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LIST OF ABREVIATIONS

AOI —angle of incidence

BSA — bovine serum albumin

CM — cavity mode

DLW — direct laser writing

EMA — effective media approximation

FWHM — full width at half maximum

GCSF-R — granulocyte colony-stimulating factor receptor
HLPP (HLPR) — hybrid lattice plasmon polariton (hybrid lattice plasmon
resonance)

LSP — local surface plasmon

MSE — mean square error

mQCM — modified quartz crystal microbalance sensor chip
NIR — near infrared spectrum

OTS — optical Tamm states

PBG — photonic band gap

PBS — phosphate-buffered saline

PC — photonic crystal

PMMA — poly(methyl methacrylate)

RI — refractive index

RIU — refractive index unit

SAM - self assembling monolayer

SE — spectroscopic ellipsometry

SE-QCM - spectroscopic ellipsometry and quartz crystal microbalance
SEM — scanning electron microscopy

SEW - surface electromagnetic wave

SLG - single layer graphene

SLPR — surface lattice plasmon resonance

SPP (SPR) — surface plasmon polariton (surface plasmon resonance)
TE — transverse electric

TIR — total internal reflection

TIRE — total internal reflection ellipsometry

TM — transverse magnetic

TPP — Tamm plasmon polariton

TPP-SPP — hybrid Tamm plasmon-surface plasmon polariton
VIS — visible spectrum

VASE - variable angle spectroscopic ellipsometry

QCM-D — quartz crystal microbalance with dissipation
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1 INTRODUCTION

In recent years the extensive research of interaction between photons and
nano-structures has led to development of new concepts and prototype devices
which are based on nanophotonics. These studies in nanophotonics first of all
are related to the understanding of optically induced excitations in nano-scale
structures and how the optical properties of such resonances depend on size,
period and shape of the nanostructures. One of the areas, which has attracted
much attention in the research, is plasmons in metal nanostructures. Plasmons
are collective oscillations of conduction electrons in metals. Coupling of light
to plasmon resonances in metal nanostructures has extensive studies primarily
due to their ability to localize optical fields to volumes below the diffraction
limit [1].

The new phenomena appear when two plasmon resonances in nano-
structures are coupled to each other. Similar effect was extensively studied
and can be traced for plasmon-exciton coupling [2,3]. Various emitters such
as excitons in semiconductors, in dye or photochromic molecules [4-7] are
able to support the energy exchanges with plasmonic resonances in strong
coupling regime, thus are promising nanophotonic systems for new generation
of nanolasers (spacers) [8,9], ultra-sensitive optical biosensing [10], control
of chemical reaction rates [11,12], room-temperature condensation [8] and in
guantum information processing [13]. The strong coupling phenomena also
finds in the purely plasmonic nanostructures where two different or the same
plasmonic excitations interact strongly with each other [14]. The main
signature of strong coupling regime is that the energy exchange between two
plasmonic excitations (this is also valid for plasmon-exciton coupling) occurs
during a coherent time [15]. This energy exchange rate exceeds the damping
rate and, as a result, the new hybrid plasmonic mode are generated. However,
the main difference between plasmon-exciton and plasmon-plasmon coupling
is that for the first case plasmon and exciton forms new hybrid polariton,
meanwhile two plasmons itself already are polaritons which forms new
polaritonic state where both single plasmon polaritons are involved. The key
features offered by the strong coupling regime are significant control over
polariton energy levels and the coherent, delocalized nature of the new
polaritonic mode [16,17]. Rather a small number of publications have been
dedicated for strong coupling between two plasmonic modes and their
applications [18-20].

This PhD thesis is dedicated to detailed understanding of the hybrid light-
matter polaritonic modes and to demonstrate its importance in all aspects,
starting from fundamental research to the new nanophotonic applications
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mentioned above. In this study, a simple approach of using optical filters
which gives unambiguous experimental evidence of the strong coupling
regime in the hybrid TPP-SPP polaritonic mode was applied for the very first
time (Chapter 4.1). Also, it has been shown that the strong coupling between
the Tamm plasmon polaritons (TPP) and surface plasmon polaritons (SPP)
components in the hybrid plasmonic mode is sensitive to one graphene
monolayer deposited on a metal surface (Chapter 4.2). The variation of
coupling strength between the single graphene monolayer and PMMA layer
on the top of the nanophotonic-plasmonic structure in the hybrid plasmonic
mode allows the characterization of the optical properties of graphene.

In other parts of this PhD thesis, the applications of hybrid polaritonic
modes for biosensing are presented (Chapter 4.3). For instance, the optimized
sensitivity of the hybrid TPP-SPP mode was investigated and compared with
the single SPR mode when detecting a BSA protein layer on the gold surface.
The dispersion relations of the hybrid TPP-SPP and single SPR modes were
used to explain the enhanced sensitivity of the ellipsometric parameters for
the hybrid TPP-SPP mode over the conventional SPR. Moreover, the low-cost
1D plasmonic photonic structures supporting Tamm plasmon polaritons and
cavity modes were employed for the optical signal enhancement modifying
the commercially available QCM-D sensor chip in the combinatorial
spectroscopic ellipsometry and quartz crystal microbalance (QCM-D) method
(Chapter 4.4).

Finally, the fabrication of a large-scale lattice array of gold microbumps
for the generation of hybrid lattice-propagated plasmon polaritons in the VIS-
NIR range by using a direct laser writing technique was demonstrated
(Chapter 4.5). The plasmonic structures exhibits narrow, low-loss resonances.
This shows the potential impact of direct laser writing method as cost
effective, fast and large area for creating integrated photonic devices with
designed optical properties. The application of hybrid surface lattice-
propagated resonances together with strong coupling regime leads to
decreasing losses, resulting in the increased propagation length and better
coherence properties of such plasmonic excitations, which in turn promises
advanced optical properties.

OBJECTIVES

The objectives of this PhD thesis were to study the properties of the optical
response for various hybrid plasmonic modes based on SPP, TPP and surface
lattice resonances. The main contribution of the studies was related to the
hybrid TPP-SPP mode generation in total internal reflection ellipsometry
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(TIRE) setup and application of these modes for plasmonic sensing with bio-
related materials. In particular, focusing on the investigation of:

By using optical filters, to cut the part of incident light spectra that allows
to divide measured energy spectra into two parts, where in each range
only one branch of the hybrid TPP-SPP plasmonic mode was excited
directly by the incident light. Such methodology allows to study strong
coupling in detail under experimental conditions.

Strong coupling changes between the TPP and SPP component in the
hybrid plasmonic mode due to the presence of graphene monolayer at the
interface of PMMA and silver layers in order to have the possibility to
tune the conductivity of the sensing layer through the presence of
graphene, which influences the anti-crossing between the TPP and SPP
resonances and optical dispersion of the hybrid TPP-SPP mode.

