinium 4-
toluenesulfonate (5 mg, 1.7 x 10° mol), N-hydroxysuccinimde (20 mg, 0.174 mmol) and
crystalline N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (22 mg, 0.115
mmol), followed by evacuation and backfilling with argon. The mixture was then dissolved in
dry dichloromethane (36 mL) under an argon atmosphere, and the resulting solution was then
stirred for 16 h at room temperature under argon. Once complete, the solution was diluted with
dichloromethane (50 mL) and washed with water (2 x 50 mL) and once more with saturated
brine solution (50 mL). The organic layer was then dried with magnesium sulfate, filtered and

evaporated as before to give a green solid (11 mg, 1.58 x 10> mol, 95%). *H NMR (400 MHz,
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CDCls) 6 (ppm) = 0.09 (s ??), 0.88 (br g, J = 2.65 Hz, J = 6.68 Hz, 3H, methyl), 0.99 (t, J =
7.52 Hz, 3H), 1.05-1.48 (m, multiple H, aggregation), 1.53 (q, J = 6.6 Hz, J = 6.89 Hz, 3H),
1.65 (d, J = 16.07 Hz, 3H, methyl), 2.03 (m, 2H, CH,-CH2-COOH), 2.32 (m, 2H, CH,-CHy-
COOH), 2.85 (d, J = 21.23 Hz, 2H, CH2-CHs), 3.17 (s, 3H, methyl), 3.26 (s, 3H, methyl), 3.68
(s, 3H, methyl), 3.86 (d, J = 6.82, 2H), 5.17 (br m, 1H), 5.32 (s, 4H, succinimidyl H), 5.37 (' br
m, 1H), 5.76 (dd, J =6.73 Hz, J = 11.06 Hz, 2H, vinyl), 6.13 (m, multiple H, aggregation), 6.39
(J =6.80 Hz, J =10.48 Hz, 2H, vinyl), 7.01 (d, J = 7.33 Hz, 1H, vinyl, cis), 7.98 (g, J = 6.18
Hz, J =11.48 Hz, 1H, vinyl, trans), 8.46 (s, 1H, ring 6-H, 1H), 9.24 (s, 1H, ring a-H), 9.41 (s,
1H, ring B-H); TOF MS LD+: expected = 695.097 g mol?, observed = 693.5 [(M—2H)", M =
C37H35Ns0sZn]; FTIR (solid state, cm™) 3352 (N-H stretch), 3189 (sp? C-H stretch), 2959,
2921 (sharp, sp? C-H stretch), 2851 (sharp, sp® C-H stretch), 2274 (N=C=0 stretch), 1779
(sharp, C=0 stretch), 1729 (sharp, C=0 stretch, amide), 1661 (C=C stretch), 1535 (N-O
stretch), 1375 (C-O stretch), 1200 (sharp, C-O/C-N stretch); UV/Vis (dimethylformamide, nm)

= 431 (Soret), 573 (Q), 658 (Qy).

3.2.2.16 Formation of mixed self-assembled monolayers

The Cr/Au-coated microscope coverslips were first cut, then rinsed with ethanol and dried
using nitrogen. Ethanol was degassed with nitrogen for 1 h before preparing ethanolic solutions
with varying molar ratios of bis[2-(2-bromoisobutyryloxy)undecyl] disulfide (DTBU, the
ATRP initiator) and 11-mercapto-1-undecanol (11-MUL) to achieve a total concentration of 2
mM. To create single component monolayers, the same procedures were followed using the
appropriate adsorbate at a concentration of 2 mM. Subsequently, the slides were immersed in
the solution for 24 h at 4 °C. When needed, the slides were rinsed with ethanol and dried using

nitrogen.
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3.2.2.17 Synthesis of PCysMA brushes

For the polymerization process, solutions containing the following components were prepared:
CysMA (750 mg, 2.231 mmol, dissolved in 4 mL H>O at 0.56 M concentration), Copper(Il)
chloride (CuCl2) (14.6 mg, 0.109 mmol, dissolved in 5 mL H20), 2,2’-Bipyridyl (38.8 mg,
0.248 mmol, dissolved in 5 mL ethanol), and L-ascorbic acid (100 mg, 0.568 mmol, dissolved
in 10 mL H20 at 56.8 mM concentration). The CuCl> and 2,2’-bipy solution were combined to
create a vivid blue Cu(bipy)-Cl> complex solution (10 mL, with [CuCl>] = 10.9 mM and [2,2’-
bipy] = 24.8 mM). The L-ascorbic acid solution (0.18 mL, 1.02 x 10 mol) was added to the
CysMA solution first, followed by the Cu/bipy solution (0.35 mL, containing ncy) = 3.82 x 10°
® mol). The resulting solution was mixed gently, then left undisturbed for 7 — 10 min. Once the
solution turned brown, the samples with self-assembled monolayers were immersed in the
solution for different time intervals to achieve the desired polymer thickness. When ready, the
sample was removed from the solution then washed thoroughly with deionized water and

ethanol, after which it was stored in ethanol at 4°C until further use.

3.2.2.18 Attachment of succinimydyl zinc-pyrochlorophyllide a to PCysMA brushes

The as synthesised N-Hydroxy succinimidyl ester derivative of chlorophyll (Chl) was
dissolved in a 1:3 mixture of DMF: phosphate buffered saline (pH 8, 10 mM) at a concentration
of 1 mM. Once dissolved, PCysMA samples were immersed in the chlorophyll solution and
functionalisation allowed to occur for 16 - 18 h. Once complete, the samples were washed with
DMF followed by deionised water. This same procedure was used for both continuous gold
substrates and plasmonic arrays of gold nanostructures. Samples were stored in ethanol in a

fridge at the temperature of 4 °C until required.
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3.2.2.19 Attachment of Chl to a SAM of 11-MUL

Zn-pyrochlorophyllide a (6 mg) was dissolved in anhydrous dichloromethane (10 mL) under
argon atmosphere. Oxalyl chloride (5 mL) was added to the solution and stirred at room
temperature for 2 hours, followed by the removal of solvent under reduced pressure to give a
Zn-pyrochlorophyllide a acyl chloride as a green solid, which was used immediately for the
coupling reactions. The SAMs were prepared by immersing substrates with gold were in a 2
mM solution of 11-mercapto-1-undecanol in degassed ethanol for 48 hours. The slides were
then washed with ethanol, dried with nitrogen and were immersed in a freshly prepared solution
of 3 mM Zn-pyropheophrobide a acyl chloride in anhydrous dichloromethane for 18 hours at
-4 °C. The slides were then washed with dichloromethane, followed by washing with degassed
ethanol and drying with nitrogen. The surfaces were analysed using X-ray photoelectron

spectroscopy.

3.2.2.19 Attachment of Chl to pCysMA grown from glass

The clean glass samples were immersed in the solution mixture of 2% of 3-
aminopropyltriethoxysilane (APTES) and 98% of ethanol for 30 min. The slides were then
rinsed with ethanol and dried using nitrogen gas. Subsequently, the slides were placed in clean
glass vials on a hotplate at 120 °C for 30 min. The top of the vials was covered with Al foil to
avoid light exposure. Following the annealing process, the samples were immersed in a mixture
of 0.37 mL 2-bromoisobutyrylbromide, 0.41 mL triethylamine and to 60 mL of
dichloromethane. After the immersion for 30 min at room temperature, the slides were rinsed
with dichloromethane, ethanol and dried using nitrogen gas. The polymerisation process and
Chl attachment was then carried out according to the procedures outlined in “3.2.2.17 Synthesis
of pCysMA brushes” and “3.2.2.18 Attachment of succinimydyl zinc-pyrochlorophyllide a to

PCysMA brushes.”
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3.3 Results and discussion

Biological light-harvesting antennas regulate exciton molecules spatially via a network of
proteins. The careful arrangement of the various pigment molecules is vital for the efficient
transport of energy within the photosynthetic system. A biomimetic antenna should therefore
follow a similar model, whereby loss is mitigated through “architectural” means. This is
achieved in pigment-polymer complexes by using a polymer brush film to fulfil the role played
by the protein scaffold in light-harvesting proteins. Figure 3.1 shows the method used to
synthesise surface grafted pigment-polymer antenna complexes, as described in detail by
Lishchuk et al.8. First, a poly(cysteine methacrylate) (PCysMA) scaffold is grown by surface-
initiated activators regenerated by electron transfer atom transfer radical polymerisation (Sl
ARGET ATRP) from a self-assembled monolayer (SAM) containing bromine-terminated
alkylthiolates. Second, a derivative of a zinc chlorophyllide functionalised with a linker
terminating in an N-hydroxy succinimidyl ester group is coupled to amine groups on the
scaffold. The aim of the work in this chapter was to discover how to achieve high
concentrations in polymer films, distributed uniformly through the surface-grafted polymer

layer.
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Figure 3.1. Synthesis of pigment-polymer antenna complexes. (a) Reaction scheme
demonstrating the formation of a mixed self-assembled monolayer using 11-mercapto-1-
undecanol (11-MUL) and bis[2-(2-bromoisobutyryloxy)undecyl] disulfide (DTBU, initiator
molecule), followed by surface-initiated ATRP to grow CysMA, and subsequent
functionalisation with the active ester modified chlorophyll via ethylcarbodiimide/N-
hydroxysuccinimide (EDC/NHS) coupling. (b) Hlustration of pCysMA films grown from
varying initiator molar fractions (ysr) on gold, depicting the consequent conformation changes.
The networks are derivatised with Chl which concentration and distribution along the chains

are regulated by the grafting density of the polymer.
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3.3.1 Characterisation of Initiator-Functionalised SAMs

It was hypothesised that the density of chlorophyllides within the surface-grafted polymer film
could be controlled by regulating (a) the grafting density and (b) the polymerisation time t of
the surface-grafted polymers. To control the grafting density of surface-tethered polymers,
bis[2-(2-bromoisobutyryloxy)undecyl]  disulfide (DTBU) was co-adsorbed  with
mercaptoundecanol (11-MUL) from solutions containing various ratios of the two adsorbates
to form mixed SAMs on gold. DTBU is a symmetrical disulfide and dissociates on adsorption
onto the gold surface to yield two bromine-terminated alkylthiolates, while 11-MUL acts as an
inert diluent. After adsorption onto gold, the molecules form thiolates of similar chain lengths.
The molar concentration of the initiator sites in the SAM was regulated by changing the ratio

of the concentrations of the two adsorbates in the solution from which the SAM was formed.

Previous studies of mixed SAMs have indicated that there is a competition between kinetics
and thermodynamics during monolayer formation,??42% with the consequence that the
composition of a mixed SAM typically differs slightly from the composition of the solution
form which it is formed. Thus, the compositions of the mixed SAMs used in this study were
characterised by XPS. Representative high-resolution spectra are shown in Figure 3.2. Detailed
information, including the peak positions, full widths at half maximum (FWHM), the fitting

parameters, peak areas and % atomic compositions can be found in Table A1.1-Al1.5.
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Figure 3.2. High-resolution C1s, Ols and S2p XPS spectra of self-assembled monolayers
(SAMs) using (a) bis[2-(2-bromoisobutyryloxy)undecyl] disulfide (DTBU, initiator molecule),
(b) 11-mercapto-1-undecanol (11-MUL) and (c) representative C1s spectra of mixed SAMs of
the two, with calculated surface molar ratios of the Br-containing initiator sites of ysrau) = 0.52,
0.40 and 0.26. The chemical structures of the surface-tethered molecules are shown on the left.

Carbon-halogen bonds are susceptible to photolysis under extended X-ray exposure®?® and,
moreover, the Br3d peaks observed for the SAMs studied here were noisy. Thus, quantitative

analyses of the initiator-containing SAMs were performed using high resolution C1s spectra
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rather than the Br3d data. As shown in Figure 3.2(a), the C1s spectrum of DTBU SAM exhibits
a peak at 289.1 eV, corresponding to the carbonyl group carbon (C=0), a peak corresponding
to the C-O and C-Br environment at 286.7 eV, and the C-C/C-S peak at 285 eV. The Cls
spectrum of an 11-MUL SAM exhibits a small feature at 286.9 eV, due to the carbon atom
adjacent to the hydroxyl group, in addition to the C-C/C-S peak at 285 eV. Since the carbonyl
functional group is present only in DTBU, the mole fraction of the adsorbed initiator site
(xBr(au)) Within the film can be derived from the C1s peak area ratios according to the following

equation:

__ XBr(sol) X4exp
ABr(au) = T Ao (3.1)

where yerson IS the mole fraction of initiator sites in the solution, Aexp is the experimentally
determined ratio of the fitted peak areas corresponding to the C1s carbonyl group and the C-
C/C-S pea and Acaic is the calculated ratio of the functional groups in the SAM, assuming that
the surface composition reflects that of the solution composition. Using this method,
Figure 3.3(a) shows the calculated mole fraction of bromine-terminated adsorbates in the SAM
(xer(au) as a function of the mole fraction of brominated alkyl chains in solution (ygrson),
assuming that one mole of DTBU molecules is equivalent to two moles of brominated alkyl

chains.
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Figure 3.3. Influence of grafting density on kinetics of growth of PCysMA brushes. (a)
Dependence of the mole fraction of initiator-functionalised adsorbates on the gold surface
(xBr(au)) on the mole fraction of brominated chains in solution (yersol)), determined from XPS
analysis. (b) Variation in the cosine of the contact angle of a deionised water droplet on mixed
SAMs formed from varying DTBU:11-MUL ratios in solution.

A non-linear relationship was observed between ygrsoly and ysr(au). At low values of ysrsol), the
mole fraction of brominated chains in the SAM is greater than that in the solution from which
it is formed; however, when the mole fraction of brominated chains in solution is increased
above 0.5, the surface becomes enriched in the diluent molecules. These observations are
supported by contact angle measurements (Figure 3.3(b)). The water contact angle of a DTBU
SAM is 75 + 2° and for an 11-MUL SAM it is 14 + 2°, At small values of ygrsol), COS@increases
slowly, reflecting enrichment of the SAM in brominated chains, but it increases rapidly above

xBr(sol) = 0.6, as the surface becomes enriched in 11-MUL instead.

These data are explained by the differences in the adsorbates used. The brominated adsorbate,

DTBU, is a dialkyldisulfide in the solution phase, and contains a bulky Br at its tail, while 11-
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MUL is an alkylthiol. At small values of ygrsor), €ach disulfide initially adsorbs to occupy two
surface sites; if the rates of diffusion of the two adsorbates are similar, then the surface will be
enriched in the brominated chains because each collision between a disulfide and the gold
surface leads to the formation of two gold thiolates. However, as the value of ygrsory becomes
large, the comparative bulk of the disulfides begins to hinder their approach to the surface at
higher fractional coverages, whereas the smaller 11-MUL molecules adsorb faster at higher

coverages, thus enjoying a small competitive advantage.

3.3.2 Dependence of polymerisation kinetics on grafting density
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Figure 3.4. (a) Dry thicknesses of pCysMA films grown from SAMs formed from solutions
with yerau) = 1.00, 0.47 £ 0.11, 0.39 £ 0.07 and 0.26 + 0.05 at a range of polymerisation times.
(b) Dry pCysMA brush thicknesses prepared using 10 min and 30 min polymerisation times as
a function of yerau), determined by spectroscopic ellipsometry. (c) Fraction of Au-S bonding
in the high-resolution S2p XPS spectrum for pCysMA films grown for 10 min and 30 min from

SAMs with varying mole fractions of brominated chains.

The growth kinetics of PCysMA films formed by ARGET-ATRP were determined as a
function of the mole fraction of bromine-terminated adsorbates in the SAM (ysrau)-
Figure 3.4(a) shows the dry thickness of pCysMA grown from ysrau = 1.00, 0.47 £ 0.11,
0.39 £ 0.07 and 0.26 = 0.05 as a function of the polymerisation time t. For all grafting densities,

the general behaviour is similar: the thickness increases rapidly at first, with the rate of growth
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slowing after ~ 10 min, to reach a limiting dry thickness after ~ 45 min. This suggests that the
radicals at the polymer chain ends become terminated at comparable rates across the range of
grafting densities studied here. Att = 45 min, the thickness of a fully dense brush is 36 = 5 nm,
decreasing to20+3nm for yerayy =0.47 £0.11 after the same reaction time. For
xBrAw = 0.39 £ 0.07 and 0.26 £0.05 the film thicknesses were 8.5 =1 nm and 5.9 nm,
respectively. These observations are consistent with expectations based on our understanding
of the relationship between polymer conformation and grafting density.?%231 At high initiator
densities, steric repulsion inhibits collapse of surface grafted polymers; however, as the
grafting density is reduced, steric repulsion decreases until eventually it is lost completely, and

the surface-grafted chains collapse to adopt a mushroom conformation.

To further examine the relationship between initiator concentration and film growth, we
measured the dry thicknesses of pCysMA films prepared with polymerisation times of 10 min
and 30 min (Figure 3.4(b)). For all grafting densities, the higher polymerisation time yielded
thicker films, due to the longer chain lengths. At the highest initiator density (yerau = 1.0),
pCysMA had a dry thickness of 20 = 1 nm at t = 10 min and 32 £ 6 nm at t = 30 min. In these
fully dense brush films, steric repulsion between the neighbouring polymer strands forces them
to stretch away from the surface. However, as the initiator density is reduced to
xerauw = 0.30 £ 0.05, the thickness decreases monotonically due to the progressive reduction in
steric repulsion. At yerau) < 0.30 £ 0.05, a change in behaviour is observed: as the grafting
density is reduced below this value, the thickness varies more gradually as a function of the
initiator density. This change in behaviour is attributed to the transition to a mushroom
confirmation in the surface-grafted polymers.?322% The heights of the mushrooms, and

therefore the corresponding film thickness, are determined by the radius of gyration of the
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surface-grafted chains. The transition in conformation from “brush” to “mushroom” is likely

around the point of ysrau) = 0.30 = 0.05, where the slope of the gradient changes significantly.

These changes in film thickness as a function of grafting density are correlated with changes
in the S2p XPS spectrum. The binding energy of the S2ps/2 peak for sulfur in thioether linkages
in PCysMA is 163.6 eV,?** while for thiolate sulfur atoms in the SAM it is 162.0 eV.?*®
Inelastic scattering of photoelectrons means that the photoelectron signal from the underlying
monolayer is attenuated by the polymer film. Thus, when the polymer film is thicker than the
XPS sampling depth, the contribution to the S2p peak from gold thiolates is lost. Typically, the
XPS sampling depth is estimated to be ~10 nm for molecular materials.?* Figure 3.4(c) shows
the variation in the ratio of the two contributions to the S2p peak as a function of grafting
density for polymerisation times of 10 min and 30 min. As expected, the contribution to the
S2p peak from thiolate sulfur for a given grafting density is larger for t = 10 min than for
t = 30 min. The S-Au contribution decreases with increasing grafting density, consistent with
the data in Figure 3.4(b). The S-Au contribution is undetectable for a 33 nm thick fully dense
brush,® as expected. For a fully dense brush of 20 nm thickness (t = 10 min), the thiolate
contribution to the S2p signal is small, but not zero. This indicates that the XPS signal is
attenuated more gradually by these surface grafted polymers, which have lower densities than
some other molecular materials, for example SAMs, for which the XPS signal is attenuated
more rapidly. As the grafting density is reduced, the relative contribution of the thiolate sulfur
to the S2p signal increases, such that at the lowest grafting initiator density used here

(rBr(auw) = 0.21 + 0.04) the thiolate signal for t = 10 min is ~ 10 x that for a fully-dense brush.
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3.3.3 Depth-profiling of pCysMA brushes

The composition of surface-grafted polymer films was analysed as a function of depth using
XPS in combination with a giant gas cluster ion source (GCIS). Bombardment of the surface-
grafted polymer causes sputtering (removal) of material from the film, but when a GCIS is used
for depth-profiling, a low energy density is achieved in the profiled region, leading to a low
sputtering rate combined with minimal modification of the chemical structure of the analysed
area. For polymer films with yerauw = 1.00, 0.47 £ 0.11 and 0.39 £ 0.07, an Arsoo* cluster
source was selected and raster-scanned across a 2 mm x 2 mm region. Lower density films,
such as yerau) = 0.26 £ 0.05, were etched using Arxoo0" clusters. Each etch cycle was followed
by collection of high resolution and survey spectra over a 110 pm x 110 pm sampling area in
the centre of the crater. To estimate the polymer film thickness after each etching cycle, a
calibration plot was created by measuring the Au4f:C1s peak area ratios for a series of brush
films with known thicknesses (Figure Al.1). The natural logarithm of Au4f7>:C1s peak area
ratio extracted from the high-resolution narrow spectra was plotted as a function of the polymer
dry brush thickness determined by spectroscopic ellipsometry. The data was fitted with a
straight line, which enables the calculation of the thickness based on Au4f:C1s peak area ratios
alone. Therefore, provided that the Au4f7;, signal can be detected, the linear relationship plot

allows the estimation of the brush thickness based on the XPS depth-profile data.
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Figure 3.5. Characterisation of pCysMA brush films. Atomic composition changes as a
function of depth for pCysMA films (t = 60 min) with grafting densities of (a) ysrau = 1.00,
(b) xBray =0.47 £0.11, (c) 0.39£0.07 and (d) 0.26 + 0.05. The dose corresponds to the
number of ion clusters per surface area during the etching process. High resolution (e) C1s, (f)
N1s and (g) S2p spectra of a full density pCysMA brush (t =60 min) after etched down to
different thicknesses.

Figure 3.5(a) shows the change in composition as a function of dose for fully-dense pCysMA
brushes (ygrawy =1.00 and t=60min, dry thickness 42nm). Up to a dose of

3 x 108 clusters m2, the N, C and S concentrations remain approximately constant, although
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the O1s signal declines very slightly in intensity. During this initial period, the upper part of
the brush is being sputtered, and the polymer film is thicker than the XPS sampling depth.
Thus, gold is not detectable. For doses larger than 3 x 10*8 clusters m~2, the polymer film is
thin enough for gold to be detectable. As the dose increases from 3 to 6 x 10*® clusters m2, the
areas of the C1s, N1s, Ols and S2p peaks decline to zero, while the intensity of the Au4f peak
increases, reaching a limiting value at a dose of 8 x 10*® ions clusters m=2, corresponding to

complete removal of the polymer film.

Figure 3.5(b)-(d) shows elemental compositional depth profiles for reduced density brushes
xBr(av) = 0.47 £0.11 and for brushes yeraw = 0.39 £ 0.07 and 0.26 + 0.05, with thicknesses
22 nm, 16 nm and 13 nm, respectively. As expected, the dose at which the C1s and Au4f curves
cross decreases as the grafting density is reduced. For fully dense brushes, the Au4f peak is
not detected at first, being observed only after a dose of ~0.7 x 10'® m?. However, for the
mushrooms (c,d), the Au4f peak is detected in the spectra of unmodified films and continues
to increase in intensity throughout the depth profile. The complete removal of the films is
achieved after doses of ~ 1.9 x 108, 1.5 x 10'® and 0.5 x 108 clusters m for films with ysrau)

=0.47, 0.39 and 0.26, respectively.

High-resolution XPS spectra collected after each etching cycle reveal the changes in the
polymer chemistry as a function of depth. Figure 3.5(e)-(g) show the evolution of the C1s, S2p
and N1s spectra as a function of the etched-down thickness for fully-dense brushes. The largest
peak in the Cls spectrum appears at 285 eV, corresponding to the C-C and C-S bonding
environments. Peaks are also observed at 286.4 eV and 288.4 eV, the former corresponding to
carbon atoms single bonded to oxygen and the latter corresponding to carboxylate carbon

atoms. As the thickness of the film decreases from 19 nm to 3 nm, there is a gradual reduction
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in the areas of the features at 286.4 eV and 288.4 eV, and a relative increase in the size of the
peak at 285 eV. This is attributed to the relative increase in the contribution from the close-
packed hydrocarbon chains in the underlying SAM as the polymer film thickness decreases.
There are ~ 5 thiolates nm~2, whereas the grafting density of the brush is estimated to be ~0.5
chains nm2.2%2237 Thus, once the SAM lies within the XPS sampling depth, it contributes

significantly to the feature at 285.0 eV.

The S2p spectrum for a fully-dense brush film exhibits a doublet, with the largest of the two
peaks appearing at 163.8 eV. This doublet corresponds to the thioether S2p12 and S2ps. peaks,
with the S2ps2 peak having the higher binding energy. However, when the film thickness is
reduced to 11 nm, a second doublet appears, with the S2ps/» peak being observed at 162.3 eV.
At this thickness, the sampled depth includes a portion of the initiator layer, and 162.3 eV

corresponds to the binding energy of the thiolate S2ps/» peak.

The N1s spectrum of fully dense brushes exhibits two features, a dominant peak at 401 eV
attributed to protonated amine, and a smaller peak at 399.2 eV corresponding to neutral amine
groups. The ratio of the protonated and neutral amine groups was ca. 8:2, consistent with
previous reports.??>2%® However, significant changes were observed in the magnitude of this
ratio as a function of depth. After removal of only 2 nm of the brush film, the areas of the peaks
attributed to protonated and deprotonated amines were nearly equal, and after removal of the
top 5 nm of the brush, the neutral amine peak was the larger of the two, with a
protonated:neutral amine peak area ratio of 2:8. This ratio remained unchanged when the
thickness of the film was reduced further. These data suggest that while the amino acid pendant
groups are largely charged in the top 2 nm of polymer, the charge density is much smaller

throughout the majority of the polymer brush film.
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Similar behaviour was observed in reduced density polymer films, although the top layers of
these films exhibited lower charge densities than the full density brushes. For example, analysis
of polymers grown from ygray = 0.47 £ 0.11 and 0.39 £ 0.07 showed -NH3" and -NH group
ratios of ca. 6 : 4 before etching. An explanation for this increased charge density in the
interfacial region is suggested by the work of Tolba and Xia, who modelled the interactions
between water and poly(sulfobetaine-methacrylate) (polySB) and poly(2-methacryloxoethyl-
phosphorylcholine) (polyMPC).%*° They found that the increase in water content close to the
polymer/water interface led to more charge being transferred to the adsorbed water molecules
from these zwitterionic polymers. It is likely that bound water remains largely intact even after
transfer to the XPS instrument for analysis, with the consequence that the modified charge
density is largely (or at least partially) preserved during analysis. Because the degree of
solvation is expected to be reduced for collapsed mushroom structures, it is expected that
charge transfer in the interfacial region will be less effective for PCysMA films grown at small

grafting densities, consistent with the observations made here using XPS depth-profiling.

3.3.4 Control of chlorophyll binding through variation of grafting density

By varying the grafting density of the surface-grafted polymers, the kinetics of the reaction
between chlorophyll and polymer chains may be controlled to achieve densely packed
chlorophyll networks that mimic light-harvesting pigment-protein complexes. Chl was
extracted from spinach and modified to obtain the chlorophyllide with a carboxylic acid linker
group. Before addition to pCysMA, the carboxylic acid group was converted into an NHS

group and used via EDC/NHS coupling to the amines of CysMA (Scheme 3.1).
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1. 5% H,SO,, MeOH, 16 h
—_———

2. 2, 4, 6-trimethylpyridine, 16 h,140 °C

0.
X
M\/Y\/Y 0
Chlorophyll a Pheophytin a Methyl pyropheophorbide a
THF,
LiOH.H,0
16 h

Zn(OAc), .(H,0),, MeOH
-

30 min, 35 °C

EDC/NHS coupling

16 h

Succinimidyl zinc-pyrochlorophyllide a Zinc-pyrochlorophyllide a Pheophorbide a

Scheme 3.1. Reaction scheme outlining the conversion of chlorophyll a into succinimidyl zinc-

pyrochlorophyllide a.

The activated molecule was used immediately by dissolving the dry product in the 1:3
DMF:phosphate buffered saline (PBS, pH 8) solvent system, which was for incubating the
substrates with pCysMA films for 42 hours at 4 °C. The Kkinetics and the extent of chlorophyll
binding to pCysMA was investigated by analysis of N1s and S2p high-resolution spectra,
before and after the coupling reaction. Reference spectra to aid identifying the key bonding
environments in Chl are shown in Figure 3.6, including a drop-cast film of the active ester-
modified chlorophyll on gold and the chlorophyll functionalised SAM of 11-MUL. The XPS

fitting details can be found in Table A1.6-A1.7.
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Figure 3.6. High resolution C1s, O1s, N1s and Zn2p XPS spectra of (a) drop-casted Zinc-

pyrochlorophyllide a (Chl) on a gold slide and (b) Chl functionalised SAM of 11-MUL on
gold.

The high resolution N1s spectra for both reference sample shows prominent peaks at ~398.5
eV, which corresponds to the nitrogens that are part of the delocalized chlorin ring and donate
electron density to Zn?*. Meanwhile, the peak at ~400.1 eV originates from the Chl molecules
that lost the central Zn?* ion. ?*° The overall contribution of this peak significantly larger for
the Chl functionalised SAM, indicating that the reaction conditions may lead to partial
demetallation of the pigment. In addition, the drop-casted Chl sample contains an additional

peak at 401.7 eV, associated with the interaction of the chlorin ring nitrogens with the gold

surface.?*
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Figure 3.7. Characterisation chlorophyll binding to pCysMA brushes of various grafting
densities. (a,b) High-resolution N1s XPS spectra of full density (ysrau) = 1.00) surface-grafted
polymers with 30 min polymerisation time before (a) and after (b) reaction with Chl. (c,d)
High-resolution N1s spectra of reduced density (yerau) = 0.39 £ 0.07) surface-grafted polymers

with the same polymerisation time (c) before and after (d) reaction with Chl.

Figure 3.7(a)-(d) shows the change in the N1s spectrum after binding chlorophyll to full density
(xBr(av) = 1.00, t = 30 min) and reduced density (ysrau) = 0.39 = 0.07, t = 30 min) pCysMA
films. Before the addition of Chl, the N1s spectrum of the full-density brush displayed peaks
at 401.6 eV (—-NHz") and 399.5 eV (—-NHy) in an 8:2 ratio, consistent with data in Figure 3.5(g).
Following attachment of Chl, the —~NH3* peak is greatly reduced in intensity, while the —NH>
peak is now the largest in the spectrum. A new peak is observed at 398.1 eV, corresponding to
the nitrogens in the tetrapyrrole ring in Chl that are coordinated to the positively charged Zn?*
ion at the centre of the macrocycle. The observation of this peak confirms the presence of Chl

within the polymer brush.
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The attachment of the pigment occurs via the formation of an amide bond between a pendant
amine on the polymer and the Chl. This is indicated by the drop in -NHs" peak intensity
compared to the other N1s bonding environments, since some of the -NHs" groups are
converted into the more electron dense amides. This is consistent with the increase in the
intensity of the peak at 399.5 eV after reaction. Additionally, the fraction of charged nitrogens

may be reduced during the reaction because of the use of mildly basic conditions (pH 8).

To estimate the Chl to monomer ratio in the films, the N1s and S2p peak area ratios were
compared before and after the coupling reaction. Poly(cysteine methacrylate) (PCysMA)
contains one sulfur and one nitrogen atom per repeat unit. After the attachment of a Chl

molecule, the repeat unit gains an additional four nitrogen atoms (Figure 3.8).

Monomer unit: 1S+ 1N
o] (@] (@]
?LO/\l/\ok/\S/ﬁ)\O@
n OH NH,
®
Monomer + Chlunit: 1S+5N

(e} (@] o]
o/ﬁ/\oj\/\sﬂ)\o@
n OH HN

Figure 3.8.Chemical structure of the monomer unit, CysMA (top) and the Chl-functionalised
monomer unit (bottom). The number of sulfur (S) and nitrogen (N) atoms is indicated.
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Since the S concentration on the surface remains unchanged after the Chl attachment, the ratio

of the N/S peak areas before (g) and after (g) hlthe Chl addition, determined from the

PCysMA C
high-resolution XPS spectra, can be used to account for the excess N within the brush after the
coupling reaction. Note that as each Chl contains four nitrogens, the result must be divided by
four. Therefore, we can use the following equation to estimate the Chl:monomer molar fraction

within the :

&)
e eIk
For this sample, the molar fraction of Chl to monomer was found to be 0.24, equivalent to one
Chl for every 4.2 monomer units. However, when the grafting density of pCysMA is reduced
to yer(au) = 0.32 + 0.04, the films can accommodate larger amounts of Chl in the film due to the
decreased steric hindrance of the chains. The calculated Chl:monomer molar fraction was 0.39
for this film, 1.6 times higher than that of the fully dense polymer, and equivalent to one
chlorophyll for every 2.6 monomer units. This increase in the concentration of Chl in the film

is reflected in the substantial increase in the area of the N1s peak at 398.4 eV (tetrapyrrole N

coordinated to Zn?").
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Figure 3.9. The Chl:monomer ratio within the polymer films as a function of ygrau), calculated
from XPS data.

Figure 3.9 shows how the Chl:monomer ratio calculated from the N1s:S2p peak area ratio
varies with the grafting density. While there is some significant scatter in the data (probably
because the S2p peak and the N1s peak are both noisy), the Chl:monomer ratio decreases with
increasing grafting density, as expected. Within experimental error, there appears to be little
difference in the Chl:monomer ratio for films grown with the same grafting density and
different polymerisation times (10 and 30 min). Furthermore, addition of Chl to the brush
structure led to a significant increase in the thickness of the polymer film, consistent with the
expectations, given the high molar mass of the Chl relative to that of the polymer repeat unit.
Analysis of the film height before and after addition of the pigment was carried out using
tapping mode atomic force microscopy (AFM) of micropatterned surface-grafted pCysMA

films (Figure 3.10)
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Figure 3.10. (a) AFM tapping mode image of a dry micropatterned full density polymer brush
(t = 30 min) after attachment of Chl. The bright squares contain the pCysMA brush film while
the dark regions are covered with monolayer of 11-mercaptoundecanol (11-MUL). The dashed
line corresponds to the averaged area cross section of the square shown in (b) for a brush film
before and after chlorophyll binding. (c) Shows the image of a dry micropatterned reduced
density brush (ysrau) = 0.39 + 0.07) with t = 30 min after the Chl coupling. The dashed line
shows the cross section presented in (d), which depicts the height change before and after the

attachment reaction.

Briefly, a SAM of 11-MUL was exposed to a UV laser through a copper mesh grid, leading to
photo-oxidation of the adsorbates in the exposed areas.?*? The oxidised thiols were then
replaced by immersion of the patterned substrate in a solution of the initiator solution, leading
to displacement of the sulfonates by the brominated adsorbate. Subsequently, brush films were
grown for 30 min from the square patterns.??243 The resulting pCysMA squares were analysed
by tapping mode AFM before and after the Chl reaction. The fully dense brush film showed a
thickness of ca. 23 nm before the functionalisation. After the Chl binding, a 30% increase in

height was observed, attributed to the covalent coupling of Chl to the polymer scaffold. When
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xBrAw = 0.39 £ 0.07, the film grown for 30 min had a thickness of ca. 1.5 nm. The relatively
low thickness is likely due to the small elastic moduli of surface tethered polymers, which are
easily compressed by the AFM tip during the imaging process. Attachment of the pigment,
however, doubles the thickness to 3 nm, based on the cross-section analysis. The doubling of
the reduced density polymer film thickness indicates a higher Chl:monomer ratio compared to

the fully dense brush, which increases only by ca. 1/3 of its original height.

3.3.5 Depth-profiling of Chlorophyll-Functionalised pCysMA brushes

The data in Figure 3.10 demonstrate that the amount of Chl bound to the polymer scaffold
varies with the grafting density: in fully dense brushes, steric hinderance limits the
derivatisation of PCysMA by Chl, but as the grafting density is reduced, this steric hinderance
is reduced, leading to a progressive increase in the amount of Chl bound to the scaffold.
However, these data do not provide insight into the vertical distribution of Chl relative to this
surface. To examine the vertical distribution of Chl, XPS depth-profiling was carried out using
Arzoe” and Arxoo” as outlined before on PCysMA films prepared using yerauw = 1.00,

0.47 £0.11, 0.39 £ 0.07 and 0.26 £ 0.05, with t = 60 min (Figure 3.11).
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Figure 3.11. Depth-profiling analysis of pCysMA films before and after Chl attachment. (a)
N1s/S2p peak areas of a fully dense brush ygsrau) = 1.00, and reduced density brushes (b)
xBraw = 0.47 £0.11, (c) 0.39 £0.07 and (d) 0.26 £ 0.05, at t = 60 min polymerisation time
before (black dots) and after (green squares) the Chl coupling reaction. The thickness was
estimated by averaging the difference in brush height between the consecutive etching cycles
and calculated by the calibration plot outlined in the main text. (d-e) Comparison of the

N1s/S2p peak areas of the same surface-grafted polymers before and after the Chl attachment.
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Figure 3.11(a)-(d) show depth profiles acquired by measuring the intensity of the Au4f peak as
a function of depth. For fully-dense films, Au remains undetectable until ~10 nm has been
removed from the film. After this, the Au4f peak grows in intensity (black circles), reaching a
limiting value after ~ 40 nm have been removed from the film. However, after attachment of
Chl to fully dense brushes, the Au4f remains undetectable until ~ 20 nm has been removed
from the film. As the film is sputtered, the Au4f intensity increases, reaching a limiting value
after ~ 65 nm has been removed from the film. The change is attributed to the increase in layer
thickness due to Chl binding. Analysis of the ygrau = 1.00 brush shows that the Au4f signal
reaches a stable value after a dose of 0.8 x 10*° clusters m, indicating that the entire film has
been removed. After addition of Chl, the removal of the entire film requires a dose of
1.4 x 10® clusters m, which is a 2-times smaller sputtering rate compared to the as-prepared

polymer.

For the lowest density film, yarau = 0.26 + 0.05 a dose of 0.5 x 10*8 clusters m was required
for complete removal of pCysMA. However, when Chl is attached, a significantly larger dose,
2.4 x 108 clusters mm, is required to remove the entire layer. Thus, the etching rate was 3.4
times slower, indicating that a substantial amount of additional material has been deposited on
the brush films. The dry thickness was estimated after each etching cycles using the calibration
plot outlined in Figure Al.1. The estimated dry thickness increased by 25% of the fully dense
film, 18% of the ygrau = 0.47 £ 0.11 film, 31% and 8.3% for the ygray=0.39 £ 0.07 and

0.26 = 0.05, respectively.