Hybrid TPP-SPP mode for the application of enhanced sensing properties
compared with widely used commercially available single SPR
biosensors. The modified optical dispersion of the hybrid TPP-SPP mode
due to the strong coupling could be employed for optimization and
sensitivity control of the ellipsometric parameters in TIRE configuration.
To employ the low-cost 1D plasmonic photonic structures supporting
Tamm plasmon polaritons and cavity modes for the optical signal
enhancement modifying the commercially available QCM-D sensor chip
in the combinatorial spectroscopic ellipsometry and quartz microbalance
method.

To apply the lattice array of gold microbumps fabricated by direct laser
writing method for the generation of hybrid surface lattice plasmonic
resonances whose resonance quality is comparable with ones produced
by the traditional lithography methods.

Tasks to achieve the objectives:

To develop a simple experimental methodology by using optical filters
to cut the part of incident light spectra for only one branch of the hybrid
TPP-SPP mode direct excitation.

To generate ellipsometric spectra with the whole spectra, a part with only
TPP and a part with only SPP of the hybrid TPP-SPP mode in TIRE
configuration on the structure photonic crystal/gold layer.

To study the influence of the strong coupling in the hybrid TPP-SPP
mode to its optical dispersion through the separation of TPP and SPP
branches in the hybrid dispersion curves
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e To compare the influence of the graphene monolayer to the whole optical
response under excitation of single Tamm plasmon polaritons in variable
angle spectroscopic ellipsometry (VASE) with hybrid TPP-SPP modes
under strong coupling in TIRE configuration.

e To develop a multi-layer optical model for the 1D photonic
crystal/silver/graphene/PMMA which reasonably well describes the
excitation and strong coupling effect in hybrid TPP-SPP mode.

e To apply the hybrid TPP-SPP mode as a sensor probe for the GCSF
receptor immobilization and BSA protein on the gold surface.
Additionally, to compare the sensitivity of its ellipsometric parameters
with those of the single SPR mode.

e To conduct numerical simulations of the optical response of 1D
plasmonic nanophotonic structures supporting Tamm plasmon polariton
and cavity modes which can be generated on the modified SE-QCM-D
chip

e To compare the sensitivity of the ellipsometric parameters W(1) and A(L)
for protein layer formation on modified SE-QCM-D chip due to the
excitation of Tamm plasmon polaritons and cavity modes with
conventional SE combined with QCM-D.

e To measure the optical response of ellipsometric parameters of the
surface lattice arrays of gold microbumps and characterize the optical
dispersion properties and generated plasmonic resonances

e To explain the physical principle of the generation such hybrid surface
plasmonic resonances fabricated by direct laser writing method.

SCIENTIFIC NOVELTY

The experimental studies conducted in the present PhD thesis are in the
field of emerging area of plasmonics and nanophotonics which focuses on the
interaction of photons with nano-structures.

The main novelty of these studies is the unambiguous experimental
evidence of strong coupling between the TPP and SPP resonances in the
hybrid TPP-SPP mode by tuning of the incident light spectra with the optical
filters, for the very first time. If one component is excited at a resonant
wavelength, the other is also present and can be controlled by strong coupling
between TPP and SPP. The energy conversion between TPP and SPP shows
a potential applications of hybrid TPP-SPP modes for integrated photonic
devices.

From a point of view of a plasmonic nanostructures supported strong

coupling studies the graphene monolayer influence to the conductivity of the
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silver layer have shown that coupling strength, number of electrons involved
in coupling to a hybrid plasmonic resonance, can be the figure of merit in order
to have the possibility to tune the optical dispersion of the investigated
nanostructures.

It has been shown that the application of hybrid TPP-SPP modes and single
Tamm plasmon polaritons to biosensing gives the possibility to enhance the
optical response of the system. In particular, the hybrid TPP-SPP and strong
coupling regime was used for the first time for biosensing application. It was
found that the sensitivity of the hybrid plasmonic mode can be made
controllable by using the strong coupling effect between the TPP and SPP
components. This reduces the metal losses of the SPP component and, as a
result, narrows the plasmonic resonance. The optimized sensitivity of the
hybrid TPP-SPP mode was more sensitive to the BSA protein layer formed on
the sensor surface compared with the conventional single SPR mode. A
feature of optical dispersion of Tamm plasmon polaritons namely, the
wavevector is always smaller that the vector of light in the vacuum and thus,
direct excitation of TPP without additional coupler, gives the possibility to
enhance the optical signal on the sensing surface for conventional ellipsometry
without the use of total internal reflection (TIR). To the best of our knowledge
this is the first study and application of the Tamm plasmon polaritons and a
cavity mode in the combinatorial SE-QCM-D method for the enhanced
readout of the ellipsometric parameters.

The direct laser writing technique was employed for fabrication of a lattice
array of gold microbumps which support hybrid lattice plasmon polaritons
modes. These hybrid plasmonic modes are a result of a propagated surface
plasmon resonance and in-plane Bragg reflections from the gold microbumps.
The hybrid lattice plasmon polaritons (HLPP) modes exhibit a modified
dispersion relation from the conventionally propagated surface plasmon
resonance. The coupling of the in-plane Bragg reflections with the propagated
surface plasmon resonance leads to ultra-narrow widths of the hybrid
plasmonic resonances which are comparable with surface resonances in purely
dielectric structures with low losses or plasmonic nanostructures produced by
conventional lithography methods. The presented lattice array fabrication
method shows significant technological progress in the formation of large-
scale metallic arrays by using a laser-based technique and opens new
possibilities for plasmonic-based applications in integrated photonic devices,
optical sensors, and nanolasers.
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PRACTICAL VALUE

The application of optical filters for the analysis of coupling between
plasmonic resonances enable to evaluate if the strong coupling between two
or more plasmonic excitations is present. This method is suitable for various
nanophotonic structures, supporting surface resonant states under strong
coupling.

Use of the hybrid plasmonic modes under strong coupling reduces the
propagation losses for the plasmonic excitations and increase the quality factor
of these resonances, thus the optical signal sensitivity of the plasmon based
biosensor is enhanced.

The Tamm plasmon polaritons dispersion property of the light in free space
wave vector being always larger than the wave vector of TPP, allows to obtain
the TPP modes by direct excitation, thus a prism coupler is not needed. This
property enhances the spectroscopic ellipsometry optical signal in a combined
spectroscopic ellipsometry and quartz crystal microbalance (SE- QCM)
method.

The direct laser writing shows the potential application of such method for
production of microbump lattice arrays, supporting narrow hybrid lattice
plasmon polaritons that are by quality comparable to the ones produced by
lithography methods. This feature of direct laser writing reduces the cost and
production time for such lattice arrays.

STATEMENTS TO DEFENCE

e The strong coupling regime implies that it is always enough to directly
excite only one plasmonic branch for the hybrid polaritonic mode to be
generated, because both plasmonic branches in hybrid state are
inextricably linked with each other.

e The strong coupling between the TPP and SPP reduces the metal (gold,
silver) losses and narrows the plasmonic resonances, thus, leads to higher
optical signal sensitivity for refractive index changes on the sensing
surface.

e The 1D plasmonic-nanophotonic structures supporting TPPs and cavity
modes fabricated on the standard QCM sensor chip enhance the optical
response of ellipsometric parameters W(1) and A(A) in the combinatorial
SE-QCM method.

e The fabrication of large-scale lattice arrays of gold microbumps
employing cost-effective direct laser writing technique enables to support
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ultra-narrow hybrid lattice plasmonic surface resonances with reduced
losses and tunable dispersion properties.

Structure of the dissertation

The thesis is divided into four main chapters: the introduction, literature
overview, methods and results. In the introduction section the motivation,
tasks and scientific statements of the research are presented. The literature
overview is divided into three parts, where strong coupling effect,
nanophotonic structures and plasmonic excitations are discussed. Further in
Chapter 3 the methods used in this research, such as ellipsometry, direct laser
writing and protein layer formation are presented.

The chapter 4 is divided into 5 parts and covers the main results of the
thesis. In the first part the results of strong coupling in hybrid Tamm — surface
plasmon polaritons mode are presented, while in the second part the graphene
monolayer influence on the strong coupling is demonstrated. The third and
fourth parts, respectively, covers the hybrid Tamm - surface plasmon
polaritons and Tamm plasmon polaritons application for enhanced biosensing.
In the fifth section a hybrid lattice plasmon polaritons modes that are
generated on gold microbump arrays, are presented.

At the end of the thesis the main conclusions (Chapter 5) of this research,
summary in Lithuanian (Chapter 6) and references are presented.
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2 LITERATURE OVERVIEW
2.1 Strong coupling between two harmonic oscillators

In recent decades much attention has been paid to coupling in light-matter
interaction systems, especially for strong coupling between them. Strong
coupling is a phenomenon appearing between two (or more) oscillators, where
the interaction between the modes is strong enough in a way that the energy
levels of these modes are altered, compared to the single oscillators. Modes in
strong coupling regime are called hybrid modes and appear in various systems
[8,21-24], however, plenty of optical systems, such as atoms in cavities [25]
has been investigated. When analyzing harmonic oscillator systems and
coupling between them, these two or more oscillators must be able to
exchange energy in order to be coupled. The energy of such systems becomes
modified as new hybrid modes with different frequencies (compared to initial
ones) are created. The frequency shift and the efficiency of energy exchange
between them is determined by the strength of the coupling. Much attention
has been paid for research on strong coupling between surface plasmon
polaritons and excitons [2,4-6,26]. Strong coupling is an attractive
phenomenon due to its possible applications in development of plasmonic

a

kll

Figure 2.1.1. Strong coupling of two oscillator modes. The w1 and w; are the
initial frequencies of the modes marked as dashed lines, while the newly
formed hybrid modes are marked as red lines.
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lasers (SPASER) [27,28], integrated photonic devices [29,30] and control of
chemical reactions [11,31].

Coupling between the two oscillators is usually described by the frequency
shift 5w from the initial w, value. Each of these oscillators have their initial
frequencies (Fig. 2.1.1 dashed line) that for light-matter interaction are either
dispersive or non-dispersive. Given the right conditions their energies can
overlap. However, the coupling strength (if strong or weak coupling regime
operates) of the oscillators and the ability to couple is determined by the
oscillator decay rates. If the coupling strength between two oscillators of the
same energy exceeds their decay rates, the system is then strongly coupled and
the system energy states split - new modes are created with a gap near the anti-
crossing energy (Fig. 2.1.1 solid lines). The splitting between these two modes
is called the Rabi gap or Rabi splitting () and it appears between an excited
atom (or similar two-level system, such as quantum dots) and a cavity
(resonator) [32]. When a quantum dot is embedded in a cavity, the cavity
directs the emission into a single mode and reduces the lifetime of spontaneous
emission [33], thus coupling depend on the resonance quality factor Q and
volume (V) ratio. The Rabi splitting can be written as [17]:

2woN
v’

Qp=u (2.1)

where N is the number of molecules/atoms in a volume V, ¢ is the dielectric
permittivity of the medium, w, is the resonant frequency and u is the dipole
moment. Coupling in cavity modes can be enhanced by reducing the volume
and increasing Q. However, the quality factor is dependent on the linewidth
of the modes that vary based on losses due to emitter damping (y) and the light
extinction in the cavity (k). Generally, the strong coupling parameter g should
satisfy the condition g > y, x [33]. Various cavity structures, such as photonic
crystals, micropillars and microdisks [34-36], microspheres [37] were used
for investigation of strong coupling between the cavity modes and quantum
emitters.

In coupled systems, the boundary between the weak and strong coupling
regimes depends on the system itself. The damping plays a significant role, as
the oscillators with larger damping than coupling between them approach the
initial frequency value. In this case the coupling effect is negligible. In high
frequency (optical) systems, the strong coupling is described as a significant
frequency shift compared to the linewidth of the oscillator. Thus, from the
experimental point of view, if the observed dispersion curves of the oscillators
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(energy dependence on wave vector) are hardly indistinguishable, the system
is in weak coupling. If the curves can be identified as separate modes, the
strong coupling regime is present. However, the damping effect on the strong
coupling should not be forgotten, as it reduces the size of the Rabi splitting.
Thus, strict statement of “split size larger than width” in strong coupling
context should be used more loosely as the width of oscillators can be a bit
larger than the splitting. The newly created mode’s resonance at the anti-
crossing point can be written as:

1 1
Wy = > (w1 + wy) — Zi(h +7v2) £ Qg, (2.2)

where w1 and w; are the frequencies of the oscillators and y1, y» — damping
rates. The Rabi splitting can be rewritten as the frequency at which the energy
between two modes oscillate [38]:

1 1
Qg = E\/gz + (01 —wp)? - Z(h —72)?. (2.3)

Here the parameter g represents the coupling strength between the oscillators.
Thus, the condition for the strong coupling regime between two oscillators (in

this case plasmon and exciton) based on work done by Pelton et al. [38] must
satisfy the condition:

1
g> Z(h —V2) . (2.4)