The N1s and S2p peaks exhibit poorer signal-to-noise ratios than the Au4f peak. Nevertheless,
they provide a convenient means to measure the distribution of the pigment within the dry film
(Figure 3.11(e)-(h)). Analysis of film prior to etching yields N/S ratios that are consistent with

the results obtained using conventional XPS measurements discussed above. Sampling of clean
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films prepared with ysrau) = 1.00, 0.47 £ 0.11, 0.39 £ 0.07 and 0.26 + 0.05 showed N/S ratios
of 0.78, 0.70, 0.77 and 0.63, respectively. After the coupling reaction, these ratios increased
to 1.62, 1.60, 1.75 and 1.93, respectively. Thus, the N/S ratio increases after incubation with
the Chl as the grafting density decreases, consistent with the conclusion that Chl binds more

extensively to the reduced density polymers.

The Chl functionalised fully dense brush had an estimated thickness of 57 nm. The upper half
of the brush shows a nearly constant N/S ratio, indicating a homogeneous distribution. After
sputtering had reduced the film thickness to 28 nm, the N/S ratio began to decrease as the
interface was approached, reaching a value of 1.1, after which it dropped rapidly as the film
was sputtered completely. Thus, we conclude that even for the fully-dense brush with
considerable steric hindrance, Chl is able to penetrate and bind fully along the chains, with only
a small decrease in the concentration towards the bottom. This is an interesting finding as
reports on post-polymerisation modification of polymer brushes that involve smaller reagents

than Chl showed predominant localisation on the top of the films.24424

When the grafting density of pCysMA is reduced, the N/S ratio changes comparatively little
until the interface is approached for each polymer. Therefore, the results suggests that Chl
penetrates all brushes, where the amount of bound Chl reflects the kinetics of the reaction. XPS
depth-profiling therefore reveals the hidden nature of the Chl-pCysMA binding, which is
undetected by conventional means. Therefore, interpretation based on traditional XPS
sampling can provide an inaccurate account of Chl within the polymer volume. In particular, it
overestimates the number of pigment molecules in the fully dense brush and underestimates
the amount in reduced density films. Using an average of the N/S values from the depth-profiles
against the unetched N/S ratio of the clean brush, the Chl:monomer ratios were calculated. It

was found that overall, the fully dense films exhibited a Chl:monomer ratio of 0.20, meanwhile,
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xBrAw = 0.47 £0.11, 0.39 £ 0.07 and 0.26 + 0.05 films showed a ratio of 0.45, 0.38 and 0.78,

respectively.

XBr(Au) = 1.00 XBr{Au) = 0.39%0.07
before Chl after Chl before Ch/ after Chi

405 400 395 405 400 395 405 400 395 405 400 385

Binding energy / eV) Binding energy / eV) Binding energy / eV) Binding energy / eV

Figure 3.12. Representative N1s high-resolution spectra of selected depth-profiles. (a) Fully
dense pCysMA after a number of sputtering cycles. The thickness in the inset corresponds to
the estimated thickness of the film after each etching cycle. (b) Shows the depth-profiling of
the same brush after addition of Chl. (c) PCysMA brush prepared with ygrau = 0.39 + 0.07

before and (d) after Chl functionalisation.

Examination of N1s high-resolution spectra as a function of depth reinforced these conclusions
(Figure 3.12). As discussed above, Chl-binding is indicated by a decrease in the -NHs" peak
area and the appearance of a new low binding energy attributed to nitrogens in the chloring
ring that are coordinated to Zn?*. A notable difference between the fully dense and reduced

density films is that while the -NHs"™ peak intensity decreases in both while approaching the
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middle of the film, it remains present in the dense brush but disappears in the reduced density
film. Additionally, the chlorin ring nitrogen peak was observed throughout the whole of the
layer from top to the bottom. In both cases, the relative intensity of the peak increases towards
the middle of the materials, however, the ratio was slightly higher in reduced density brushes.
The findings are in good agreement with the conclusions drawn by the analysis of the N/S peak
ratios. The Chl concentration gradient observed in the reduced grafting density pCysMA may
be the consequence of the charge gradient of the zwitterionic brush. Neutral amine groups are
better nucleophiles and were found to be predominant towards the bottom of the film. The
active ester containing pigments can readily bind to these sites over the charged functional
groups. Moreover, the chlorin ring is coordinating a Zn?* ion, which positive charge density
may be repelled by the charged amines on film. While fully dense brushes pose significant
steric hindrance, those with reduced chain density can allow Chl to diffuse into the layer and

localise preferentially within its more neutral segments.

3.3.6 Plasmon-exciton coupling

To investigate the plasmon-exciton coupling behaviour of the Chl-derivatised surface-grafted
polymer films, substrates with plasmonic gold nanostructures were prepared using
interferometric lithography.'’* Polymers were functionalised with Chl as described earlier, and
their extinction spectra were measured in dry conditions. Representative spectra of polymers
with yeraw = 1.00 and yerau) = 0.15 and t = 30 min before and after the attachment of Chl is

shown in Figure 3.13.
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Figure 3.13. (a) Tapping AFM image of a gold nanoarray prepared using interferometric
lithography. The scale bar corresponds to 1 pm. Normalised extinction spectra for
nanostructure arrays when clean (red) and with pCysMA before (black) and after (green) the
attachment of Chl, using a surface initiator density of (b) yeraw = 1.00 and (c) yerau) = 0.15,
and polymerisation time of 30 min. The blue spectrum corresponds to Chl-functionalised
pCysMA grown on a glass slide, using a polymerisation time of 30 min.

Polymerization on the nanostructured gold arrays resulted in a small redshift in the plasmon
band wavelength, shifting from 608 nm to 615 nm for the dense brush, and from 580 nm to
585 nm for the reduced density polymer film. Upon the attachment of Chl to the full density
brush, the spectrum exhibited a small splitting in the plasmon band. The calculated scaled
coupling energy was 0.14 eV, indicating a weak coupling between the plasmon and exciton
states. Details on the modelling and calculation of the coupling energy can be found in the

Supporting Information of the following research article.*®

In contrast, the reduced density films showed a significant change in the spectra. A pronounced
splitting of the plasmon peak was observed, with a calculated scaled coupling energy of
0.38 eV, which is within the strong coupling regime. The increase in the coupling strength is
attributed to the higher concentration of excitons within the plasmon mode volume.
Importantly, a clear correlation between the grafting density of the polymer films and the scaled

coupling energy of the system was found. Polymer films were grown from the plasmonic arrays
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with surface initiator densities of ysrau) = 1.00, 0.47, 0.15 and 0.10, using polymerisation times

of 1.5 min, 4 min, 10 min and 30 min (Figure 3.14).
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Figure 3.14. The scaled coupling energy Ec as a function of the polymerisation time for
surface initiator densities of ygrau) = 1.0 (squares), 0.47 £ 0.11 (diamonds), 0.15 (triangles)
and 0.10 (circles). The dashed line corresponds to the threshold for strong plasmon-exciton

coupling of 0.25 eV.

For full density brushes, the change in polymerization time, and thus the height of the brush
films, showed no impact on the scaled coupling energy, which remained at ca. 0.1 eV for the
arrays. These findings imply that the exciton density within the plasmon mode volume remains
relatively constant as the polymer height is varied. When the grafting density is reduced, the
short polymerisation times of 1.5 min and 4 min resulted in weak coupling at all grafting
densities. However, increasing the polymerisation time to 30 min, the coupling energies
increased significantly from ~0.10 eV to the range of 0.35-0.45 eV for these lower-density
films. Notably, the yerau = 0.47 polymers exhibited the highest coupling energies, reaching
0.46 = 0.4 eV at 30 minutes of polymerization times. The findings suggest that at short
polymerisation times the reduced density films are too short, resulting in a limited number of
excitons on the surface. Increasing the polymer height provides a higher number of pigment

binding sites on the surface, thus, the attachment of Chl results in larger concentrations of
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pigment molecules within the plasmon mode volume. The lower density films can therefore
accommodate a greater number of Chl molecules compared to the densely packed brushes,
leading to higher coupling energies. Notably, the coupling energies achieved with the polymer-
antenna complexes were higher than those observed when using LH2 complexes on plasmonic

gold arrays.*’

The coupled system can be characterized using the Jaynes-Cummings model, which describes
the detuning (4) of the system in relation to the coupling strength (£2). To calculate the energies

of the coupled states, Eqn. 1.11 was used:

s = (wp = w)/2 £ [T+ (@, — o) (L11)

where wy is the plasmon frequency and wo is the exciton frequency. The change in the energies
of these coupled modes against system's detuning was plotted for 84 different nanostructured
arrays with Chl-functionalised pCysMA brushes, prepared using ysrau = 1.00, 0.47, 0.15 and

0.10, with polymerisation times of 10 min and 30 min (Figure 3.15).
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Figure 3.15. The energies of the coupled modes against the detuning parameter of Chl-
functionalised pCysMA films using ygrcau) = 1.0, 0.47 , 0.15 and 0.10, with 10 min (top row)
and 30 min (bottom row) polymerisation times. The dashed lines correspond to the energies of
the exciton and plasmon states and the solid lines are fitted to the upper and lower plexciton

states.

An avoided crossing was observed on all of the plots prepared, indicating that each grafting
density and polymerization time led to the coupling of the plasmon and exciton states.
However, there was a significant difference in the separation of the energy curves for fully
dense and reduced density brushes. At the crossing point of wp = wo, indicated by the dashed

lines, the energy difference of the coupled states corresponds to the Rabi energy.

As anticipated from the calculated scaled coupling energies, the energy separation for fully
dense brushes remained small at both polymerization times, suggesting weak coupling. For
brushes with a reduced grafting density of ygrau) = 0.47 and 10 min polymerization time, a
similar behaviour was observed. However, increasing the polymerization time to 30 min led to
an increased energy difference, consistent with strong coupling. Notably, the lowest grafting

density films that exhibit a mushroom conformation on the surface (ygrauw = 0.15 and 0.10), a
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significant Rabi splitting was observed at both polymerisation times, indicative of strong
coupling. These findings are consistent with the XPS studies, which revealed that reduced
density polymer films contain higher concentrations of pigment molecules. Therefore, the
modulation of surface grafting density provides control over the coupling strength in these

systems, as evidenced by the observed variations in the spectra.

3.4 Conclusions

The use of mixed self-assembled monolayers provides a simple and effective way to control
the initiator concentration (yerau)) On gold surfaces. Using surface-initiated ATRP, zwitterionic
pCysMA brushes with controllable grafting densities and thicknesses were synthesised as
scaffolds to organise pigment molecules in a 3D arrangement. To create pigment-polymer
antenna complexes, the surface-grafted polymers were derivatised with an active ester
modified Chl. The chemical state analysis of the systems was carried out using conventional
XPS characterisation. Additionally, characterisation as a function of depth was achieved using
Arzooo” and Aroeo” gas cluster sputtering that enabled the removal of thin layers of material
without chemically altering the films. Conventional XPS sampling demonstrate a correlation
between the surface grafting density and the extent of functionalisation, showing increased
binding of Chl to films with yeraw < 0.39 + 0.07. XPS depth-profiling revealed the Chl
concentration along the film thickness. In particular, the Chl concentration decreases as a
function of depth for fully dense brushes but remains broadly constant in reduced density films.
This may be due to preferential binding towards the neutral regions of the in clean pCysMA
films. Therefore, XPS depth profiling provides a more accurate quantification of the extent of

Chl functionalisation within the volume of the film. While dense brushes have a Chl:monomer
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ratio of about 0.20 in the film volume, reduced density films can accommodate as high as 4
times more Chl due to the reduced steric constraints. The density of Chl on the surface can
therefore be regulated by variation of the surface grafting density and layer thickness. The
surface-tethered polymers provide controllable platforms for the organisation of pigments in a
3D arrangement. The synthesis of the surface-grafted pCysMA films on plasmonic
nanostructured gold surfaces showed that the LSPR states can strongly couple with the exciton
states of Chl. The coupling energy correlates with the grafting density of the polymer films,
due to the variation of the Chl concentrations within the plasmon mode volume. At the ideal
grafting densities, scaled coupling energies as high as 0.46 eV were observed. Therefore, these
systems can offer the ability to control the coupling energy via the adjustment of the polymer

grafting density.
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Chapter 4. Engineering and Controlling Perovskite Emissions via

Optical Quasi-Bound-States-in-the-Continuum

4.1 Introduction

Metal halide perovskites are fast emerging as the next-generation semiconductor materials.?4¢-
20 The explosion of interest in these materials has been driven by their outstanding
photoluminescence quantum yield (PLQY) of >90%, high charge carrier mobility, micrometre
scale exciton diffusion lengths and low-cost synthesis.?®2>® Furthermore, by tailoring the
chemical composition, size or shape of perovskite nanoparticles, materials with bandgaps that
span a wide spectral range, from ultraviolet to near-infrared (NIR) regions can be
produced.®*?>* However, the nature of such bottom-up methods inevitably leads to some degree
of non-uniformity in the particle morphology, which can result in line broadening and
inconsistent emission wavelengths due to the quantum confinement effect.?>> Furthermore,
after the synthesis of the perovskite material is completed, its luminescence properties are fixed
and cannot be fine-tuned in situ. Such drawbacks are detrimental in applications that require
the refined tuning of emissions at specific wavelengths, such as light-emitting diodes

(LEDs),"®2°6-28 photodetectors?®2%! single-photon sources®®? and lasers.263264

Recognizing these challenges, post-synthesis engineering of the perovskite emission properties
has gained attention recently. For example, adjustment of the photoluminescence (PL)
wavelength has been achieved via ion exchange,® %" lattice distortions or phase transitions
induced by applying external stimuli such as changes in temperature,®® pressure®®1% or
strain.’%” Some of these methods allow a PL shift over a broad range; for example, up to

~760 nm (~921 meV) under an extremely high pressure of ~40,000 atmosphere.'® However,
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it is typically accompanied by significant broadening of full-width-at-half-maximum (FWHM),
intensity quenching and requires a sophisticated setup which is impractical for many
applications. Alternatively, leveraging the Rashba,'%2%°> Zeeman'® or Stark effects'® under
DC magnetic field or circularly polarized pumping enables the breaking and detection of the
triplet state to manipulate their radiative channels, where a PL shift of ~6.6 nm (~30 meV)!%®
can manifest. Nevertheless, these approaches often yield multiple emission with bands,

rendering them unsuitable for devices that require a single emission peak.

An alternate approach is to use lithographically-defined photonic antennas to modulate the
emission properties of these materials.12826-272 By coupling the optical modes of an antenna
system to the excitonic states of emitters, the optical response of perovskites can be tailored to
achieve unique effects, such as enhanced luminescence,'®?” optical encoding,?’>%™
polarization tuning?”>27® and highly tunable emission chirality.?’">’® However, despite these
advancements and the attraction of such an approach, the maximum spectral shift reported to
date is only 8 nm (~20 meV) via coupling to a microcavity, at the expense of a ~5-fold reduction
of the PL intensity.!!® One potential approach to address these challenges is the use of quasi-
bound-states-in-the-continuum (g-BIC) modes derived from bound-states-in-the-continuum
modes (BICs), which are wave solutions found within a radiative continuum but entirely
isolated from it.226 While true BICs remain optically inaccessible,?’® the g-BIC mode could be
designed to couple with the radiative continuum via symmetry-breaking characteristics,
making them accessible from far-field radiation for their use in practical devices. Compared to
other resonant modes, g-BICs possess high quality factors (Q-factors), strong field confinement
and minimal radiation losses, which allows the resonances to effectively couple with the
excitonic states of emitters, offering a more efficient approach for engineering the emission

properties in perovskite materials.
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In this chapter, the design of an optical nanoantenna array with polarization-controlled g-BIC
resonances is explored. The array was designed to be capable of controlling the PL emission
of formamidinium lead iodide (FAPDI3) perovskite quantum dots (QDs), leading to a shift of
~39 nm. The aim of the work was to modify the radiative decay channel of the QDs was via
the Purcell effect. Because Fp o< Q/Vesr, Wwhere Fpis the Purcell factor, Q is the Q-factor of the
resonance and Ve is the effective mode volume, the use of g-BIC resonances with relatively
high Q-factors and compact mode volumes is expected to enable realisation of a high F,.28028!
The coupling was accomplished by the use of top-down lithography to engineer the optical
resonances of nanoantennas, without affecting the QDs’ physical or chemical properties.
Consequently, a homogeneous tuning of the perovskite emission wavelength was demonstrated
over a wide bandwidth of ~39 nm (~82 meV). Furthermore, the antenna array allows for the
switching of the PL wavelength by varying the polarization state of the incident laser. Besides
tunability, a PL enhancement of ~21-fold and narrowing of the linewidth was realized. These
results provide a non-destructive approach to fine-tune the emission wavelength, saturation and
brightness of the perovskite emission at ambient conditions. Incorporation of this design
concept could expand the range of applications of perovskites and create new opportunities in
the fields of tunable optoelectronics, lighting and display, lasing, and spectrally tailored single-

photon emitters,282-287
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4.2 Experimental

4.2.1 Materials

FAPDI; perovskite particles were provided by collaborators.’® Acetone (HPLC grade, 99.8%),
2-Propanol (HPLC grade, > 99.9%), toluene (anhydrous, 99.8%) were obtained from Sigma-
Aldrich. Sodium hydroxide (> 97%) and sodium chloride (> 99.5%) were purchased from

Fisher Scientific.

Hydrogen silsesquioxane (XR-1541 E-beam resist) was purchased from Dow Corning, Silicon
wafers (Test Grade, (100), P14723) were obtained from PI-KEM Ltd. Si substrates with 300
nm SiO2 were purchased from Silicon Valley Microelectronics, Inc. Chromium chips (99.5%

trace metals basis) were obtained from Sigma-Aldrich.

4.2.2 Methods

4.2.2.1 Fabrication of the g-BIC nanoantenna arrays

360-nm-thick amorphous silicon (a-Si) was deposited on top of Si substrates with 300 nm SiO»
overlayer, using plasma-enhanced chemical vapor deposition (PE-CVD, Oxford Instruments
Plasmalab System 100). The process was carried out using SiHs at a flow rate of 45 sccm and
Ar at 30 sccm. The temperature was set at 250 °C with a pressure of 8.0 mTorr, a RF power of
50 watts and inductively-coupled plasma (ICP) power of 3000 watts. When ready, the sample
was spin-coated (5k round-per-minute (rpm)) with 2% hydrogen silsesquioxane (HSQ), after
which the lithography process was carried out immediately. Using electron beam lithography
(EBL, Elionix ELS-7000), the patterns were written with an electron acceleration voltage of
100 keV, a beam current of 500 pA, and the exposure dose of 8,960 — 20,480 uC/cm? to achieve

elliptical shapes with lengths ranging from 215 nm to 254 nm and widths ranging from 69 to
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103 nm. To develop the sample, it was immersed in a solution of NaOH/NaCl (1% wt./4% wit.
in de-ionized water) for 60 seconds and deionized water for another 60 seconds, followed by
rinsing with acetone, isopropyl alcohol (IPA) and drying with nitrogen.1’® Finally, to create the
nanopatterns, the sample was etched by inductively-coupled-plasma (ICP, Oxford Instruments
Plasmalab System 100) using Cl. at a flow rate of 22 sccm. The ICP and RF power were 300

watts and 100 watts, respectively, under 5 mTorr and a temperature of 10 °C.

4.2.2.2 Preparation and coating of formamidinium lead iodide quantum dots
(FAPbIs QD)

The details of the FAPbl; QD synthesis can be found in the work by Xue J. et al.® The
synthesized FAPbIs solution was centrifuged at 6k rpm for 10 min. The supernatant was
separated, and the centrifugation cycle was repeated 3 times. The supernatant was then filtered
using a microfilter with a 0.2 pm pore size and diluted 1:2 with toluene to yield the final
solution for dip-coating. To deposit the FAPblz QDs, the g-BIC arrays were first oxygen
plasma treated by exposure to inductively-coupled plasma (ICP, Oxford Plasmalab System 80).
A pressure of 10 mTorr, a 100 watts DC power and 500 watts coil power was used during the
process with an O flow rate of 50 sccm at room temperature. Immediately after, the sample
was dip-coated in the FAPbI; QD solution at a speed of 0.8 mm min in a nitrogen filled glove
box, at room temperature. The samples were stored in the dark in nitrogen atmosphere at room

temperature until further use.

4.2.2.3 Spectroscopic characterization
Reflectance measurements were carried out using a polarized broadband light source on a
CRAIC UV-VIS-NIR micro-spectrophotometer equipped with a x5 objective lens and a

numerical aperture of 0.12. The measurements were calibrated using a NISR calibration sample
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(CRAIC Technologies) to record the absolute reflectance and operated with an integration time
of 100 ms with an average of 50 measurements per spectrum. To obtain the angle-resolved
reflectance measurements, back-focal-plane (BFP) spectroscopy was carried out with an Andor
SR-303i spectrograph and inverted optical microscope (Nikon Ti-U), where a x 50 objective

lens was selected with NA of 0.6, using a halogen lamp and EMCCD detector (Andor Newton).

4.2.2.4 Photoluminescence (PL) and PL lifetime measurements

The substrates were coated with the perovskite nanoparticles as outlined in “4.2.2.2
Preparation and coating of formamidinium lead iodide quantum dots (FAPbls QD).
Immediately after the coating process, the samples were transferred to the imaging equipment
and the measurements were carried out in ambient conditions. The PL mapping was conducted
on a WITec Alpha 300 S Scanning Near-field Optical Microscope in confocal microscopy
mode. A linearly polarized 532 nm CW laser with a power of 50 pW was focused on the sample
through a 50x objective with a NA of 0.6. An integration time of 0.05-0.10 second was used.
Typically, an area of 400 um x 300 um was recorded. The spectra were extracted from the
same 3 positions on each array. During the analysis process, the resulting spectra was smoothed
using the Savitzky-Golay filter to reduce noise. The time-resolved PL was collected on a
Picoquant Microtime 200 TCSPC system coupled with an Olympus microscope in confocal
configuration, with a 20x objective lens. The data was recorded and fitted with Picosharp
software. A pulsed laser of 640 nm, with pulse duration of 70 ps was used to excite the sample,
and the repetition rate was set to 40 MHz, with an average power of 1 pW. To collect the
spectrally integrated PL (660-800 nm range), a Si single photon avalanche photodiode (APD)
was used. The instrument response function (IRF) was obtained using the scattered excitation
light from the sample, from which the instrument response time was determined (~240 ps). The

PL spectra and PLQE were obtained by photo-exciting the samples in an integrating sphere,
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using a Spectra-Physics 405 nm (100 mW, CW) diode laser, and measuring the absorption and

photoluminescence using a calibrated Ocean Optics Flame-T and Flame-NIR spectrometer.

4.2.2.5 Numerical simulations and Purcell enhancement calculations

Far-field spectra and the near-field distributions were modelled using three-dimensional finite-
difference time-domain (3D-FDTD) simulations with Ansys Lumerical FDTD Solutions R2.4
software. Elliptical structures were placed in a 436 nm x 436 nm x 1500 nm unit cell with a 4
nm x 4 nm x 4 nm mesh around them. The unit cell had a perfectly matched layer (PML) in
the z direction and periodic boundary conditions in the x and y directions. The reflectance
spectrum was recorded at normal incidence condition by a monitor placed above a plane wave
source, with the polarization of the incident light wave set to be along the x- or y-axis. The
refractive index (n) and extinction coefficient (k) values of Si were taken from previous
measurements.t’® The optical properties of SiO2 were selected from the software’s material
database from Palik.2®® To obtain the angle-dependent reflectance, a broadband fixed angle
source technique (BFAST) plane wave was used to provide broadband simulations at a range
of illumination angles. The Purcell factor calculation was carried out using the built-in
calculation method of the software, using the ratio of the dipole emission power over the total
emitted power. The domain was limited by the PML boundary conditions. The point dipole
source was placed onto a 20%20 array of the nanoellipse pairs, at the area of the highest field
enhancement of a nanoellipse in the middle of the array. The emission center was set to 755 nm,
with a 100 nm span, and the simulation results were averaged from the orthogonal dipole
orientations in the x-, y- and z-directions. Multipolar decomposition analysis was carried out
by collaborators using COMSOL Multiphysics software, performing finite-element method
(FEM) simulations. The details of the simulation setup and theory were shown in Supporting

Information section S17 in the following reference paper.?°
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4.3 Results and discussion

To effectively modify the emission pathways of perovskite materials by coupling with a g-BIC
mode, it is important to establish a surface design that enables precise control of their
interaction. Recently, it was demonstrated that an array of symmetry broken amorphous Si (a-
Si) nanoellipse pairs on quartz exhibit two g-BIC resonances when irradiated with linearly
polarized light oscillating along the long axis of the ellipse pair, while polarized light along the
short axis incudes one g-BIC resonance at a lower wavelength.*?® The distinctive response of
the g-BIC modes to linearly polarized light makes this surface design ideal to explore its impact
on the spectral characteristics of PQDs. Therefore, arrays of asymmetrical a-Si nanopillars of
the same design were employed to generate g-BIC resonances, facilitating investigation of their

effects on PQD spectral properties.

We begin by describing the structural and geometrical parameters of the arrays employed, as
well as the fundamental optical properties of the system. Additionally, the underlying theory
that explains the observed wavelength shift in emission is outlined. This is followed by a
detailed investigation of the impact of array parameter variation and polarization tuning on the

perovskite emission.
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Figure 4.1. Design of quasi bound-states-in-the-continuum (g-BIC) resonance for engineering
and controlling FAPbIs QD emissions. (a) lllustration of the silicon (Si) nanoellipse pair array,
fabricated on top of a 300-nm-thick SiO> cavity on Si substrate and coated with FAPDbIz QDs.
(b) Top-down view of the nanoellipse pair, with the width (W) and length (L) annotated and an
illustrative crystal structure of FAPDbIz. (c) Scanning electron micrograph (SEM) image of the
perovskite-covered nanoellipse array, taken at a tilt angle of 30°. (d) Transmission electron
microscope (TEM) image of the FAPbIz QDs. (¢) Normalized PL spectra of FAPbIz QDs to
demonstrate a tunable range of ~39 nm for the PL emission peak, using L1 =216 nm and
L> = 256 nm nanoantenna arrays. All spectra were measured under the y-polarized pump laser

excitation conditions.

Figure 4.1 shows the silicon (Si) antenna design which enables the engineering and shifting the
emission wavelength of FAPDbIs QDs via g-BIC resonances. It consists of an array of symmetry-
broken amorphous Si nanoellipse pairs. The height of the Si nanostructures was fixed at
360 nm, with a pitch of 430 nm along the x-axis and 435 nm along the y-axis. We varied the

antenna geometry, such that the lengths (L) of the ellipses spanned from 216 nm to 254 nm,
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with the corresponding widths (W) varied from 79 nm to 103 nm, giving rise to optical modes
within the red spectral region. Symmetry breaking was introduced by the rotation of the ellipse
pair along the x-axis by 50° towards each other. To enhance the emission of the perovskite into
the far-field, a 300-nm-thick SiO- cavity is incorporated into the design with Si as the backside
reflector. Representative SEM images denoted with the array geometry parameters is
demonstrated in Figure 4.2, with the corresponding average length and width values for each

array listed in Table A2.1.

o
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Figure 4.2. Representative SEM images of a nanoellipse array, showing the measured
parameters extracted from each array, such as the length of the ellipse (L), width (W). The pitch
in the x-direction (px) and y-direction (py) were fixed at 430 nm and 435 nm, respectively. The

rotational angle (0) was fixed at 50°.

For simplicity, the different arrays are specified by lengths only. To ensure effective interaction
of between the g-BIC resonance and the perovskite, FAPblz nanoparticles were chosen, which
typically emit light within the red to near-IR spectral range. The FAPbIz nanoparticles were
synthesized according to the method by Xue J. et al and were provided by collaborators.°
Dissolved in toluene, the particles exhibit a high photoluminescence quantum efficiency
(PLQE) of ca. 96% (see corresponding PL spectra used for the integration in Figure A2.1).
Therefore, the particles have a high efficiency in converting absorbed photons into emitted

photons upon excitation by an external light source. Prior to the deposition onto the surface,
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the particles were separated by size using a centrifuge to remove any aggregates, followed by

the deposition onto the antenna array by dip-coating method.2%:21

The emission of the particles was recorded by mapping the PL signal on the sample surface at
ambient conditions using a confocal microscope equipped with a linearly polarized 532 nm
continuous wave (CW) laser. Each region was mapped by setting the polarization state of the
pump laser alternately to x-polarized (with the electric field oscillating along the x-axis of the
ellipse pair) and y-polarized (along the y-axis). The order of x- and y-polarized PL mapping
was randomized to ensure that changes in the PL response were not due to laser-induced
degradation of the perovskite. The mean peak position, intensity and FWHM were determined
by taking measurements at three different points on the sample. As a reference, the PL emission
of FAPbIz QDs was recorded on the flat region of the substrate. The optical reflectance of the

substrate alone can be found in Figure A2.2.

The emission band was centred at ~755 nm on the flat region, close to the values typically
reported for FAPbI3 nanocubes,?® and is within the range of the g-BIC resonance energies of
the arrays under study (see detailed discussion later on). Figure 4.1(c) shows the scanning
electron micrograph (SEM) image of the nanoantenna with FAPDbI3 nanoparticles, with the
profile of the perovskite shown by high resolution transmission electron microscope (TEM)
image on Figure 4.1(d). FAPbIs forms nanocubes with an average lateral size of 10-15 nmin
length (size distribution can be found in Figure A2.3), enabling a good fit within the gaps
between the Si structures, where the near-field effect is expected to be highest. The SEM
imaging revealed that perovskite nanoparticles preferentially attach to and settle around the

nanoellipse structures.
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Figure 4.1(e) presents the range of the perovskite emission wavelength shift achieved under y-
polarized laser conditions, as well as the emission at 755 nm on the flat region, shown for
reference. This wide-ranging spectral control was enabled by coupling the excitonic states of
the perovskite with the optical modes of the array — the latter of which is directly managed by
tailoring the antenna geometry during the lithography process. For instance, when the
perovskite is deposited on the array with L = 216 nm, the spectrum displays a blue-shifted PL
emission at 741 nm, whereas on the array with larger nanoellipse size, L = 256 nm, the peak
position redshifts to 780 nm. Therefore, the emission wavelength can be shifted to both higher
and lower energies according to the energy of the g-BIC resonance the perovskite interacts
with. The corresponding reflectance spectra of the arrays and the process which leads to the

modified emission properties is illustrated in Figure 4.3.
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Figure 4.3. Schematic energy level diagram that depicts the interaction between the g-BIC
resonance and the emission process of the FAPDbIz QDs. The reflectance spectra of the arrays
with Ly and L. are shown on the left, with the corresponding PL emission on the flat region
(without nanoantennae) and on the g-BIC antenna arrays shown on the right. The perovskite is
pumped with the 532 nm CW laser. So, S1, Sn denote the ground state, lowest energy excited
state and n'" excited state of the perovskite, respectively, while Si1 and Si2 denote the alternate
energy levels provided by the Purcell effect (Fp) on the g-BIC nanoantenna arrays with L
and Lo.
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On the left panel of Figure 4.3, the experimental reflectance spectrum of the short (L = 216 nm)
array is presented, which exhibits a single g-BIC mode at 1.80 eV.128 In contrast, the array with
longer ellipses (L =256 nm) reveals two distinct peaks at 1.54 eV and 1.79 eV that are
attributed as g-BIC resonances. The appearance of the optical mode at the lower energy has a
significant effect on the resulting PL response of the perovskite, which is demonstrated on the
right panel. In the case of the L = 216 nm array, the PL emission shifts to 1.67 eV towards the
high energy g-BIC resonance. On the other hand, when using the L = 256 nm array, there are
two potential decay channels provided by the two g-BIC modes that exist within the system.
Significantly, the perovskite preferentially couples to the lower energy resonance, thus leading
to single emission band at 1.59 eV, closer to the low energy g-BIC resonance. The observed
spectral shift of the emission wavelength originates from the Purcell effect (Fp), which refers
to the coupling of the resonant g-BIC mode with the excitonic state of the perovskite. The
interaction modifies the spontaneous emission rate of the system, creating an alternate radiative
decay channel through the coupled state, where the PL emission wavelength shifts towards the

resonance frequency of the coupled mode.1%2%

4.3.1 Purcell enhancement of FAPbI3 emission via q-BIC resonances

As discussed in Chapter 1, the coupling of an emitter to a resonant mode results in a modified
radiative decay rate, and the degree of radiation enhancement can be quantified by the Purcell

factor (Fp):!2

32 (5)3 (1.12)

p— 412 Veff n

where Q is the quality factor of the resonance, Ves is the mode volume, A is the emission

wavelength and n is the effective mode index.
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First, the Purcell effect of the nanoantennas was investigated with L =232 nm, where the
resonant mode overlaps spectrally with the excitonic perovskite emission at ~755 nm. To
achieve this, the measurements were performed under y-polarized conditions, as the symmetry-
broken element of the nanoellipse design gives rise to a higher energy g-BIC mode under
x-polarized light - leading to spectral mismatch and inefficient coupling, as discussed later on.
For reference, the optical properties of the array under study in this section, excited using x-

polarized light, can be found in Figure A2.4.

The resonant mode was analyzed by angle-resolved reflectance, measured using a back-focal-

plane (BFP) microscope setup under y-polarized conditions and is presented on Figure 4.4(a).
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Figure 4.4. Purcell enhancement effect of the gq-BIC antenna under y-polarization. (a)
Back-focal-plane (BFP) image showing the experimental angular-resolved reflectance of an

array with L=232nm and W =93 nm under y-polarized incident condition and (b)
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corresponding experimental reflectance spectra, taken from the cross-section from (a) at an
incident angle of 0°. The inset shows an SEM image of the perovskite coated nanoantennas. (c)
Simulated angular-resolved reflectance of an array with the same parameters under y-polarized
conditions and (d) simulated reflectance spectra at the incident angle of 0°. (e) Spatial
distribution of the electric field magnitude (|E|?) at A =753 nm for the array, obtained from
FDTD simulations. The scale bar corresponds to 100 nm. (f) Corresponding electric field

distribution at the cross-section (z-x plane) of the same nanoellipse pair (scale bar is 100 nm).

The experimental data shows a spectral band located at 753 nm at the I" point, which varies
little with the angle of the incident light. This feature is attributed to a g-BIC mode.l* The
experimental reflectance spectrum at 0° incident angle is presented on Figure 4.4(b). The angle-
resolved data was found to agree well with the simulation obtained using finite-difference-
time-domain (FDTD) calculations, shown in Figure 4.4(c) and (d), although the broadening of
the experimental spectra is noted. In addition, the simulated reflectance shows a less separated
and resolved higher energy g-BIC band, which is located at 681 nm in the experimental results.
The discrepancy likely originates from small imperfections and differences in the nanostructure
geometry compared to the computational setup. In particular, the walls of the Si nanopillars are
not perfectly straight, but slightly angled towards the bottom due to the etching process.'?
While the simulation geometry is defined based on these angled structures, there may be slight
variations within the physical array. Furthermore, the numerical aperture (NA) the objective
used in the experiments was 0.60, which corresponds to the incident angle ranging from —36.9
degree to 36.9 degree, rather than being the ideal normal incidence condition in simulation. It
is also noted that due to the overlap of the two g-BIC modes, the accurate determination of the

Q-factor of these spectral features is difficult.

The electric field distribution |E|? of the mode profile at 2 = 753 nm is shown in Figure 4.4(e)

from the top view of the nanopillar pair and the cross-section along the x-plane can be seen in
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Figure 4.4(f). The simulation results demonstrate a significant field enhancement effect
localized within and around the tips of the nanoellipses, where the majority of the perovskite
nanoparticles is typically deposited. The corresponding charge distribution profiles are shown

in Figure 4.5(a),(b).
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Figure 4.5. Spatial distribution profile of the E; component of the resonant modes under y-
polarized conditions for the array with L = 232 nm and W = 93 nm. (a) The mode pattern in the
y-x plane. (b) Cross section through the ellipse pair in the z-x plane. The scale bars have lengths
of 50 nm and 100 nm, respectively. (c) Multipolar decomposition of the scattering cross section
of the array, showing the contributions of the electric dipole (ED), magnetic dipole (MD),
electric quadrupole (EQ) and magnetic quadrupole (MQ) modes, as well as the total scattering

spectrum.

To allow the identification of the individual multipole moments that contribute to the scattering
behaviour of the array, multipolar mode decomposition calculations were performed
(Figure 4.5(c)). By quantifying the contribution of each multipolar moment to the scattering
cross-section, the dominance of specific multipolar modes in g-BIC resonances was assessed.
The mode decomposition revealed that a strong magnetic dipole is manifested in the

decomposition around the g-BIC peak, in agreement with the mode pattern distributions.
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To investigate the Purcell effect of the g-BIC nanoarrays, F, was calculated using FDTD by
placing a point dipole source at the location of the highest field enhancement of the nanoellipse
tip, which was found to be at the Si ellipse interface, ca. 5 nm above the surface of the SiO>
layer. The dipole emission wavelength was set to 755 nm with a 100 nm span according to the
experimental PL data, and Fp was obtained by averaging the results from the orthogonal dipole

orientations.
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Figure 4.6. Purcell enhancement effect of the g-BIC antenna under y-polarization. (a)
Simulated Purcell enhancement factor of the array with L =232 nm and W = 93 nm under y-
polarized incident condition, as a function of wavelength. (b) Experimental radiative decay

rates of FAPbI3s QDs recorded on the flat region of the sample and on an array with L = 230 nm.