If the damping between two (or more) oscillators exceeds the coupling
strength, the oscillators approach the original frequency values. This is an
important feature, as one of the strong coupling conditions is the coherence
between the oscillators. The strong light-matter interaction between the
surface plasmon polaritons (SPP) (see section 2.3.2) and the organic dye
molecule excitons that are attractive due to a large (approx. 100-300 meV)
Rabi splitting [39-41] compared to those achieved in inorganic
semiconductors [42]. Excitons can be coupled to the SPPs in the near-field if
the wave vector matching is realized, thus, the coupling depends on the
distance between the dye molecule and metal surface. However, if the
molecule is too close to the metal’s surface, the energy of the emitter will
dissipate in the metal. As a result, an optimal distance between the emitter and
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the metal surface is needed (typically 10-20 nm) [1]. In SPPs, the coherence
decays faster due to the dissipative nature of surface plasmon polaritons, thus,
few Rabi oscillations occur before the phase matching is lost (~10-100 fs)
[43]. Since, losses experienced by surface plasmon polaritons due to metals is
the main limiting factor for the strong coupling, various plasmonic excitations
are being looked into in order to reduce this problem. One of such solutions is
the use of long-range surface plasmon polaritons (LRSP) that have large (up
to 250 pm) propagation length. The LRSPs are surface modes appearing in
thin metal layer surrounded by dielectric. When the thickness of the metal
layer is of the order of 10-20 nm, the plasmonic modes at two metal/dielectric
interfaces can interact with each other and create hybrid modes. In order to
achieve maximum coupling between these two modes, the wave vectors and
the energies of these two plasmons has to be matched, thus, system has to be
symmetrical. [44]. Strong coupling effects can be observed between long
range surface plasmons and excitons [45,46]. In one case a thin silver slab (20
nm thick) with thin spin-coated J-aggregate layer is embedded in poly(vinyl
alcohol) and the strong coupling of 120 meV magnitude is observed [46].
Another plasmonic coupling example with significant reduction of losses is
the surface lattice plasmon resonances (SLPR) [47]. In SLPR samples the
coupling is achieved by interaction between two nanoparticles that are
matched in phase with the incident light due to periodic arrangement of the
array and as a result compensates the energy losses in metal. The resonance
of one nanoparticle affects the resonances of neighboring nanoparticles, thus
enhancing the quality factor Q of the SLPR [48].

As the coupling between high frequency oscillators are extensively
investigated, the analysis of the strong coupling in hybrid Tamm plasmons-
surface plasmon polaritons (TPP-SPP) have not been extensively researched.
First report of hybrid TPP-SPP modes were presented in the work done by
Afinogenov et al. [18], where they show the dependence of the curves
repulsion on the metal layer thickness. However, it has not been named as
strong or weak coupling. The ability to control the coupling strength between
plasmonic excitations, such as TPP-SPP modes or similar hybrid plasmonic
modes, would allow to improve the quality and sensitivity of hybrid plasmon
based sensors [49]. The investigation of strong coupling in hybrid plasmonic
nanophotonic structures would benefit in control of chemical reactions and
photo-bleaching in fluorescent biomarkers [31,50].
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2.2 1D photonic crystals

For further analysis of hybrid plasmonic modes discussed in section 2.3, a
concept of photonic crystals should be overviewed. Such structures are
attractive due to their optical properties as well as cheap cost-effective
manufacturing. Such easy control of forbidden bang gap engineering
influences optical properties of plasmonic resonances that can be generated in
such structures. Also, these structures are widely used as optical filters [51],
waveguides [52], antennas [53] and other applications [54].

Photonic crystals (PCs) are special, due to their feature to inhibit certain
light frequencies from propagation in different geometrical configurations.
They are synthetically produced macroscopic media derived from materials
arranged in periodic structures (e. g. multilayer stack, layer with holes,
synthetic or natural opals). Depending on the formed structure, thus, light
propagation direction, the PCs are divided in 1D, 2D and 3D categories. These
periodic structures under special conditions can forbid propagation of specific
frequencies from propagation through the structure, forming a photonic band
gap (PBG). It is a similar analogy as with energy band gaps for electrons in
crystal structures, where electrons travelling in atom lattice are modulated by
the periodic potential of the atoms. Similarly, photons are affected by the
periodically changing dielectric function of PC, thus creating a PBG. If the
photons energy falls into the forbidden range, the photon cannot pass through
the photonic crystal in specific directions. These energies depend on the
dielectric functions of the materials and on the lattice constant of the PC —
wavelengths of incident photons must be similar to the period in order to fall
in the PBG.

Here, the simplest case of 1D PC will be discussed. One of the first analysis
of optical multilayer stack properties were discussed by Rayleigh [55]. When
light is traveling through a multilayer periodic stack (Fig. 2.2.1 left), part of
that light is reflected and part of it is transmitted at each interface. Due to the
periodicity, the multiple reflected and forward beams interfere destructively
eliminating forward propagating wave. Such reflective 1D PC structures are
sometimes also referred to as Bragg mirrors. If the number of periods (a) is
large enough, the reflectivity of such structure becomes almost equal to unity.
The formation of PBG can also be explained from the crystal structure
perspective. In 1D PC structures the refractive index distribution is
homogeneous in the xy plane and periodically changes in the z direction. Thus,
incident light has different wave vectors: in-plane and perpendicular
components kj and k;, respectively. Since the xy plane is homogenous, the
wave vector k; can have any value, however, k, has finite interval of 1D
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Figure 2.2.1. The schematic structure of 1D photonic crystal (left) and the
transmission spectra of light after passing through the PC structure (right).

Brillouin zone values due to translational symmetry in z direction [56]. If the
multilayered structure refractive index (RI) contrast is large enough, a
frequency gap forms that experimentally can be seen as transmission intensity
drop to 0 (Fig. 2.2.1 right). This means that regardless of the value of wave
vector k;, the frequencies in the PBG are not allowed to be transmitted.

With the increase of the RI contrast, the gap widens and width of the gap
depends on thicknesses of layers as the reflected waves from each layer must
be in phase. The central wavelength (1c) and the width of the PBG (AZ) can be
calculated from equations [54]:

mi, = 2a /ngff — sin2 6, (2.5)

Ny —ny

A =—1,

) 2.6
n, +ny ( )

where m is an integer, nes is the effective refractive index and @ is the angle of
incidence (AOI).

Though, the photons are not allowed to travel through the PC structure if
its energy falls into the PBG, there are cases when specific energies are
permitted within the PBG. For example, by using 1D PCs with more than two
different RI layers, thus defective states can appear [57]. One of such crystal
defect case will be discussed further in 2.3.1 section.
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2.3 Plasmonic excitations

Surface electromagnetic waves (SEW) are of great interest in various
applications such as sensors [58-61], integrated optics, lasing [62,63] and so
on [64,65]. These types of waves are confined at the boundary between two
different media. Due to field localization, SEW, such as plasmonic
resonances, are extensively researched and as a result are of great interest due
to their applications [66-68].