Figure 4.6(a) shows that the Purcell factor increases sharply to a value of 9.3 at 783 nm, with
another sharp peak present at 789 nm that has a value of 8.7. A small, broader feature can also
be seen at 799 nm, with a Purcell factor of 5.9. The multiple peaks indicate that the emitter can
couple into multiple optical modes of the nanostructure, with the highest enhancement of the
radiative decay rate at the frequency closest to the lowest energy g-BIC resonance of the array,
where the coupling interaction is the most efficient. According to Fermi’s Golden Rule, Fp is

directly related to the spectrally integrated Purcell enhancement ratio of y/ yres, where y and yres
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are the radiative decay rates of the emitter on the sample area without g-BIC resonances and

within the resonant cavity (i.e., the near-field region of the nanoantenna), respectively.?*

To confirm the theoretical results, we performed PL lifetime measurements to obtain yres and
y, as shown on Figure 4.6(b). The perovskite nanoparticles were pumped using a 640 nm y-
polarized pulsed femto-second (fs) laser at room temperature and the PL decay rate was

determined by fitting the experimental data with the following exponential decay function:

y = Ale(_a) + Aze(_g) + ¥o (4.1)

Where, A: and A are the amplitudes, t; and t, are time constants and Yo is the offset. The

average lifetime (t) was obtained via the following:

_ A1t1+A2t2

(4.2)

Table 3.1 summarises the decay parameters obtained from the measurements of arrays with
lengths ranging from 216 £ 3 nm to 245 + 4 nm, with the corresponding PL lifetime
measurements and the reflectance spectra of the clean arrays shown in Figure A2.5, A2.6,

respectively.
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Sample z;l,ffltsl)m ¢ Ay t1 (ns) A t2 (ns) Yo

IRF 0.24 46738.69 0.24 - - 22.76
In toluene 12.68 1.36 1.65 1.07 26.70 -0.16
On the flat area 16.1 0.50 3.14 1.00 2491 -0.10
L=216+3 nm 2.63 48.19 7.33 153.71 1.16 28.14
L=224+4nm 2.75 48.00 7.56 162.27 1.33 28.27
L=229+3nm 2.11 46.91 5.91 165.20 1.03 26.98
L=230%3 nm 2.42 40.14 6.31 123.75 1.16 26.96
L=234+5nm 3.31 43.43 7.14 76.24 1.12 27.38
L=240+4 nm 2.83 47.74 6.83 108.86 1.08 27.77
L =244 +3 nm 2.98 41.36 7.40 106.37 1.26 27.96
L=245+4 nm 3.09 46.54 8.39 144.47 1.38 28.63

Table 3.1. Extracted parameters of A1, Az, t1, t2, Yo and t from the PL lifetime decay
measurements of FAPDIz in toluene, on the flat area of the substrate, on arrays with lengths
varying from L = 216 £ 3nm to L = 245 £ 4 nm. Parameters from the instrument response
function (IRF) are shown as a reference.

The PL decay rate of FAPDbIz on the flat region was determined to be 16.1 ns, close to the
lifetime of the particles in toluene, and is ascribed to a combination of radiative and
nonradiative exciton recombination mechanisms at this temperature.?®? Furthermore, the
nanosecond scale suggests the presence of free excitons within the system.?® Free excitons are
formed from the promotion of an electron from the valence band to the conduction band. The
excitons can travel around the material, resulting in higher chances of recombination and
therefore possess shorter lifetimes compared to bound excitons. Thus, the energy of the PL
emission is related to the bandgap of the perovskite. To measure yres, arrays were fabricated
with nanoellipse lengths varied from L =216 £ 3 nm to L = 245 £ 4 nm. It was found that the
rate of spontaneous emission is enhanced on all arrays, with a reduced lifetime within the range
of 2-3 ns, without correlation to the array geometry. This is not surprising, as the average

nanoellipse size varied little across the different arrays. The array which exhibits the same
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optical properties as the one discussed earlier (here, L =230 + 3 nm) induced a 6.7-fold
increment of the radiative decay rate (i.e., EFrag) relative to the flat region, slightly lower than
the theoretically calculated value. This radiative decay rate enhancement is ~2.3-fold larger

than that achieved using hyperbolic metamaterials.?%®

We note that the detected PL intensity is influenced by the concentration of emitters within the
sampling area, which may differ on the flat region and on the nanoarrays. Therefore, to obtain
an accurate evaluation on the PL enhancement factor, periodic nanodisk arrays were fabricated
by EBL that provide a similar platform for the perovskite distribution, without exhibiting
resonant modes in the spectral region of interest (Fabrication methods are outlined under “Si
nanoarray fabrication” in Chapter 5. The nanodisks have a diameter of 65 nm, pitch of 160

nm and height of 360 nm (see Figure 4.7).
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Figure 4.7. (a) Reflectance spectrum of the nanodisk array without optical modes in the
spectral region of interest, fabricated as a reference to investigate the PL enhancement effect
of the g-BIC resonant nanoarrays with g-BIC resonances. (b) SEM image of the nanodisk array
coated with the perovskite nanoparticles. (c) The enhanced PL peak intensity of the perovskite
on the array with L =232 nm and W = 93 nm under y-polarized incident condition, compared

to the PL response on a nanodisk array without g-BIC resonances.
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As shown on Figure 4.7(c), the g-BIC nanoarrays promoted a 21-fold enhancement of the PL
intensity under y-polarized excitation, relative to the arrays without resonant modes. This
observed enhancement of 21-fold is ~3-times higher than the radiative decay enhancement
factor. The additional enhancement mechanism is due to the enhanced pump laser absorption
of the array, i.e., EFans, Which can be analyzed via FDTD simulations. The total power
absorption at 532 nm, the pump laser wavelength, was calculated and compared for a uniform
film of perovskites on the substrate and on the q-BIC array. The electric field distribution of
the nanopillars, as well as the flat substrate at 532 nm is shown in Figure A2.7, along with the
corresponding reflectance spectrum. The contribution of the perovskite and the substrate/Si

arrays alone to the total power absorption was determined and are summarised in Table 3.2.
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Perovskite film on flat substrate

Ane) Asib) Actotal Perovskite Substrate
u otal . . . .
18 17 17 contribution  contribution
(x108wW) (x10W) (x10YWwW) (%) (%)
8.54 1.14 2.00 42.9 57.1

Perovskite film on Si array

. Si
Conditions Anp) Agi) A(Totaly Ec?r:?;/iilﬂtt?on antenna Enhancement
(x107w)  (x10Y7w) (x10%w) o contribution factor
(%) (%)
y-pol 6.43 5.65 1.21 53.2 46.8 6.04
x-pol 6.47 7.57 1.40 46.1 53.9 7.02

Table 3.2. Calculated power absorption values at A =532 nm under x- and y-polarized
conditions. The total power absorption was calculated for a uniform film on the flat substrate
(Si substrate with 300 nm with SiO> cavity layer) and for the Si array with L =232 nm and
W =93 nm, with the perovskite layer at the base of the structures. The contribution of each
component was calculated, showing the total power absorbed (Atotan), the power absorbed by
the perovskite layer (Anp)), the flat substrate (Asup)) and the Si nanostructures (Agsi).

According to the calculations, the EFaps is estimated to a ~6-fold, which explains the larger

than expected PL intensity enhancement.

These findings therefore demonstrate the value of nanoantennas to achieve a non-invasive
modification of the radiative decay rate of perovskites, enabling a significant improvement of

the PL brightness.

4.3.2 Tunable PL emission via geometrical engineering of the array

Next, we investigated the degree of emission wavelength shift enabled by the engineering of
the array geometry. The emission response of the perovskite is modulated by the coupled state

with the g-BIC mode, which is directly related to the size of the nanoellipses. Figure 4.8(a),(b)
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presents the evolution of the reflectance spectrum of arrays with increasing ellipse size under
X- and y-polarized conditions. As expected, the increase in nanostructure size redshifts the g-
BIC resonance wavelength. Furthermore, under y-polarized conditions, the resonance becomes
more prominent and higher order modes emerge. The dashed line on the graphs represents the
typical spectral position of the PL band of FAPDbI3 on the flat region, to illustrate the extent of

spectral overlap between the two features.
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Figure 4.8. Control of the PL shift and brightness of perovskites via geometrical engineering
of the array. Reflectance spectra of nanoarrays with different nanostructure sizes, with the
corresponding SEM images of the nanoellipse pairs shown in the inset under (a) x-polarized
and (b) y-polarized incident light. The dashed line represents the PL peak position of the
perovskite on the flat area of the substrate on all graphs. (c) Spectral position of the q-BIC peak
under x- and y-polarized conditions as a function of the nanoellipse lengths. For the y-polarized
data, the lowest energy g-BIC peak positions are presented. (d) PL emission wavelength of the
perovskite on arrays with varying nanostructure lengths, using x- and y-polarized laser
excitation. (e) Demonstration of the PL band shift from the smallest geometry arrays
(L =216 nm) to the largest ones (L = 254 nm) under y-polarization. (f) Factor of enhancement
of the PL intensity relative to that on the nanodisk arrays without g-BIC resonances, as a

function of the nanoellipse size.
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Figure 4.8(c) summarizes the size-dependent redshift of the g-BIC energy under both
polarization states. Here, the wavelength of the lowest energy peak is presented from the
y-polarized reflectance data. When L =216 nm is increased to 256 nm, the optical mode
redshifts from 690 nm to 804 nm under y-polarization, and from 638 nm to 696 nm under x-
polarization. The polarization switching results in a significant difference in the range of
50-110 nm of the g-BIC spectral positions. Hence, when the arrays are excited using x-
polarized laser light, the spectral overlap with the excitonic PL emission band is minimal or
zero. Following the principles of the dyadic Green’s function,?®* the perovskite emission
characteristics change according to the properties of the resonant mode that the excitonic states
couple with. This relationship between the Purcell factor and the emission wavelength shift
was derived in detail in the work of H. P. Adl et al.®® Consequently, the emission wavelength
redshifts with increasing nanoellipse size and simultaneously exhibits a polarization-dependent
PL band position. This phenomenon is shown in Figure 4.8(d), demonstrating a ~39 nm PL
wavelength position shift under y-polarized excitation and a shorter range of ~19 nm under x-
polarization. The representative normalized PL spectra for nanoellipse lengths ranging from

216 nm to 256 nm under y-polarized illumination displayed on Figure 4.8(e).

The nanoellipse size has a significant influence on the polarization-dependent PL emission,
where smaller nanostructures, i.e., higher energy g-BIC modes, result in larger differences.
Here, the y-polarization induced g-BIC frequency is still close enough in energy for the
perovskite excitons to couple to, thus introducing the alternate radiative decay channel closer
to the energy of the coupled state. Moreover, the degree of spectral overlap between the
excitonic emission wavelength and the resonant mode determines the strength of the Purcell
enhancement effect of the array. Figure 4.8(f) presents the factor of enhancement of arrays with

varying nanostructure sizes, illustrating that as the g-BIC resonance gets closer to full spectral
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overlap, the factor of enhancement increases up to ~21-fold under y-polarization (L = ~226-
236 nm). Further increase in the structure size results in a spectral mismatch which in turn
decreases the enhancement factor to ~15. On the other hand, using x-polarized excitation on
the same arrays, the achieved enhancement is only ~6-fold. However, this value increases
continuously with increasing nanoellipse size owing to the more efficient coupling. In addition
to the enhanced emission, the Purcell effect promotes a narrowing of the spectral FWHM
linewidth, as shown in Figure 4.9, resulting from the more homogeneous emission at the
resonant wavelength. The PL linewidth narrows by up to ~27% under y-polarization and ~19%

for x-polarization.
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Figure 4.9. Full-width-at-half-maximum (FWHM) of the PL emission peak on nanoantennas
with varying lengths under both x- and y-polarized conditions as a function of the nanoellipse

lengths.

Lastly, the effect of the variation of the in-plane rotation angles of the nanopillar pair was
examined. Since the g-BIC resonance originates from the symmetry-breaking element, it is
expected that the Q-factor of the g-BIC mode would increase as the ellipses become near

parallel to each other.!?® Figure 4.10(b),(c) shows the reflectance spectra of arrays with
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L =232 nm and W = 93 nm under both polarizations, as the in-plane rotational angle (6) is

varied from 36° to 63°.
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Figure 4.10. Variation of the in-plane tilt angle of the nanopillar pairs. (a) SEM images of the
nanopillar pairs with different in-plane tilt angles (6) in an array with ellipse length L =232 nm
and width W = 93 nm. Reflectance spectrum of the arrays under (b) x-polarized conditions and
(c) under y-polarized conditions. (d) Corresponding enhancement factor of the PL intensity of
perovskites as a function of the in-plane tilt angle (#), under x- and y-polarized conditions. (e)
Full-width-at-half-maximum (FWHM) and (f) peak positions of the PL peaks.

The increase of 8 from 36° to 63° (i.e., rotation of the nanopillars from tilted to nearly parallel)
results in the g-BIC band becoming narrower under x-polarized conditions. Meanwhile, under

y-polarized conditions, when the tilt angle is decreased from 63° to 36°, the q-BIC band at 705
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nm becomes more pronounced and separated in the reflectance spectrum. We investigated the
effect on the enhancement factor of the perovskite QD emission intensity, the corresponding
full width at-half maximum (FWHM) and the PL peak positions on arrays, under x- and y-

polarized conditions, as a function of the nanopillar tilt-angle.

The enhancement factor was lowest (~12) at 8 = 36° under y-polarized excitation, which may
be explained by the redshifted g-BIC peak not overlapping with the PL emission peak of the
uncoupled perovskite. At other tilt angles, the enhancement factor showed little variation, and
was in the range of ~17 to ~21. Similarly, x-polarized conditions showed low variation in the
enhancement factors, ranging between 5-7. A significant drop was observed in the FWHM
using € = 36° when using y-polarized excitation. This was attributed to a slightly asymmetrical
PL peak, with one side of the peak being narrower. However, we did not observe a trend in the
FWHM data. In addition, analysis of the PL peak positions showed little variation when using
y-polarized excitation and significant scatter in the data when under x-polarization. As seen in
the reflectance spectra, the variation of the tilt angle does not lead to significant shifting,

narrowing or broadening of the g-BIC peaks, hence, there is less effect on the Purcell coupling.

Therefore, although the rotated geometries enabled g-BIC resonances with higher Q-factors,
we did not observe a significant improvement or trend in the FWHM, enhancement or peak

positions of the perovskite emission.
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4.3.3 Polarization switchable perovskite PL emission wavelength
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Figure 4.11. Polarization switchable perovskite PL emission wavelength. (a) Simulated and
(b) experimental reflectance spectra of a nanoarray with L =216 nmand W = 79 nm when
illuminated with x- and y-polarized light. Spatial distribution profile of the E; component of the
resonant modes under (c) x- and (d) y-polarized conditions. Scale bar corresponds to 50 nm.
(e) PL enhancement factor as a function of the polarization state of the excitation laser,
changing from X-polarization (0°) to y-polarization (90°). (f) Normalized PL band of the
perovskite coated array that demonstrates the emission wavelength shift under x- and y-

polarized laser excitation.

To demonstrate the polarization switching of the emission wavelength, we selected the
nanoarray with the shortest dimensions (L = 216 nm), which supports optical modes that are
furthest in energy from the perovskite excitonic states. Figure 4.11(a),(b) shows the simulated
and experimental reflectance spectra of the array when the polarization state of the light source
is varied. The g-BIC resonances can be observed at 690 nm for y-polarized pump laser, and at

637 nm under x-polarized pump condition. The corresponding E; component of the electric
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field at the respective resonant wavelengths is shown in Figure 4.11(c),(d), presenting the
distinct mode profiles under the two polarization conditions. Therefore, the emitters in the
vicinity of the nanoantennas experience significantly different electromagnetic environments,
which directly influences the Purcell effect under the given polarization. This difference can
be observed as the polarization state of the incident laser light is varied in increments from
X-polarization (0°) to y-polarization (90°), as shown in the polar plot in Figure 4.11(e),
illustrating the gradual increase in the enhancement factor from 3 to 12. Most notably, the y-
polarized laser excitation introduces a radiative decay channel that gives rise to an emission
band at 741 nm, while switching to x-polarization, causes a redshift to 751 nm. The feature of
switchable emission wavelengths, as well as the enhanced PL intensity, would be of particular
interest in the design of single-photon emitter applications.?®” By trapping individual QD in the
gap, one may realize efficient single-photon sources which emission is controlled by the
antenna, which could mitigate the problems of spectral diffusion due to inhomogeneities during
the material synthesis. In addition, the possibility of designing double resonances at both the
pump laser frequency and emission wavelength could further enhance the efficiency of the

system.2%®

4.4 Conclusions

In the work described in this Chapter, nanostructured Si optical antennas have been used to
engineer the emission of FAPDbIs via g-BIC resonances. By exploiting the variability of the g-
BIC resonance energy, a tuning range of ~39 nm of the emission wavelength was achieved via
the Purcell effect. Furthermore, it has been demonstrated that the g-BIC array facilitates

switchable emission wavelengths of up to ~10 nm, as controlled by the polarization state of the
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pump laser. Maximizing the coupling efficiency between the resonant mode and the perovskite
excited state allows enhancement of the PL intensity by a factor of 21-fold using y-polarized
conditions. When the Purcell interaction is maximised, the emission linewidth narrows by up
to ~27% under y-polarization and ~19% for x-polarization. It was anticipated that the variation
of the in-plane rotational angle of the Si nanopillars to achieve sharper g-BIC resonance peaks
would enable further narrowing of the PL emission band. However, the variation did not
influence the Purcell coupling. FDTD simulation of the optical properties of the arrays and the
Purcell factor provided further insight into the underlying radiative decay rate enhancement. It
was found that the arrays promote a 6.7-fold enhancement in the spontaneous radiative decay
rate of the particles, with an additional ~6-fold enhancement in the pump laser absorption by
the arrays. The presented work could pave the way for interesting optoelectronic applications,

including wavelength-tunable single-photon sources and lasers.
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Nanoplasmonics in Ultraviolet Spectrum via Hybridization

5.1 Introduction

Interband plasmonics (IBPs), as supported by non-metals, semiconductors and topological
insulators, have become a fast-emerging field in recent years.'32%300 ynlike classical
plasmonic materials, such as gold and silver, where plasmon polaritons originate from the
coupling between light and the oscillation of the free electron plasma, the plasmonic behaviour
in IBPs is due to the interband transitions of bound electrons. As a result, p-block IBP materials,
such as silicon, bismuth, gallium and arsenic, exhibit a strong plasmonic character in the UV
and visible spectral range, while antimony displays this behaviour in the visible to NIR
region. 134299301 These characteristics extend to their dichalcogenides and binary compounds,
including antimony triselenide (Sh2Ses), antimony telluride (Sh2Tes), bismuth triselenide
(Bi,Tes) and bismuth telluride (Bi2Tes).2%?%% Owing to their unique optical, physical and
chemical properties, the use of these compounds can offer advantages over conventional
plasmonic materials, and are currently being explored as materials for surface-enhanced

spectroscopy,3*43% thermoelectrics®*% and tuneable plasmonics.3%9-3!!