When incident light impinges on a plasmonic surface (thin metal layer or
metal nanostructures), due to free charge fluctuations, resonant modes can
appear. If the wave vector matching conditions for the incident light and free
surface carrier oscillations are met (energy, angle of incidence, geometry of
the structure and refractive index) surface waves, called plasmon polaritons
can appear. Plasmonic surface waves are coupled polaritonic modes, where
electromagnetic field (light) interacts with electric or magnetic dipole
excitation. For the wave propagating from one medium to other, the wave

vector in the second media is frequency dependent (k = w+/e(w)/c), thus,
such polaritonic modes can propagate in medium if e(w) > 0 at w frequency.
However, in some materials there are frequency ranges, where e(w) < 0, such
as metals and semiconductors below plasma frequency, where the wave vector
is imaginary due to evanescent wave nature. As a result, such waves have only
the evanescent part penetrating into second material and a solution of
Maxwell’s equations exist for wave vector parallel to the interface of the two
materials. This solution of Maxwell’s equation is the surface polariton
(surface electromagnetic wave).

In this Chapter plasmonic surface polaritons — the Tamm plasmon
polaritons (TPP), surface plasmon polaritons (SPP), hybrid TPP-SPP modes
and hybrid lattice plasmon polaritons (HLPP) and their features will be
discussed.

2.3.1 Tamm plasmon polaritons

As mentioned in section 2.2, when a defect is introduced in PC structure,
a defect state can be created within the PBG [69], allowing propagation of
specific energy photons. One of such cases is the optical Tamm state (OTS)
appearing in structures containing two dielectric Bragg mirrors with different
lattice periods [70,71]. These optical Tamm states are an analogy to the
electron states at the crystal surface proposed by I. Tamm [72] that can occur
in the energy band gap. However, these optical states can appear only at the
interface between the two PCs with overlapping PBGs and OTS lies in the
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Figure 2.3.1. The TPP excitation scheme (a) and the electric field distribution
in the 1D PC/metal structure (b).

overlapped PBG of the PCs. These modes are special due to their dispersion
that lies inside the light cone, thus allowing direct excitation. However, such
structures must be produced precise, so that the PBGs would overlap and OTS
would be excited. Another way to excite optical Tamm states is by using a 1D
PC with thin metal layer which can be used to generate Tamm plasmon
polaritons at the 1D PC and metal boundary that were first experimentally
observed by M. E. Sasin et al. [73].

Tamm plasmon polariton surface electromagnetic waves appearing at the
boundary of 1D PC (also called Bragg mirror) and a metal that can be directly
excited with light (Fig. 2.3.1 a). The Bragg mirror consist of layers A and B
with thickness di, d> and refractive index ni;, ny, respectively, so that
n1di = N2 dy = e/ 2wer, Where wer is the Bragg frequency. If the oscillations
of the modes created in a Bragg/metal structure are of the same (or nearly the
same) frequency, the resonant frequency conditions for TPP excitation are
met. For this reason, the normal modes can be imagined as two reflections at
the metal’s and A layer’s interface that counter propagate. The field for the
resonant mode can be written using transfer matrix method through the two
counter propagating reflections:

¢ <T<1_> - (expliq) expl—iCI)) (T;) ’ (2.7)

where C is a constant, r_ and r-, are the left and right propagating waves,
respectively, and @ is the phase change of the wave propagating from one
interface to the other. The electric field in PC/metal structure (Fig. 2.3.1 b) is
enhanced at the PC and metal interface. By eliminating C, we get:
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rer,exp2i® =1. (2.8)

Since the boundary for both waves is the same, the phase difference here is
equal to 0, as there is no distance to propagate. The reflection amplitudes can
be rewritten as rv — coefficients for wave incident on the metal from the A
layer of the PC and rg — coefficient for the wave incident from layer A to the
Bragg mirror. Then from Eq. 2.8 the condition for the resonant mode at
metal/A layer interface becomes:

erBT' = 1 . (29)

The reflection amplitudes of ry and rg; is given by:

ny — Ny

™ =—,
M +ny (2.10)

iB(w-wpy) (2.11)
TBT = ie WBr

where ny in Eq. 2.10 and Eqg. 2.11 is the metal’s refractive index, the —sign is
for the n1 > n, case and + sign is ny > n, case and B = mn, /|n; — n,|. For the
N1 > ny, the resonant frequency can be written as [74]:
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Figure 2.3.2. The optical response of the Tamm plasmon polaritons (a), where
the TPP mode appears in the PBG, and the dispersion of TPP for both p- and
s-polarization states (b).

27



Wpyr
wree = nywp, (212)
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where n, is the ambient RI and wj, is the metals plasma frequency.

The TPP mode can be generated in both transverse electric (TE) and
transverse magnetic (TM) polarization states that appears in PBG
(Fig.2.3.2a) and its in-plane dispersion is parabolic (Fig.2.3.2Db). The
splitting between TE and TM polarization states increase quadratically with
the in-plane wave vector [74].

Tamm plasmons were applied for sensing [75-78] and lasing [79] due to
their low losses and direct excitation with light. It has been theoretically
[80,81] and experimentally [82] shown that optical Tamm states and Tamm
plasmons can be in strong coupling with excitons. Various structures, suitable
for Tamm plasmon lasers that confines the field has been investigated by [83—
85].

2.3.2 Surface plasmon polaritons

Surface plasmon polaritons became attractive due to their potential
applications for medicine and chemistry [59,86-88], photonic devices
[9,63,89,90], subwavelength optics [91,92] and photonics for electronic
circuit elements [93-95].

Surface plasmon polaritons (SPP, also often referred as surface plasmons)
are optical surface electromagnetic waves generated at the metal/dielectric
boundary when an electromagnetic field interacts with resonance of
conduction electrons at the metal’s (or n-type semiconductor’s) surface. In
order to analyze such light matter interaction let’s consider TM polarization
light incident from dielectric medium to metal. Such interaction can be derived
from Maxwell’s equations with boundary condition ky/k,, = —&4/&m,
where kq and kr, are components of wave vector perpendicular to the interface
in the dielectric and metal, respectively. From the boundary conditions one
can obtain the dispersion relation for the SPP wave:

© | €néq
kepp = — ) :
sop =~ /Smw (2.13)

The solutions of Maxwell’s equations for electric field perpendicular to the
interface take form of evanescent decay in both, dielectric and metal media.
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The en is a complex number, thus, the SPP wave vector is as well complex
due to absorbing nature of metals. Then the wavelength of the SPP Aspp iS
inversely proportional to kspe. The penetration depth of the electric field into
the dielectric (d4) and metal (dm) materials can be derived from kq and kn and
can be written as [96]:

1 A |gg+¢
(Sd:_ d m

ke 2m | ez (214)
i = 1 A |eg +éem (2.15)
™k 2m| —e3

However, when TE wave is considered, there is no solution to the Maxwell’s
equations and SPP cannot exist in this polarization. If kspp — o0, the dispersion
curve approaches plasma frequency (wp) value (Fig.2.3.3). The size
(modulus) of the SPP wave vector (kspp) is always larger than the wave vector
of free space, thus the wave vector component of incident light that is parallel
to the interface is not enough to excite the kspp at any angle of incidence. Thus,

ki

Figure 2.3.3. Surface plasmon polariton dispersion relation. Where w = kc is
the light cone in vacuum and w = kc/n is the light dispersion in prism
coupler.
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the surface plasmons are non-radiative modes propagating along the interface.
The SPP wave will travel along the interface until the energy will dissipate as
heat in metal. And the propagation length can reach up to the order of cm [93].