Despite their outstanding potential, leveraging the plasmonic nature of IBP materials has been
challenging due to their intrinsically large damping losses (i.e., extinction coefficient, k), which
consequently leads to nanoplasmonic resonances with low Q-factors.!3* For example, Si
nanodisk structures can support localized plasmon resonance with strong optical field
enhancements in sub-10-nm gaps in the UV spectrum.’®® However, the Q-factor of the

resonances is typically ~1. Generally, the Q-factor of currently known IBP materials does not
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exceed ~3.B% This problem severely limits their applications in optical sensors,3?
photodetectors'*®149 and other optoelectronic devices, which require sharp and sensitive
resonances.®33% To fully utilise the extraordinary plasmonic properties of IBP materials, the

Q-factor of the resonances could therefore be enhanced by exploring nanoantenna designs.3¢-

319

In this chapter, the effect of mode hybridization on the Q-factors of IBP resonators is explored.
It is demonstrated that the Q-factor can be improved by ~43-fold. A universal design generally
applicable to the IBP materials is developed. The optical response is fine-tuned by controlling
the interaction between the LSPR of the nanodisk and a photonic cavity modes. To achieve
this, a Si nanodisk arrays on top of a SiO» cavity were fabricated, which exhibits plasmonic
resonances within the deep UV region of ~4.6 eV. The observed Q-factors are higher than that
reported for UV plasmonic Al nanodisks of a similar design.'® Variation of the cavity thickness
revealed the relationship between the degree-of-hybridisation and the resonance quality.
Additionally, the role of dipolar and quadrupolar modes in controlling radiative losses was
studied via finite-difference time-domain (FDTD) simulations and spectroscopic
measurements. The sensitivity of the high-Q resonance to its local environment is demonstrated
by depositing a UV-absorbing lignin-polyethylene glycol (lignin-PEG) co-polymer film over
the plasmonic array. Lignin-PEG exhibits a strong absorption at ca. 4.54 eV, falling within the
spectral range of the IBP resonances demonstrated in our work, thus facilitating effective
interaction between these two materials. Our results indicate that mode hybridization leads to
exceptionally high-quality resonances for IBP materials, therefore drastically improving the

outlook for applications where narrow resonances are required.
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5.2 Experimental

5.2.1 Materials

Acetone (HPLC grade, 99.8%), 2-Propanol (HPLC grade, > 99.9%), toluene (anhydrous,
99.8%) and tetrahydrofuran (99%) were obtained from Sigma-Aldrich. Sodium hydroxide

(> 97%) and sodium chloride (> 99.5%) were purchased from Fisher Scientific.

Silicon wafers with 100 nm, 200 nm or 300 nm thick SiO2 layers and quartz substrates were
purchased from Silicon Valley Microelectronics, Inc. Hydrogen silsesquioxane (XR-1541 E-
beam resist) was purchased from Dow Corning. Chromium chips (99.5% trace metals basis)

were obtained from Sigma-Aldrich.

5.2.2 Methods

5.2.2.1 Si nanoarray fabrication

Clean silicon wafers with 100 nm, 200 nm or 300 nm thick SiO> dielectric spacer layers were
used as substrates. Thicker SiO> overlayers were achieved by additional SiO> growth using
plasma-enhanced chemical vapour deposition (PE-CVD, Oxford Instruments Plasmalab
System 380). The process was carried out using gases of SiH4 at a flow rate of 7.5 sccm
(standard cubic centimetres per minute) and N2O at 20 sccm at 250 °C and under a pressure of
4.0 mTorr. A DC power of 20 watts and coil power of 1000 watts were used. Next, the substrate
with SiOz layer was used to grow a further layer of amorphous silicon (a-Si, thickness of 75
nm or 130 nm) on top using plasma-enhanced chemical vapour deposition (PE-CVD, Oxford
Instruments Plasmalab System 380). The fabrication of reference arrays on quartz substrates
was performed using the same experimental procedures. The a-Si film was grown using SiHs

at a flow rate of 45 sccm and Ar at 30 sccm at 250 °C and 8.0 mTorr pressure, with a DC power
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of 50 watts and coil power of 30 watts. Next, the resulting samples were spin-coated at 5k
round-per-minute (rpm) with 2% hydrogen silsesquioxane, followed directly by nanopatterning
via electron beam lithography (EBL, Elionix ELS-7000). The EBL process was carried out
using an electron acceleration voltage of 100 keV, beam current of 500 pA, and the exposure
dose of 20,480 uC/cm? for arrays with disk diameters of 70 nm to 100 nm and 8,960 mC/cm?
for diameters of 110 nm to 180 nm. Upon completion, the sample was transferred into a solution
of NaOH/NaCl (1% wt./4% wt. in de-ionized water) for 60 seconds for development, followed
by immersion in de-ionized water for 60 seconds. Then, the sample was rinsed by acetone,
isopropy! alcohol (IPA) and dried by a continuous flow of N> for 1 minute. Following, the a-
Si layer was etched (with over-etching of 15 nm) by inductively-coupled-plasma (ICP, Oxford
Instruments Plasmalab System 100) using an ICP power of 300 watts, an RF power of 100
watts, Cl> flow rate of 22 sccm (standard-cubic-centimeters-per-minute), a process pressure of
5 mTorr, and a cooling temperature of 10 °C. Lastly, the samples were annealed using rapid
thermal annealing (Jipelec, Jetfirst rapid thermal processing system) under nitrogen flow of
1500 sscm, a temperature ramp rate of 14.2 °C/s over 60 s and annealed at 850 °C for 120 s.
Controlled cooling to room temperature over a period 300 s yielded the final arrays with

crystalline silicon (c-Si) patterns.

5.2.2.2 Coating of lignin-poly(ethylene glycol) (lignin-PEG)

The lignin-PEG co-polymer was provided by collaborators. The synthesis procedure is outlined
in the work by Yew et al.3?° The characterization of the resulting polymer can be found in
Figure A3.1, as provided by the collaborators. For the coating of the nanoarray substrates, the
lignin-PEG was dissolved in tetrahydrofuran (THF, 10 mL/mg). The samples were first treated
using inductively-coupled plasma (Oxford Plasmalab System 80) at an O, flow rate of 50 sccm.

The DC power used 100 watts, a coil power of 500 watts, a process pressure of 10 mTorr at
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room temperature. Next, the samples were spin-coated with the lignin-PEG solution (10
mL/mg, THF). A film thicknesses of ~35 nm or ~55 nm were achieved using a spin-coating

speed of 5k rpm and 2k rpm respectively.

5.2.2.3 Optical characterization

The optical constants of the lignin-modified poly(ethylene glycol) films were measured via
spectroscopic ellipsometry at 50 °, 60 ° and 70 ° incident angles across the 190 nm to 320 nm
spectral region. Optical reflectance measurements of the samples were taken using a CRAIC
UV-VIS-NIR micro-spectrophotometer and a Zeiss Ultrafluar objective (x10 objective lens
with a numerical aperture of 0.2), with a polarized broadband light source. Calibration for the
absolute reflectance spectra was achieved using a NIST traceable calibration sample from
CRAIC Technologies (http://www.microspectra.com/). The measurements were taken using
an aperture size of 72 um x 72 um and integration time of 100 ms, where 50 measurements

were averaged so as to reduce the measurement noise.

5.2.2.4 SEM imaging

The scanning electron microscope (SEM) images were taken with an electron acceleration
voltage of 5 kV (Elionix, ESM-9000). Prior to the SEM imaging, the samples were coated with
5 nm of Cr using electron beam evaporation (Denton Explorer E-beam Evaporator) to reduce
the anomalous contrast due to charging. A deposition rate of 1 A/s at a pressure of 4 x 10 Torr

was used for the Cr layer deposition.

5.2.2.5 Numerical simulations
Three-dimensional finite-difference time-domain (3D-FDTD) simulations were carried out to

obtain the far field spectra and the near-field distributions using Lumerical FDTD Solutions
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software. The simulated unit cell with a dimension of 200 nm x 200 nm x 1200 nm with
perfectly matched layer (PML) for the z direction and periodic boundary conditions for the x
and y directions at normal incidence condition. A plane wave source was used, with a monitor
placed above the source to record the reflectance spectrum. The mesh size was set to be 2 nm
x 2 nm x 2 nm. The material properties of Si were chosen based on the optical dielectric
constants taken from previous measurements.3® For the lignin-PEG film, the refractive index
(n) and extinction coefficient (k) values obtained from the spectroscopic ellipsometry
measurements were applied, while the optical dielectric constant of the SiO> cavity and Al were
taken from the software’s material database as adapted from Palik.?®® The electric, magnetic,
total power absorption and charge field distributions were collected. To study the angle-
dependent reflectance, a broadband fixed angle source technique (BFAST) plane wave was
used to provide broadband simulations at a range of illumination angles. Multipolar
decomposition analysis was carried out by collaborators using COMSOL Multiphysics

software. The details of the simulation setup are outlined by Dong et al.?®°

5.3 Results and discussion

To exploit the attractive properties of Si in the field of UV plasmonics, the Q-factor of its IBP
resonances must be improved. Achieving this requires the suppression of radiative losses
within the system. Thus, the following section introduces the design of nanostructures and the
underlying mechanisms that can address this requirement. These structures are intended to be
capable of narrowing the plasmon band within the UV region via mode hybridization with a

photonic waveguide.

Arrays of crystalline silicon (c-Si) nanodisks were fabricated on a SiO> dielectric spacer layer

grown on a single Si substrate. The SiO, layer combined with the Si substrate forms a photonic
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cavity, with the substrate serving as the back reflector. In this this configuration, the LSPR
supported on the c-Si nanodisks interact with the cavity modes below them (Figure 5.1). These
cavities are different from conventional Fabry-Perot type cavities that rely on two reflecting
thin films. In the present case, a single mirror is employed and the nanodisk array serves as the

“second mirror”.

(a)

/

/

Figure 5.1. High-Q resonances of interband plasmonic materials achieved via hybridization.
(a) Nlustration depicting the surface design consisting of an array of interband plasmonic (IBP)
nanodisks fabricated on top of a dielectric SiO2 spacer layer and Si substrate as the back
reflector. (b) Illustrative energy confinement effect resulting from the hybridization between
the LSPR of the c-Si nanodisks and the cavity mode.

The properties of the hybridized state, including the linewidth of the resulting resonance band,
are influenced by the degree of coupling between the cavity mode and the LSPR mode. Precise
control of this interaction can be achieved by manipulating two key parameters: 1) the dielectric
SiO2 spacer layer thickness and 2) the geometric parameters of the disk array. These strategic
adjustments enable the optimization of the optical characteristics of the arrays, and provides

insight of the underlying mechanisms that give rise to it.
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5.3.1 Influence of the SiO2 cavity on the IBP resonance

The influence of the dielectric spacer layer was investigated by variation of its thickness. The
experimental reflectance spectra of substrates with SiO layer thicknesses of 100 nm, 200 nm

and 300 nm are presented in Figure 5.2.
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Figure 5.2. Experimental reflectance spectra of the Si substrate with 100 nm, 200 nm and
300 nm thick SiO2 overlayers.

The bare substrates with 200 nm and 300 nm thick SiO2 show broad low intensity dips in the
reflectance spectrum at 260 nm and 268 nm, respectively. The substrate with 100 nm thick
SiO2 does not exhibit a resonance dip at this wavelength range. First, the optical properties of
a conventional Fabry-Perot cavity system were investigated. The use of a Fabry-Perot cavity
provides a simplified model to study the cavity mode formation as a function of the SiO>
thickness. Using FDTD, the reflectance was recorded for the cavity where the nanodisk array

is replaced with a 15 nm thick Al film, acting as a mirror (Figure 5.3).
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Figure 5.3. FDTD simulated reflectance spectra of a Si substrate with a SiO layer and a 15 hm
Al film on top, with a SiO; layer thickness of (a) 100 nm, (b) 200 nm and (c) 300 nm, with the
Q-factor (Q) of the resonance dip displayed. Corresponding electric field |E/Ein intensity
distribution at the resonance wavelength presented in (b), (d) and (f), respectively.

Al being a highly reflective material within the UV range, the simulated reflectance spectrum
of this design shows a near total reflection when the SiOz layer is 100 nm thick. Increasing the
cavity thickness to 200 nm leads to a dip in the reflection at 225 nm, attributed to Fabry-Perot
resonances.!'* To extract the Q-factor from the reflectance data, the IBP dip was fitted with a
Gaussian function. An example of the fitting is provided in Figure A3.2. The Q-factor of this
dip was calculated to be 25. Further increase of the cavity height to 300 nm improves the Q-
factor to 30 and redshifts the resonance to 243 nm. The simulated electric field |E/Ein| intensity
distributions at the resonant wavelengths show standing waves confined within the cavity,

generated from the interference of the reflected waves. Thus, the theoretical results suggest that
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the use of a Fabry-Perot cavity alone can provide a high Q-factor resonances in the UVC region.
However, achieving these results experimentally is problematic as the Al layer needs to remain
perfectly unoxidized, which is challenging under conventional experimental conditions.
Nonetheless, the simulations of the conventional Fabry-Perot configuration show the nature of

the mode confinement, which is characteristic to these cavity systems.

In contrast, the use of Si nanostructures leads to a significant difference in the reflectance
properties. Furthermore, the adjustment of the geometrical features provides control over the
optical properties. The variation of each of these parameters is discussed in the following
sections. Using FDTD, the reflectance was simulated as a function of the cavity thickness for
a c-Si antenna array with a height (hsi) of 130 nm, disk diameter (d) of 130 nm and pitch length
(p) of 200 nm, as shown in Figure 5.4(a). At the cavity thickness of 100 nm, 200 nm and
300 nm, the optical spectra of the arrays were obtained experimentally and theoretically. In
addition, arrays were prepared on quartz (a continuous film of SiO.), to demonstrate the optical
response of the system in the absence of the cavity layer. The spatial distribution of the electric
field |E/Eint mode patterns along the x-z plane at the resonance dip wavelength is provided next
to the reflectance spectra. The mode pattern distribution from the x-y plane (parallel to the plane

of the surface) can be found in Figure A3.3.
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Figure 5.4. (a) FDTD simulation of the optical reflectance of a c-Si nanoarray (hsi = 130 nm,
d =130 nm, p =200 nm) as a function of the SiO> cavity thickness. (b) Simulated and (c)

measured reflectance for nanoarrays with the same geometrical parameters on a quartz

substrate. Simulated reflectance using (d) a 100-nm-thick SiO> spacer layer, (e) 200-nm spacer

(f) a 300-nm spacer with (g)-(i) showing the corresponding experimental spectra, respectively.

The simulated spatial distribution of the electric field |E/Ein| at the resonance dip wavelength

along the x-z plane (cross-section of the nanodisk) is presented next to the simulated reflectance

results. The scale bar corresponds to 50 nm.
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The c-Si nanoarrays were fabricated using EBL on Si substrates with 100 nm, 200 nm and
300 nm thick SiO> layers on top. When the Si nanoarrays are prepared on quartz, the simulated
reflectance exhibits a broad feature spanning the 200 nm — 320 nm spectral region, with small
dips observed at 237 nm and 297 nm. The broadness is attributed to non-radiative dissipation,
which dampens the resonances and results in a low Q-factor of ~1.133 The arrays fabricated on
quartz in experiments displayed a similarly broad feature and low Q-factor of ~1. On the other
hand, when the cavity thickness was increased to 100 nm, a more pronounced dip appeared at
~283 nm with a theoretical Q-factor of ~20, and an experimental Q-factor of ~17, indicating

that the cavity mode is influencing the LSPR mode of the nanoantenna.

Increasing the cavity height to 200 nm increases its optical path length, which leads to the
excitation of transverse cavity modes within the gap, as it could be seen in the conventional
Fabry-Perot model system.®2! The increased confinement of light within the photonic cavity
leads to a more pronounced resonance dip, with narrower FWHM. This can be observed in the
simulated and experimental reflectance spectra in Figure 5.4(e),(h), respectively. Here, the
plasmon dip is redshifted to 263 nm (theoretical) and 267 nm (experimental), with
corresponding Q-factors of ~25 and 20, respectively. Notably, the FWHM of the resonances
was the smallest when hsio2 falls within the range of 295 nm to 315 nm. For instance, at the
SiO; thickness of 300 nm, a pronounced plasmon dip is observed at ~278 nm in the theoretical
results, with a Q-factor of 43. Experimentally, the redshifted resonance was centred at 274 nm,
exhibiting a linewidth of ~7 nm with an improved Q-factor of 37. Further increasing the
thickness of the dielectric slab, the cavity can support multiple higher order modes that interact
with the LSPR mode, resulting in the formation of additional optical features. This can be
observed on the simulated reflectance spectra above the 300 nm spacer thickness, where

multiple bands emerge (Figure 5.4(a)).
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These results confirm that the presence of the dielectric SiO> layer significantly influences the
plasmonic behaviour of the IBP material. Examining the corresponding spatial distribution of
the electric field |E/Ein mode patterns at the plasmon dip wavelength (provided next to the
simulation results in Figure 5.4), illustrate the changes in the electric field confinement for
these arrays. In particular, it is demonstrated that the increasing cavity thickness results in
higher confinement of the electric field within the cavity and along the sides of the Si nanodisk,
minimizing the radiation into the far-field. Notably, when the Si disk is placed on quartz, the
nanodisk supports a dipole mode, similar to the mode distributions seen in conventional
plasmonic nanostructures. However, introducing the 300 nm cavity modifies the mode pattern
around the nanodisk. Here, the electric field is concentrated at the top and bottom areas of the
nanodisk, representative of a quadrupolar mode. These findings and their impact on the overall

optical response of the system are discussed in more detail later on.

In order to assign the spectral features in the reflectance spectrum, the angle-resolved
reflectance of the array was calculated using 200 nm and 300 nm SiO> thicknesses. The bare

substrate with the 300 nm SiO: layer is presented for reference (Figure 5.5).
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Figure 5.5. Simulated angle-resolved reflectance of arrays with hsi =130 nm, p =200 nm,
d =130 nm and (a) SiO; cavity thicknesses of hsio. = 300 nm and (b) hsio2 = 200 nm. (c) Shows

the angle-resolved reflectance of the flat area without the nanoarrays when hsio2 = 300 nm.

The straight lines marked in blue are attributed to first order Wood’s anomaly diffraction
patterns, arising from the periodicity of the array. These features do not change when the cavity
thickness changes. Meanwhile, for the array with hsio2 = 300 nm, the narrow feature, located
at 289 nm at 0° incidence remains independent of the disk diameter but displays a blueshift
with decreasing cavity thickness. This particular feature is associated with an interference
phenomenon between the cavity and the Si nano-resonator. Notably, the dispersion plot did not
show an avoided crossing pattern, indicating that the plasmon and cavity modes are not strongly
coupled. Instead, it suggests that one of the modes is likely more dominant in the hybridized
system. In addition, the complexity of the angle-resolved plot indicates that the optical
properties are likely influenced by additional underlying interference mechanisms within the
system. For instance, the interaction of the Si nanodisk with its mirror image could play a role
in the observed sharpening of the IBP resonance dips. These mechanisms will be investigated

in future work.
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5.3.2 Geometrical parameter variation of the Si array

The spectral position of the plasmon dip (referring to the most pronounced dips in the
reflectance spectra identified earlier) was found to be correlated with the pitch length of the
arrays. This correlation was investigated for the arrays with hsi = 130 nm, hsio2 = 300 nm and

d = 130 nm, as shown in the simulated and experimental results provided in Figure 5.6.
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Figure 5.6. (a) Simulated reflectance spectra of the nanodisk array with hsi =130 nm,
hsioo =300 nm and d =130 nm as a function of the pitch. (b) Experimental results of the
spectral position of the plasmon resonance dip as a function of the pitch, extracted from the
reflectance measurements, which is displayed in (c), and (d), the corresponding Q-factor of the
resonance dips.