The dispersion of SPP (Fig. 2.3.3) lies below the plasma frequency, thus in
order to achieve wave vector matching conditions, the incident light wave
vector component parallel to the interface must be increased. There are few
optical configurations that can be used to achieve wave vector matching
condition. The most commonly used mechanisms for light coupling to surface
plasmons are the prism (n > 1) and grating. When a prism is used there are
two geometries used: Otto [97] and Kretschmann [98] (Fig. 2.3.4). In Otto
configuration (Fig. 2.3.4 left), the prism is introduced near the metals surface,
however, there is a gap between the prism base and metal layer. Duo to prism
higher refractive index, compared to free space, the wave vector of incident
light becomes:

1)
k= ?np sin@;, (2.16)

where 6; is the angle of incidence and ny is prism refractive index. Due to total
internal reflection, the field of surface wave at the prism base can only transfer
its energy and excite SPP if the distance is of the order of penetration depth in
dielectrics. And the SPP is generated at the metal/dielectric interface at the
inner side — between prism and metal. Because of the small gap between the
prism base and metal, the Otto geometry are less practical in sensing
applications. For this reason, another configuration — Kretschmann (Fig. 2.3.4
center) can be used, as it is more applicable. In this type of geometry, thin
metal film (~on the order of few tens of nm) is directly deposited on prism
base. The electric field from the base of the prism penetrates through metal
and thus is excited at the outer side — between metal and ambient. The
Kretschmann geometry is often used for surface plasmon sensing applications,
especially in liquid ambient. However, the use of prisms is not very suitable
in the development of nano-optics components. This can be solved by SPP
excitation via grating (Fig. 2.3.4 right). If the metal surface is formed so that
there are grooves of period a, the light incident upon the grating will satisfy
the wave matching condition if:

2mm
kspp - kon sin 9,: i T, (217)
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Figure 2.3.4. The SPP excitation configurations using prism coupler: Otto
(left), Kretschmann (center), and grating (right).

where m is an integer and n is the refractive index of the ambient.

Surface plasmons compared to the Tamm plasmons, discussed in 2.3.1
section, have higher sensitivity to refractive index changes, due to the direct
SPP contact with the ambient material. For this reason, they are more widely
used in sensing applications. However, surface plasmons have lower quality
factor than TPP, because of higher SPP losses due to absorption in metal,
rather than in TPP.

2.3.3 Hybrid Tamm plasmon-surface plasmon polaritons

The energy losses in plasmonic excitations (such as SPP) can be reduced
by coupling it to another plasmonic excitation [99], either of the same or
different origin. By introducing specific conditions, strong coupling regime
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Figure 2.3.5. The excitation configuration of the hybrid Tamm plasmon-
surface plasmon polaritons (left) and the p-polarization reflection spectra

(right).
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can be achieved. Here a hybrid Tamm plasmon polariton and surface plasmon
polariton mode will be discussed.

Tamm plasmons—surface plasmon polaritons (TPP-SPP) are hybrid
electromagnetic surface waves generated in 1D PC with thin metal layer
structure under total internal reflection geometry. By combining the PC/metal
structure, needed for TPP excitation, and prism, used for SPP excitation, one
can generate a new hybrid TPP-SPP mode. Recently, these modes gained
interest [100], especially in sensing applications [101,102,20].

The hybrid TPP-SPP optical response (Fig. 2.3.5 right) is excited using
scheme presented in Fig. 2.3.5 left. Depending on the AOI the optical
response of the structure changes. The dispersion curves (Fig. 2.3.6) of the
hybrid mode do not coincide with dispersion of single modes. At the angles
below TIR threshold, the dispersion of the TPP component in TPP-SPP mode
it follows the single mode curve. With the increasing AOI, the energy of TPP
component increases, due to diminishing of the perpendicular to the surface
wave vector component, thus, the parallel component increase. The SPP
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Figure 2.3.6. Dispersion relation of the hybrid Tamm plasmon-surface
plasmon polaritons mode. The red dashed curves are the calculated single TPP
and SPP modes.
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component appears only when the TIR and wave vector matching conditions
are reached. As the k increase, the SPP approaches the energy of the TPP,
where eventually at specific energy and k values, both resonances should
cross. However, the TPP and SPP components are shifted compared to their
initial values. The dispersion curves then form a hybrid Tamm plasmon-
surface plasmon polariton mode. It is important to mention that single SPP
and TPP modes cannot be generated simultaneously in such structure under
TIR, as the TPP-SPP is a mode created due to coupling between these two
modes. The hybrid mode is determined by structure itself and the split between
the two modes is restricted by the angle of incidence and the structure.
However, it has been shown [20] that, by real time detection of mercury vapor
one can have changes of the gap size between the two TPP-SPP excitation
components because of the alteration of metal layer conductivity.

The first experimental observation of hybrid TPP-SPP states were done by
Afinogenov et al. [18]. The repulsion of TPP and SPP in a hybrid mode was
investigated, where authors demonstrated the splitting dependence on metal
layer thickness. Due to repulsion between the curves, both, TPP and SPP
components of the hybrid TPP-SPP mode, are pushed more into the dielectric
and the energy losses due to metal are reduced. However, the coupling
strength as a key factor of the splitting size between the modes in Ref. [18] is
not mentioned. If the appropriate metal layer thickness and AOI are selected,
the TPP and SPP components of the hybrid excitation satisfy the condition
(Eq. 2.4) for the strong coupling regime.

It is important to analyze the coupling between plasmonic modes, as the
strong coupling in such structures that support hybrid plasmonic excitations
can be used for enhanced sensitivity detectors, as well as integrated photonic
devices due to reduced energy losses. The aspects of strong coupling in hybrid
TPP-SPP mode will be discussed in the research presented in this PhD thesis.

2.3.4 Hybrid lattice plasmon polaritons

The reduced energy losses in plasmonic systems, such as hybrid TPP-SPP
modes, are attractive due to their possible applications. However, if integrated
photonics, plasmonic lasers or similar compact device applications are
considered, the excitation using prisms becomes a non-compact method. For
excitation of narrow coupled resonances, various periodic nanoparticle arrays,
supporting plasmonic excitations, are considered and investigated [103,104].
The most recent are the surface lattice plasmon resonances (SLPR) and hybrid
lattice plasmon polaritons (HLPP) that appear on a periodically arranged
nanoparticle arrays.
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Figure 2.3.7. The schematic of the SLPR (left) and HLPP (right) array
structures.

Surface lattice plasmon resonances are collective coupled local surface
plasmons (LSP) generated on periodic nanoparticle lattices (Fig. 2.3.7 left),
whose optical response can be altered by changing the shape, size and material
of the nanostructure. When light is incident on a metal nanoparticle whose
size is smaller than the light wavelength, the oscillating electromagnetic field
drives the conduction electrons of the nanoparticle, thus creating resonance.
Such coupling of light and free electrons is called local surface plasmons that
manifests as wide (FWHM ~ 100 nm) non-dispersive dip, whose width
depends on the particle size and dielectric function of the metal and ambient.
However, if the nanoparticles are arranged in an orderly manner, so that the
period would be similar to the incident wavelength, the LSP excitations
combined with Bragg reflections from the periodic lattice create the SLPR
mode [47,105]. Due to small distance between nanoparticles, the near-fields
of plasmon resonances can interact with each other and further confine the
fields [106], thus compensating losses and as a result producing narrow
resonance width (~10 nm) [48,104]. These types of nanoparticle arrays
became of interest due to their possible application in plasmonic lasers [107—
110].

The periodically arranged nanoparticle structures (gratings) rapid intensity
variations of various diffracted spectral orders can appear, where such effects
are called anomalies and was first discovered by Wood [111] and later
described by Rayleigh [112] that manifested as narrow bands in the spectrum.
These anomalies in spectra can be weakened or totally removed by reducing
the depth of the groove. It has been noticed that the bands appear in s
polarization (E is perpendicular to the grating ripples) — called S anomalies,
while P anomalies for the p polarization (E is parallel to the grating), were
later for deep grooves. Recently much attention has been paid to Rayleigh’s
anomaly occurring in 2D arrays of either nanoholes [113,114] or nanoparticles
[103,115]. Apart from anomalous effects, Bragg reflections can also appear in
periodic structures, where Bragg modes can couple with surface plasmon
polaritons. The Bragg coupling condition [113] in 2D array can be written as:
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where w, ¢ and Ko are the frequency, speed and wave vector of free space light,
and eq and en are dielectric functions of ambient and metal, respectively. The
Gxand Gy are the lattice wave vectors in x and y directions, while i and j denote
the coupling mode number. The lattice wave vector G = 2m/a. Under these
conditions SPP wave is generated, however, Rayleigh anomalies can also
occur. These anomalies appear when light is diffracted parallel to the grating
surface (tangential propagation). Compared with the Bragg coupling
condition, Rayleigh’s anomaly does not depend on the metal dielectric
function and only on ambient dielectric function and the grating geometry:

% £a = |kosin 6 + iGy + jG,| . (2.18)

Nanoparticles for SLPR generation in visible spectral range can be
produced using lithography method. However, the production of such
structures is expensive and has low production area. For this reason,
production of periodic structures on metal film can be replaced by using direct
laser writing (DLW) [116,117]. It has been shown that by forming periodic
arrays on metal films (by lithography) narrow resonances can also be
generated [118]. These types of modes consist of coupling between surface
plasmon polaritons and Bragg modes and are usually called lattice plasmon
resonances, however, here it will be referred to as hybrid lattice plasmon
polaritons (HLPP) (Fig. 2.3.7 right). Usually nanostructures, supporting
HLPP, are produced by lithography if the optical response is expected in the
visible range. On the contrary, laser applications, such as laser interference
lithography can be used for creation of nanostructures [119] that as application
for periodic nanostructure production would be cost effective, allowing
production of large areas.
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3 METHODS
3.1 Optical measurement methods
3.1.1 Spectroscopic ellipsometry

Ellipsometry is an optical measurement method, used for characterization
of thin film optical and structural properties by the changes of polarization
state upon reflection from the samples surface. This method is often used for
the determination of refractive index or thickness of thin films, especially in
deposition techniques where precise real time measurements are needed [120—
122].

If the incident electromagnetic is of known polarization, so that both p- and
s-polarization components are present, the changes of reflected beam
polarization state from the thin film will be measured. The measured quantities
are ellipsometric angles W and A and they are defined by the reflection
coefficients ratio of p- and s-polarization components [123]:

n .
p=-L=tan¥e®, (3.1)

Ts

where rp and rs are the complex reflections p- and s-polarization components,
expressed as:

n; cos 0; — n; cos 6,
" n,cos6; +n;cosb,’ (3.2)

o

_ n;cosf; —nycosfy (3.3)

5= n; cos0; + nycos 6,

In Eq. 3.2 and Eqg. 3.3 n is the refractive index and indices i and t marks the
incident and transmitted beam, respectively. The ellipsometric angle ¥
characterizes the change in amplitude of both polarization components, while
A characterizes the phase difference between the p- and s-polarization
components. Since the angle of ¥ is tan'¥, the range of angle values are
0°<W¥<90° and phase difference will have a range 0° <A < 360°. The
preferred angle of incidence in SE measurements is the Brewster’s angle, as
the amplitude difference between the p- and s-polarization components is the
largest.
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Figure 3.1.1. Schematic of spectroscopic ellipsometry measurement
technique, where L is the light source, P — polarizer, Cr — rotating
compensator, A — analyzer and D — detector.

The principal scheme of spectroscopic ellipsometry measurements is
presented in Fig. 3.1.1. The light coming from light source (L) becomes
linearly polarized after passing through the polarizer (P) and then travels
through a rotating compensator (Cr), where the beam becomes elliptically
polarized. After reflection from the sample, the reflected wave passes through
analyzer (A) and then into detector (D), where the signal is registered.

3.1.2 Total internal reflection ellipsometry

A beam of light, incident on a boundary from a material with a higher
refractive index n; into a material with lower refractive index nz, will not pass
into lower RI material if the angle of incidence 8; exceeds the critical angle 4,
where . = sin~1(n,/n,). Such case where all the energy of light is reflected
back into n; medium is called total internal reflection (TIR). The combination
of ellipsometry and TIR methods is called total internal reflection ellipsometry
(TIRE).