As previously discussed, pairing the 300 nm thick cavity with an array featuring hsi = 130 nm,
d =130 nm and p =200 nm yields a single prominent resonance band at 274 nm in the

reflectance spectrum. The simulated reflectance in Figure 5.6(a) shows that when the distance
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between the nanostructures is increased, the plasmon dip wavelength redshifts, concurrently
impacting the resonance quality. This effect was investigated experimentally, using arrays
fabricated with pitch ranging from 167 nm to 220 nm, while keeping hsi = 130 nm, d = 130 nm
and hsio2 =300 nm constant. The results are summarized in Figure 5.6(b), showing the
experimental spectral position of the resonance dips, which demonstrated a good agreement
with the simulated results. The corresponding experimental reflectance spectra of these arrays

are shown in Figure 5.6(c), with the calculated Q-factors plotted in Figure 5.6(d).

The experimental data demonstrates that the shortest pitch length of 167 nm yields a broad dip
centred at 248 nm in the deep UV region, with a Q-factor of 23. In this case, the high density
of nanostructures on the surface impedes most of the incident light from coupling into the FP
cavity and exciting the cavity modes. Increasing the distance between nanostructures allows a
higher portion of light to enter the cavity and hybridize with the LSPR mode of the nanodisks.
This results in a redshift of the plasmon band and an enhancement of the Q-factor.
Consequently, when the pitch length is set to 200 nm, the Q-factor increases to 37, and the
plasmon band redshifts into the UVC region at 273 nm. However, further increasing the pitch
causes the Q-factor to decrease, as a significant portion of the energy can radiate out of the
cavity. Hence, adjusting the pitch length of the array allows the tuning of the resonance spectral

position within the UV range, although at the cost of affecting the Q-factor.

The relationship between the disk diameter and the Q-factor was also investigated, as shown
in Figure 5.7. The pitch was maintained at a value of 200 nm, as it resulted in plasmon
resonances with the narrowest FWHM. The parameters of hsi = 130 nm and hsio2 = 300 nm
were fixed. Figure 5.7(a),(b) depict the simulated and experimental reflectance data,
respectively, showcasing the results when the disk diameter is varied from 100 nm to 150 nm.

The representative SEM images of the arrays are shown in Figure 5.7(c).
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Figure 5.7. Theoretical and experimental characterization of Si nanodisk IBP arrays. (a)
Simulated and (b) experimental reflectance spectra of Si nanoarrays with p =200 nm,
hsi = 130 nm and hsio2 = 300 nm, as the diameter (d) is varied from 100 nm to 150 nm. (c)
Corresponding SEM images of the arrays, showcasing disks with diameters ranging from
100 nm to 150 nm. The scale bar corresponds to 100 nm.

Variation of the disk diameter showed little influence on the spectral position of the plasmon
resonance dip, observed at ca. 273 nm. The same behaviour was observed at different pitch
lengths, as shown in Figure A3.4. It is noted that the simulated reflectance exhibits better
resolution of the features compared to the experimental results. This is due to the UV
objective’s numerical aperture of 0.20, which has an incident angle in the range of —11.5 ° to
11.5 °, wider than the normal incidence condition used in simulation. Nevertheless, the
resolution of the simulated reveals that reducing the disk diameter from 150 nm to 100 nm

introduces multiple additional dips in the spectrum that gradually spread apart. These results
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further suggest that the resonance dip is less influenced by the LSPR on the nanodisk, and is

likely dominated by other components of the system.

To further investigate the origin of these resonances, a disk diameter of 100 nm was selected,
with p =200 nm, hs; = 130 nm and hsio2 = 300 nm. This array displayed the sharpest features
in the simulated reflectance spectrum and a near-zero reflectance value at the resonance dip at

276 nm (Figure 5.8)
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Figure 5.8. (a) Simulated reflectance spectra of the array with p =200 nm, hsi =130 nm,
hsio2 =300 nm and d =100 nm, and (b) the corresponding multipolar decomposition of the
scattering cross section (oscattering), showing the contribution of the electric dipole (ED),
magnetic dipole (MD), electric quadrupole (EQ) and magnetic quadrupole (MQ) modes as a
function of wavelength. (c) From left to right: simulated spatial distribution of the electric
|E/Eint) and magnetic |H/Hin{ fields, as well as the charge distribution and total power
absorption (Abs) across the x-z plane of the disk of the same array, at 276 nm. The scale bar

corresponds to 100 nm.
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The theoretical reflectance intensity at the resonance dip at 276 nm was calculated to be 1.5%,
under the normal incidence condition. However, the experimental measurements yielded a
higher value of ~19%, likely due to the limitations of the UV objective used in experiments.
To understand the origin of the low intensity band, the multipolar decomposition of the
scattering cross-section was calculated. An electric quadrupole (EQ) was revealed that
dominates the decomposition spectrum around the reflectance dip at 276 nm (Figure 5.8(b)).
Analysis of the mode pattern distributions at this wavelength agreed well with the calculation
results (Figure 5.8(c)). The spatial distribution of the electric field |E/Ein shows a hybridized
mode pattern, where the electric field is localized at the top and bottom edges of the Si antenna
surface, and confined within the cavity in a donut-like shape, distinct from the typically
observed standing wave mode pattern in photonic cavities.'® As expected, the |H/Hin
intensity exhibits an opposing field distribution due to the interrelation of the electric and
magnetic field vectors.!3 The charge density distribution pattern further supports the results
obtained by the multipolar decomposition calculations, and provides an explanation for the
near-zero reflectance observed. The top and bottom edges of the Si nanodisks show an EQ
distribution, while the cavity confines strong opposing charges. Consequently, the opposing
charges in both the Si disk and the cavity cancel each other, resulting in a nearly dark mode

and minimal scattering into the far-field.

To investigate the absorption behaviour of the array, the distribution pattern of the total power
absorption at this wavelength was also simulated. The results show that most of the absorption
is localized along the walls of the Si disk (see Figure 5.8(c)). However, it was found that the
absorption within the Si nanodisk is low, as also demonstrated by the simulated absorption

spectrum of the array (Figure 5.9).
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Figure 5.9. FDTD simulation of the absorption of an array with hsi =130 nm, p =200 nm,
d =100 nm and hsio2 =300 nm. The dashed line corresponds to the wavelength of the

reflectance dip for this array.

The absorption at the resonance wavelength of 273 nm has a value of ~0.5, which is lower than
anticipated based on the reflectance results. This may be attributed to Si being a being a high
loss material, thus a portion of the light may propagate away along the plane of the surface

instead.!33

5.3.3 Switching between narrow and broadband resonances

In the following section, the impact of varying the height of the Si disk examined. Specifically,
the geometric parameters that facilitate the transition from sharp to broad reflectance bands are

discussed.
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Figure 5.10. Transition from sharp to broad reflection band via geometry engineering. ()
Simulated reflectance of an array with d = 100 nm, p = 200 nm and hsio2 = 300 nm, showing
the narrowing and broadening of the resonance dip as a function of the Si nanostructure height.
(b) Simulated reflectance spectra for the array with Si height of 75 nm, and (b) the
corresponding experimental reflectance. The inset shows the SEM images of the array from
the top and at a 30° tilt angle. The scale bar represents 250 nm. (d) Multipolar decomposition
calculations of the scattering cross sections (oscattering) Of the electric dipole (ED), magnetic
dipole (MD), electric quadrupole (EQ) and magnetic quadrupole (MQ) modes. (e) The |E/Eint
and |H/Hin field intensity distributions of the cross-section of the Si nanodisk, as well as the
charge and total power absorption distribution across the x-z plane, at the excitation wavelength

of 268 nm. The scale bar corresponds to 50 nm.

Figure 5.10(a) illustrates the simulated reflection as a function of the Si disk height for an array
with d = 100 nm and p = 200 nm. As the disk height varies, the reflectance spectrum changes
significantly. In particular, the bands transition from narrow to broad linewidths as the height

is decreased from 130 nm to 75 nm, and from 250 nm to 170 nm. When the Si height is reduced

188



Chapter 5. Achieving High Quality Factor Interband Nanoplasmonics in Ultraviolet Spectrum
via Hybridization

to 75 nm, several notable changes occur in the reflection spectrum (Figure 5.10(b)). The
plasmonic feature is shifted to 268 nm, while the additional features become broader with
reduced reflectance intensity. The experimental measurements were unable to provide the same
resolution of these bands (Figure 5.10(c)). Nevertheless, the broad dip exhibits a significantly

low reflection intensity of ~10 %, spanning the UV region from 235 nm to 310 nm.

To investigate the origin of these bands, multipolar decomposition of the scattering cross
section was carried out. It was found that due to the smaller Si height, the electric dipole (ED)
becomes the dominant mode in the scattering cross section, as shown in Figure 5.10(d).
Examining the electric |E/Eint| and magnetic field |H/Hint distribution patterns at 268 nm reveal
that the electric field intensity is highest at the bottom edge of the nanodisk, with reduced field
intensity within the cavity. However, the interaction between the cavity mode and the LSPR
mode can still be observed. Consequently, the charge distribution image shows that a strong

dipole manifests towards the bottom half of the Si nanodisk.

The intensity of the total power absorption was higher in regions where near-field enhancement
occurs. However, the calculated absorption within the nanodisk was found to be low, as shown

in the absorption spectrum in (Figure 5.11).
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Figure 5.11. FDTD simulation of the absorption of an array with hsj =75 nm, p =200 nm,
d =100 nm and hsio2 =300 nm. The dashed line corresponds to the wavelength of the

reflectance dip for this array.

The total power absorption at the resonance wavelength of 268 nm was ca. 0.6, slightly higher
than the results obtained from the arrays with a disk height of 130 nm, discussed previously.

However, the overall absorption within the same UV range was higher.

5.3.4 Enhanced absorption capability of the array

To demonstrate the effect of using the high Q-factor Si arrays in combination with a
UV-absorbing material, the arrays were coated with a lignin-modified polymer (Figure 5.12).
The lignin copolymer (lignin-PEG, Figure 5.12(b)), was synthesized according to the method

outlined by P. Y. M. Yew et al and was provided by collaborators.3%°
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Figure 5.12. (a) Illustration of the absorption of incident light by the lignin-PEG polymer film
on the flat surface and on top of the Si nanodisk array. (b) Chemical structure of the lignin-
PEG polymer. (c) The refractive index (n) and extinction coefficient (k) of the lignin-PEG film,

obtained from spectroscopic ellipsometry measurements.

Due to the network of aromatic rings in lignin, the polymer exhibits a strong absorption at
~273 nm, which coincides with the spectral position of the plasmon dip for the Si arrays with
d =130 nm, p = 200 nm and hsio2 = 300 nm. Therefore, its optical properties make it suitable

to study its interaction with the IBP resonances.

Prior to the deposition, the Si arrays were oxygen plasma treated, then spin-coated at different
rotation speeds with a solution of lignin-PEG to achieve a range of polymer thicknesses on the
surface. The film thickness was determined using spectroscopic ellipsometry measurements on
the flat region of the substrate, and the refractive index (n) and extinction coefficient (k) were

extracted from the fitting of the experimental spectra (Figure 5.12(c)).

In Figure 5.13 (a), the experimental optical reflectance results for the array with dimensions of
p = 200 nm, hsi = 130 nm and d = 130 nm is presented, before and after the deposition of a

~55 nm thick lignin-PEG film.
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Figure 5.13. (a) Experimental and (b) simulated reflectance spectra of an array with d = 130
nm, p = 200 nm, hsio2 = 300 nm and hsi =130 nm, with and without a 55 nm thick lignin-PEG

films, as well as the spectrum of the polymer film alone on the flat substrate region.

The observed redshift and broadening of the plasmon dip indicate a weakly coupled interaction
between the plasmon mode of the array and the excited state of the lignin-containing polymer.
Most notably, the resonance band of the coupled system reaches near-zero reflectance values,
significantly lower than those of the individual array or polymer films alone. On a clean array,
17% of the UV light is reflected back at the plasmon dip wavelength, while addition of 55 nm
of lignin-PEG reduces this value to ~ 4%. Significantly, the introduction of nanoantenna results
in the suppression of the UV light reflectance of the lignin-PEG polymer by 7.5-fold. To further
analyse the optical properties of the polymer-coated arrays, FDTD simulations were performed
based on the n and k values extracted from the ellipsometry measurements, as shown in
Figure 5.13(b). Compared to the experimental results, the theoretical calculations showed a
smaller change in the reflectance intensity following the addition of the polymer. Specifically,
the intensity at the plasmon dip wavelength for the clean array was 9%, which was reduced to

5% after the introduction of the 55 nm lignin-PEG film.
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Examining the spatial distribution of the mode pattern at 287 nm revealed a notable difference
in the electric and magnetic field distributions after addition of the lignin copolymer film

(Figure 5.14).
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Figure 5.14. The simulated spatial distribution of the (a) electric field |E/Ein and (b) magnetic
field |H/Hiny intensity, as well as (c) the total power absorption distribution at the cross-section
of the nanodisk with 55 nm lignin-PEG coating on top, at the wavelength of 287 nm for an
array with d = 130 nm, p = 200 nm, hsio2 = 300 nm and hs;j = 130 nm.

An increased total power absorption was observed within the polymer layer and at the edges
of the nanodisk. Consequently, the overall absorption of the material was enhanced,
accompanied by a decrease in the reflected light at the plasmon resonance. The effect of the
reflectance reduction was observed experimentally using the arrays with diameters ranging

from 100 nm to 150 nm after the coating process (Figure 5.15).

193



Chapter 5. Achieving High Quality Factor Interband Nanoplasmonics in Ultraviolet Spectrum
via Hybridization

(@)

05 Arrays + lignin-R-PEG

Clean arrays

——d =100 nm

——d=110nm

044 ——d=120nm

5041 3 |—d=130mm

o S ——d =140 nm

9 80'3'—d=150nm
E 0.3 E
[&] [&]
Q Q
= =~
5] ]
o2 o

0.1 T T . T 0.0 r T T T
220 240 260 280 300 320 220 240 260 280 300 320

Wavelength (nm) Wavelength (nm)

Figure 5.15. Experimental reflectance spectra of arrays with geometrical parameters of
hsi = 130 nm, p = 200 nm and hsio2 = 300 nm, while varying the diameter from d = 100 nm to
d =150 nm when the surface is (a) clean, without any polymer added, and (b) after coating

with 55 nm lignin-R-PEG.

However, when the nanodisk height is reduced to 75 nm, the coating of the arrays resulted in
in the increase of the overall reflectance compared to the bare array. Figure 5.16 shows the

experimental reflectance of the array with d = 100 nm, p = 200 nm, hsio2 = 300 nm and hs; =

75 nm before and after the coating with 55 nm lignin-PEG.
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Figure 5.16. (a) Experimental reflectance spectra of an array with d = 100 nm, p = 200 nm,
hsio2 = 300 nm and hsi =75 nm, with and without a 55 nm thick lignin-PEG films, as well as

the spectrum of the polymer film alone on the flat substrate region.
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The reflectance within the UV region was higher after the coating process, with little change
in the values around the resonant wavelength at ca. 268 nm. Therefore, absorption of these

arrays with the lignin-PEG requires further investigation in future work.

Nonetheless, it was demonstrated that the quality of the plasmonic resonance can be
significantly enhanced by leveraging the hybridization of plasmonic and cavity modes.
Therefore, the use of Si nanostructures offer can similar plasmonic properties in the UV region

as conventional plasmonic materials do in the visible region.

5.4 Conclusions

In conclusion, it was found that the combination of a SiO> cavity with a Si disk array enables
the tunability of the plasmonic properties of the system due to the coupling between the LSPR
modes and the cavity modes. The Q-factor of the plasmon resonance of nanoantenna can be
significantly improved from ~1 to ~43 by variation of the cavity thickness. Additionally, the
spectral position of the plasmon band can be fine-tuned by altering the pitch length between
the nanostructures, while modifying the height of the disks allowed for switching between
sharp and broad resonances, enabling near-zero reflectance values of ~ 4%. Using experimental
measurements and FDTD simulations, the absorption enhancement capabilities of Si arrays
coated with a UV-absorbing lignin-PEG polymer has been explored. The data revealed that the
introduction of the Si nanoarray led to a stronger confinement of the electric field within the
lignin-PEG layer. Consequently, this behaviour resulted in a reduction of the overall
reflectance of the material by 7.5-fold. On the other hand, the absorption properties of the arrays
are require further investigation in future work. Nonetheless, these results highlight the

potential of Si nanodisk arrays as IBP materials. Moreover, Si nanodisk arrays of this nature
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can potentially be utilized in UVC specific applications, such as investigations of germicidal

mechanisms,3?232 enhancement of light-absorption, 32432 UV sensors or photodetectors,326-329
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In this thesis, the development of nanostructured materials that regulate light-matter
interactions was discussed. In nature, light-harvesting complexes are organised by peptide
scaffolds, which regulate efficient long-range transport of excitons. Chapter 3 introduced the
design of biomimetic materials inspired by pigment-protein complexes. Plexcitonic antenna
complexes were synthesised, in which the scaffold is a surface-grafted PCysMA chain. To
control the initiator concentration (ysrau)) on gold surfaces, the initiator (DTBU) was co-
adsorbed with an inert thiol (11-MUL) from solutions containing various ratios of the two
adsorbates ( ysr(sol)). XPS studies showed the 11-MUL has a slight competitive advantage in
the adsorption process due to its smaller size compared to the bulkier DTBU initiator disulfides.
Thus, the observed relationship between yersoy and ysrau) Was non-linear. Nevertheless, the
method was found to provide an effective way to regulate the density of the surface-grafter
polymers. The variation of the polymerisation time and the grafting density allowed the
synthesis of pCysMA brushes with controllable densities and thicknesses. The polymer height
reached its maximum at the polymerisation time of 45 min, at which the thickness of a fully
dense brush was 36+5 nm, decreasing to20+3nm for yeray =0.47£0.11. For
xBran) =0.39 £0.07 and 0.26 £ 0.05 the film thicknesses were 8.5 +1nm and 5.9 nm,

respectively.

Subsequent to the polymerisation, the surface-grafted polymers were derivatised with Chl.
Chlorophyll a was extracted from spinach and modified to contain an active ester functionality.
The pigment was coupled to the PCysMA films via EDC/NHS coupling, and chemical state
analysis of the systems was carried out using XPS characterisation. The XPS analysis showed
that the Chl binding increases when the grafting density is ysrauw < 0.39 £ 0.07, with ca. 1 Chl

for every 2.6 monomer units in the film. The films were characterised as a function of depth
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using XPS depth profiling with Arsooo” and Arzo00™ gas clusters. The analysis indicated that thin
layers can be removed from the surface without altering the chemical state of the film. A
correlation between the grafting density and the extent of pigment binding as a function of
depth was revealed. In fully dense brushes, there was preferential binding towards the top
layers of the brush. In contrast, the Chl concentration in reduced density films remains constant
as a function of depth. The depth-profile analysis revealed that reduced density films could
accommodate four times more Chl in comparison to fully dense brushes. This highlights that
regulating the surface density allows control over Chl concentration onthe surface. To
investigate the plasmon-exciton coupling capabilities of these systems, plexcitonic complexes
were synthesized on plasmonic nanostructured gold surfaces. Examination of the extinction
spectra demonstrated a direct correlation between the scaled coupling energy and the grafting
density, thus confirming the results from the XPS analysis. When the grafting density was
reduced, the concentration of excitons within the plasmon mode volume increased.
Consequently, when the polymer density was reduced from ysraw = 1.00 to 0.47 at 30 min
polymerization time, the scaled coupling energy increased from ~0.1 eV to 0.46 eV. Therefore,
the coupling energy could be controlled by adjusting the polymer grafting density. These
studies highlight that the quantification of the extent of Chl functionalisation in the polymers
using conventional XPS measurements is limited. XPS depth profiling, on the other hand,
offers a more accurate analysis of the Chl concentration within the film volume. It is concluded
that surface-grafted polymers enable the programmable organisation of pigments in three

dimensions, thus providing a means to control plasmon-exciton coupling in these systems.

In future work, the use of alternative light-harvesting molecules could be explored. While Chl
is a key component in photosynthesis, its synthetic modification typically results in low yields,
limiting its scalability for applications. However, various commercially available dyes could

be investigated as an alternative in these polymer systems, offering simpler synthetic routes.
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For instance, rhodamine dyes exhibit a strong absorption around 550 nm. Spectrally tailoring
the plasmonic surfaces to match the absorption of the dye could enable strong plasmon-exciton
coupling.3® Furthermore, the current approach that involves polymer growth from gold
nanostructures on planar surfaces limits the available volume of the plasmon mode.
Consequently, pigments located outside this region are unable to strongly couple with the
LSPR and are underutilized within the system. The design principles presented here could be
extended to plasmonic gold nanoparticles. Surface-grafted polymer brushes functionalized
with dyes on plasmonic nanoparticles could yield materials that are suitable for spin-coating
onto surfaces. The multilayers of nanoparticles would increase the available plasmon mode

volume on the surface, potentially achieving extended plasmon-exciton coupling.

Chapter 4 focussed on addressing the challenges associated with the post-synthesis tuneability
of the emission wavelength of perovskite nanoparticles. Existing methods in the literature
involve invasive techniques, resulting in broad emission linewidths and reduced PL brightness.
To address this issue, the chapter examined the use of a photonic nanostructure array to interact
with perovskite excited states via the Purcell effect. Asymmetrical Si nanoellipse pair arrays
were fabricated using EBL. The broken in-plane symmetry gave rise to polarization-controlled
g-BIC resonances, which spectral position could be tuned from 690 nm to 804 nm under y-
polarization, and from 638 nm to 696 nm under x-polarization, by variation of the nanoellipse
size. FAPDbI3 perovskite nanoparticles with an emission at 755 nm were deposited on the arrays.
It was found that the Purcell interaction can be regulated by the spectral overlap between the
g-BIC resonance and the perovskite emission band by leveraging the variability of q-BIC
resonance energy. Consequently, PL mapping measurements revealed that a PL tuning range
of ~39 nm can be achieved. Furthermore, switchable emission wavelengths of up to 10 nm
were observed by altering the polarization state of the pump laser. The maximum PL

enhancement observed was 21-fold, accompanied by a reduction in emission linewidth by
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~27% under y-polarization. Meanwhile, experimental and theoretical investigations of PL
lifetime revealed a 6.7-fold enhancement of the spontaneous radiative decay rate. The
discrepancy compared to PL mapping measurements was attributed to enhanced pump laser
absorption by the arrays. In summary, this study demonstrated a non-invasive approach to
modify perovskite emission properties in ambient conditions. The wavelength shift achieved
was higher than the current state-of-the-art that relies on a similar principle,?®® with an added
tunability element via the polarization state switching of the pump laser. These findings hold
promise for various tuneable light-emission application, particularly in the design of

wavelength-tunable single-photon sources.

These studies could be extended by improving the nanoantenna design in order to increase the
Purcell factor. In the work presented here, the use of y-polarization conditions results in the
excitation of two g-BIC resonances with overlapping bands in the reflectance spectrum. While
this is useful to realise spectral bands in the red spectral region (and thus ensure overlap with
the perovskite emission band), a better resolution of the individual g-BIC resonances could
lead to an improvement of the maximum possible Purcell factor. Future work could focus on
the development of a nanostructure design supporting single high Q-factor g-BIC resonances.
Furthermore, polarization-dependent resonant modes that are further apart in energy could
promote a higher separation of the potential radiative decay channels for the perovskite excited
state. Studying these effects using a range of perovskite materials emitting at different
wavelengths would allow a more comprehensive determination of the emission tuning
capabilities of this design. For practical applications, the use of different surface coatings and
encapsulation methods could be explored to avoid degradation of the perovskite material over

time.
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While Si nanoellipse pairs exhibit g-BIC resonances in the visible spectral range, employing
an alternative Si nanostructure design allows for the realization of plasmonic resonances within
the UV region due to strong interband transitions. IBP materials hold potential as promising
candidates for applications in UV-plasmonic technologies. However, large intrinsic losses
result in low Q-factors for their plasmonic resonances. Chapter 5 focused on the fabrication
of Si nanodisk arrays that support plasmonic resonances in the UV region with improved Q-
factors. The Si nanodisk arrays were fabricated using EBL on Si substrates with a layer of
SiO», with the cavity thickness ranging from 100 nm to 300 nm. The interaction between the
LSPR mode on the Si nanodisk and the cavity modes were investigated using experimental and
theoretical reflectance measurements. The arrays showed resonance dips in the reflectance
ranging from ~270 nm to ~280 nm, depending on the thickness of the cavity. It was
demonstrated that increasing the cavity height to 300 nm improves the Q-factor of the
plasmonic feature from ~1 to ~43. FDTD studies of the mode pattern distributions revealed
that the tunability of the plasmonic properties can be attributed to the coupling between the
LSPR modes and the cavity modes. In addition, mode decomposition calculations of the
scattering cross section revealed that arrays with p = 200 nm, hs; = 130 nm, hsio2 = 300 nm and
d = 100 nm exhibit a strong electric quadrupole mode around the reflectance dip. The spectral
position of the plasmon band was tuned by altering the pitch length between the nanostructures.
Furthermore, the broadness of the resonance bands could be modified by variation of the
nanodisk height. The arrays with disk height of 75 nm demonstrated a low reflection intensity
of ~10 %, spanning from 235 nm to 310 nm. To investigate the combination of high Q-factor
Si arrays with a UV-absorbing material, the arrays were coated with lignin-PEG polymer.
Experimental measurement showed a 7.5-fold reduction of the reflectance intensity, while the
FDTD results demonstrated a stronger confinement of the electric field within the lignin-PEG

layer. However, the simulated total power absorption did not show a significant enhancement
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in the absorptance spectra before and after the coating. Thus, the absorption mechanism of
these arrays remains unclear and requires further investigation. In conclusion, it was
demonstrated that the hybridisation between the LSPR modes on the nanodisk array and the
SiO> cavity modes can significantly improve the Q-factor of the plasmon resonances within
the UV region. These findings highlight the potential of Si as an IBP material, with potential

possible applications in UV sensors and photodetectors.

The primary aim of this study was to design Si nanoarrays with improved Q-factors. While this
goal was successfully achieved, the underlying mechanisms that enable the sharpening of the
resonances require further investigation. In particular, since the Si substrate serves as a
backside reflector for the cavity system, the mirror image of the nanodisk could potentially
play an important role in the overall hybridisation process. Investigating the design with Al as
the backside reflector, given its high reflectivity within the UV region, could yield valuable
insights. Furthermore, the simulation of the absorption mechanisms of these arrays could be
refined. While total power absorption has been calculated using FDTD, obtaining additional
simulated data of the electric field intensity would enable the conversion of these results into
absorption values. This approach would provide a more comprehensive understanding of the
absorption behaviour of the arrays, particularly when combined with the UV-absorbing lignin-

PEG material.
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DTBU
Region Position FWHM Line shape Area o A-t.0 mie
composition

Cls 285 1.35 GL(30) 9343.58 78.72

Cls 286.9 1.35 GL(30) 1701.85 14.32

Cls 289.1 1.35 GL(30) 827.2 6.95

Ols 532.18 1.59 GL(30) 7063.33  76.02

Ols 533.58 1.59 GL(30) 2229.29 23.98

S2p 162.44 1.1 GL(30) 707.58  62.45

S2p 163.79 1.1 GL(30) 42592  37.55

Table A1.1. XPS fitting details of a SAM of DTBU, presented in Figure 3.2(a).

11-MUL
Region Position FWHM Line Area o A.t?mlc
shape composition

Cls 285 1.26 GL(30) 21089.54 83.70

Cls 286.8 1.26 GL(30) 3380.42 13.43

Cls 288.4 1.26 GL(30) 722.35 2.87

Ols 533.0 1.55 GL(30) 9714.50  90.61

Ols 531.7 1.55 GL(30) 1006.54  9.39

S2p 162.2 0.84 GL(30) 133149 61.03

S2p 163.4 0.84 GL(30) 850.44 38.97

Table Al.2. XPS fitting details of a SAM of 11-MUL, presented in Figure 3.2(b).

DTBU + 11-MUL, g, ) = 0.52
Region Position FWHM Line Area o A.t.omlc
shape composition
Cls 285 1.26 GL(30) 13335.88 84.87
Cls 286.8 1.26 GL(30) 1834.13  11.68
Cls 289.2 1.26 GL(30) 540.50 3.44

Table A1.3. XPS fitting details of a SAM of DTBU + 11-MUL, with y ., , = 0.52, presented

in Figure 3.2(c).
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DTBU + 11-MUL, z, .. = 0.40

Region Position FWHM Line Area o 1?1:‘0m1c
shape composition

Cls 285 1.19 GL(30) 14946.97 84.72

Cls 286.72  1.19 GL(30) 1919.14  10.88

Cls 288.66  1.19 GL(30) 773.98 4.39

Table Al.4. XPS fitting details of a SAM of DTBU + 11-MUL, with y , , = 0.40, presented

in Figure 3.2(c).

DTBU + 11-MUL, yg, ) = 0-26
Region Position FWHM Line Area o A.t.omlc
shape composition
Cls 285 1.23 GL(30) 22898.11 84.24
Cls 286.7 1.23 GL(30) 3795.67 13.97
Cls 289.1 1.23 GL(30) 484.00 1.78

Table A1.5. XPS fitting details of a SAM of DTBU + 11-MUL, with y, ., , = 0.26, presented

in Figure 3.2(c).
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In(Au4f/Cls peak area)

Equation y=a+b*x
Plot E
Weight No Weighting
2 _I Intercept 1.98012 +0.18
Slope -0.24258 £ 0.0
Residual Sum of Sq 13.05217
04 Pearson's r -0.97148
R-Square (COD) 0.94378
Adj. R-Square 0.94203
-2
44
-6
-8
T T T T T T T T
0 5 10 15 20 25 30 35 40

Polymer brush thickness / nm

Figure Al.1. Calibration profile for dry thickness determination of full density brush films

using XPS analysis. The natural logarithm of Au4f;2/C1s peak area ratio extracted from the

high-resolution narrow spectra as a function of the polymer dry brush thickness determined by

spectroscopic ellipsometry. The data was fitted with a straight line.

Chl
Region Position FWHM Line Area o At(.)r.nlc
shape composition
Zn 2p 1045.11 3624.34 1.48 LA(1.4,2,2) 1.14
Zn 2p 1022.04 7195.4 1.48 LA(1.4,2,2) 2.29
O 1Is 533.8 2649.51 1.89 GL(30) 5.17
O s 535.43 350.35 1.89 GL(30) 0.68
O Is 532.43 2649.44 1.89 GL(30) 5.17
N Is 398.49 2077.44 1.17 GL(30) 6.21
N Is 400.42 141.82 1.17 GL(30) 0.42
N Is 401.69 127.87 1.17 GL(30) 0.38
Cls 285 12109.58 1.65 GL(30) 60.13
Cls 286.69 1842.55 1.65 GL(30) 9.15
Cls 288.01 929.7 1.65 GL(30) 4.62
Cls 289.43 929.7 1.65 GL(30) 4.62

Table A1.6. XPS fitting details of a drop-casted Chl on a gold slide, for the corresponding

high-resolution spectra shown in Figure 6(a).
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11-MUL + Chl
Region Position FWHM Line Area o At(‘)l}nc
shape composition
O 1s 534.1 2302.87 1.61 GL(30) 2.27
O 1s 531.32 696.34 1.61 GL(30) 0.69
O 1s 532.69 6064.03 1.61 GL(30) 5.97
Cls 285 24986.14 1.37 GL(30) 68.85
Cls 286.7 2980.85 1.37 GL(30) 8.21
Cls 289.5 1427.57 1.37 GL(30) 3.92
Cls 287.98 1575.56 1.37 GL(30) 4.33
Zn2p 1021.88 1382.29 1.50 LA(1.4,2,2) 0.27
Zn2p 1044.94 706.95 1.50 LA(1.4,2,2) 0.13
N Is 400.08 2049.56 1.23 GL(30) 3.18
N Is 398.23 1405.2 1.23 GL(30) 2.19

Table Al1.7. XPS fitting details of Chl functionalised 11-MUL, for the corresponding high-

resolution spectra shown in Figure 6(b).
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L (nm) StDev(nm) W (nm) StDev (nm)
216 4 79 5
223 6 69 3
224 5 75 4
225 6 77 1
226 2 85 4
227 2 76 7
229 5 81 2
230 3 79 3
232 6 89 2
234 2 77 1
236 3 97 2
237 4 85 3
239 7 93 5
247 4 101 6
252 2 104 8
254 5 103 4

Table A2.1. Extracted L and corresponding W parameters of the nanoellipses from SEM

images, including the standard deviation (StDev) within the same array for each value.
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Figure A2.1. Photoluminescence measurements to derive the photoluminescence quantum

efficiency (PLQE) of FAPDI3 in toluene. An excitation wavelength of 405 nm was used to

measure a (a) blank reference and (b) the FAPDI3 solution in toluene in an integrating sphere.

The PLQE was calculated by integration of the areas underneath the laser and the sample signal.

207



Appendix 2 - Chapter 4

451
401
R 351
830-
£ 20]
5 20
@

%5 151
X 10 —— y-pol
51 — x-pol

0 . r ; T .
400 500 600 700 800 900 1000
Wavelength (nm)

Figure A2.2. Reflectance spectrum of the flat area of the substrate with 300 nm SiOz overlayer,
under x- and y-polarized light.
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Figure A2.3. (a) Transmission electron microscope (TEM) image of formamidinium lead
iodide (FAPDI3) particles and (b) particle size distribution obtained from TEM images.
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(a) Reflectance (a.u.) (b) (c) [EJ?
0 EE—— 0.8 Simulation 0 == - 6.2
800 0.8
B 306
£700 2
e [0
=) 204/
[ [y
K} k3]
5600 $02
= @
500 0.0 + . :
-30 20 <10 0O 10 20 30 500 600 700 800
Angle (°) Wavelength (nm)
Reflectance (a.u.)
(d) (e) , )
0 1.1 Experiment .
800 1.0 ~ 3 x 10
3 R
— 0.8 & A w/ g-BIC
3 = g |
£700 ; 2 g 21
p= v 80.6- e
[&)) c o 9 x
c T o
8 £ 0.4 £
2600 2 §M
2 @ 0.2, g
= w/o g-BIC
500 A 0. : : : Eol B
30 20 10 0 10 20 30 500 600 700 800 600 700 800 900 1000
Angle (°) Wavelength (nm) Wavelength (nm)

Figure A2.4. (a) Simulated angular-resolved reflectance of the array with L =232 nm and W
=93 nm under x-polarized condition and corresponding. (b) The simulated reflectance spectra
at the incident angle of 0°. (c) The electric field magnitude distribution (|E[?) at A = 693 nm for
the nanoellipse pair. The scale bar corresponds to 50 nm. (d) Experimental angle-resolved
reflectance of the same array with the (e) reflectance spectrum demonstrated at 0° incident
angle x-polarized conditions. (f) Corresponding PL peaks of the perovskite on the nanoarray

and on the reference nanodisk array without q-BIC resonances, excited with x-polarized laser.
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Figure A2.5. PL lifetime decay measurements of FAPDIz (a) in toluene and on the flat area of
the substrate, along with the instrument response function (IRF), for reference. Spectra (b-i)
shows the decay curves recorded on arrays with lengths varying from L = 216 £ 3 nm to
L =245+ 4 nm.
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Figure A2.6. Experimental reflectance spectra of the arrays from the time-resolved PL study
shown in Figure A2.6.
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Figure A2.7. The simulated electric field magnitude distribution (JE[?) at A =532 nm for an
array with nanoellipse pair parameters of L =232 nm and W =93 nm. (a) Top view of the
nanoellipse pair under x-polarized light conditions, with the dashed line representing the cross-
section that is shown in (b). (c) The top view of the same Si structures under y-polarized light
and (d) their corresponding cross-section. (e) Simulated reflectance of the flat substrate area
(results under x- and y-polarized conditions are identical) and (f) cross-section showing the

distribution of the electric field magnitude (|E[?) at A = 532 nm. The scale bar corresponds to
50 nm.
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Figure A3.1. Characterization of lignin-poly(ethylene glycol) (lignin-PEG), as provided by
collaborators. Further details can be found in the cited article.3?° (a) Reaction mechanism of
the lignin-PEG synthesis. (b) 1H-NMR in CDClz spectrum of lignin-PEG. Peaks attributed to
lignin were detected at 3.85 ppm (methoxyl groups) and 6.85 ppm (phenyl rings). (c) Number
average molecular weight (Mn), weight average molecular weight (Mw), glass transition (Tg)
and thermal decomposition (Td) temperatures, particle size and the polydispersity index (PDI)

of lignin-PEG.
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Figure A3.2. Experimental reflectance spectra for the nanodisk array with hsi =130 nm,
d =130 nm, p =200 nm and SiO> layer thickness of 300 nm. The resonance dip was fitted by
the standard Gaussian function by manually defining the background to connect each side of
the spectral dip. A full-width-at-half-maximum of 7.4 nm was obtained with the peak
maximum at 273.8 nm, which corresponds to a Q-factor of 37. The R? of the fitting is 0.998.

() |EE. A =296 nm ) |E/Ed A =279 nm ) |E/Eind A =260 nm ) |E/Eindl A =279 nm

quartz hsio2 = 100 nm hsioz =200 nm hsioz = 300 nm
Figure A3.3. The simulated electric field magnitude distribution |E/Eint| from the x-y plane for
c¢-Si nanoarrays (hsi = 130 nm, d = 130 nm, p = 200 nm) on (a) quartz, (b) a 100 nm thick, (c)
200 nm and (d) 300 nm thick SiO, cavity. The wavelength of incident light is set to the

resonance wavelength.
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Figure A3.4. Experimental results of the spectral position of the plasmon resonance dip as a

function of the pitch length for arrays with hsj = 130 nm, hsio2 = 300 nm and d = 130 nm and

varying diameters from 110 nm to 150 nm, extracted from the reflectance measurements.
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