The TIRE method scheme consists of a prism attached to sample embedded
in SE optical scheme. When the angle of incidence from the prism to the other
dielectric with lower refractive index is larger than critical angle, then
sin 6; > 1 and the transmitted angle becomes complex with imaginary cosine
function, thus the reflection coefficients become complex and the phase
difference between p- and s-polarization components then can be expressed
as:
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When TIR conditions (angles over 6c) are achieved, the sensitivity of
ellipsometric parameter A is more enhanced than that of an external reflection
[124]. Thus, for thin film measurements such configuration in ellipsometry,
allows to have enhanced sensitivity for thin film measurements.

3.1.3 Types of ellipsometers

The photonic-plasmonic structures presented in section 4 of the thesis were
measured using two types of ellipsometers: J. A. Woollam’s “M-2000X”
(Chapters 4.2, 4.3 and 4.4) and “RC2” (Chapters 4.1, 4.5) models. These
ellipsometers were used for SE, TIRE and in-situ measurements.

The “M-2000X” is a horizontal variable angle spectroscopic ellipsometer
with rotating compensator before the sample. The spectral range is
245 — 1000 nm and the angle of incidence ranges from 45° to 90°. For the
excitation of the Tamm plasmons, a conventional configuration of variable
angle spectroscopic ellipsometry (VASE) without a prism coupler was used.
For the excitation of the SPP and hybrid TPP-SPP modes, a total internal
reflection (TIR) configuration of spectroscopic ellipsometry with 45°, 70° and
cylinder prism couplers. For the sample in section 4.2 due to small area of
graphene, the micro spot focusing optics were used. The longer axis of the

Figure 3.1.2. The scheme of TIRE (with RC2 ellipsometer) configuration for
strong coupling measurements with filters.
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light spot of the ellipse was about 180 um in the case of VASE measurements
and ~290 um in TIRE configuration due to slightly defocused beam. The
measured ellipsometric spectra ¥ (1) and A (A) were then analyzed and
compared to the multi-layer model designed with a CompleteEASE™
software. By using the regression analysis method, the thicknesses and the
optical constants of the layers were determined.

The “RC2” is a vertical ellipsometer with two rotating compensators — one
before and other after the sample. The spectral range of “RC2” is 210 — 1700
nm and the range for AOI is 20° - 90°. VASE configuration was used and for
the excitation of HLPP modes and the hybrid TPP-SPP mode (section 4.1), a
total internal reflection (TIR) configuration with a 45° prism coupler was
used. The experimental evaluation of the strong coupling was performed by
embedding filters in the “RC2” ellipsometer’s optical scheme (Fig. 3.1.2).

3.2 Sample production methods
3.2.1 Structures supporting Tamm plasmon polaritons states

The production methods for structures, supporting hybrid Tamm
plasmon — surface plasmon polaritons and TPP modes, will be presented in
this section. The structures consisted of 1D PC with thin metal layer deposited
by ion beam sputtering (IBS) and magnetron sputtering.

The PCs were constructed of TiO, and SiO; layers, produced using the ion
beam sputtering technique. The IBS (IBS@LAB) chamber was evacuated to
~7x10® mbar and then filled with argon (Ar) and oxygen (O,) gas (>99.999
% pure). For the TiO2 and SiO, the deposition rates were 0.09 nm/s and
0.14 nm/s, respectively. The 1D PC used for the samples presented in sections
4.1 and 4.2 consisted of 6 bilayers of TiO2/SiO, (60 nm/110 nm) deposited on
a BK-7 glass slide substrate with 30 nm TiO2 on top and the PC presented in
section 4.3 was constructed with thicker TiO2/SiO2 (120 nm/200 nm)
bilayers. For the structure used in section 4.4 10 bilayers of TiO./SiO,
(60 nm/110 nm) were deposited on a commercial quartz crystal microbalance
(QCM) sensor chip, consisting of 300 um monocrystalline quartz substrate
with 200 nm Au layer.

Further, the top of 1D PCs were covered in 40 nm gold (sections 4.1, 4.3,
4.4) by magnetron sputtering (Kurt J. Lesker PVD 225). The average
deposition rate of the gold was 0.22-0.24 nm/s. The PC from section 4.2 was
covered by 40 nm silver using glancing angle deposition method [125] and on
top of Ag graphene monolayer was deposited. A commercially available
single layer graphene (SLG) deposited via chemical vapor deposition (CVD)
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growth onto Cu film with a poly(methyl methacrylate) (PMMA\) layer on top
was used [126]. The Cu film was then chemically dissolved from the
Cu/SLG/PMMA structure, leaving the single layer graphene with the PMMA
floating on the surface of the solution. The SLG/PMMA was then transferred
onto the surface of the sample.

3.2.2 Hybrid lattice plasmon polaritons formed by direct laser writing

Large-scale thin gold film (thickness ~50 nm and 25nm) arrays,
supporting HLPP modes (presented in section 4.5), were produced using a
direct laser writing (DLW) technique with second-harmonic (515 nm) of 300-
fs laser pulses generated by Yb:KGW based fs-laser (Pharos, Light
Conversion Ltd.). The femtosecond laser beam was tightly focused to ~1 um
spot with 0.5 numerical aperture (NA) of the lens. Single-pulse irradiation of
a thin gold film leads to the formation of a gold microbump [116,127], which
is a key element of the fabricated array (section 4.5). The gold bumps
formation in the Au film process is shown in Fig. 3.2.1 left. Each gold bump
was fabricated using a single laser pulse with 1.5 nJ energy. The sample
translation speed and pulse repetition rate were 2.8 mm/s and 4 kHz,
respectively, to keep a 0.7 um distance between bumps in the scanning
direction (x-axis). The distance between bumps in the y-axis direction
(perpendicular to beam scanning) was kept 0.7 um by moving the translation
stage. The formation of the gold bumps in the film is caused by the thermal
stresses generated in a solid film using laser pulse energy below the melting
threshold [128]. After irradiation of gold film deforms due to plastic
deformation and as a result a bump is formed. Since the laser beam has a
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Figure 3.2.1. lllustration of Au bumps formation in a thin gold film using direct laser
writing technique (left) and the laser beam energy distribution upon gold film
surface (right).
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Gaussian intensity distribution, the main part of the pulse energy is
concentrated in the central part of the laser beam (Fig. 3.2.1 right). Therefore,
the size of the fabricated gold bumps is smaller than the focused laser beam
spot.

3.3 Sample characterization methods
3.3.1 Raman spectroscopy

Raman spectroscopy was used to ensure that the graphene (for sample from
section 4.2) was deposited onto the surface of the Ag layer. The Raman spectra
were recorded using an inVia Raman (Renishaw, UK) spectrometer equipped
with a thermoelectrically cooled (=70 °C) CCD camera and a microscope. The
Raman spectra were excited with 532 nm wavelength light from a continuous-
wave diode-pumped solid-state laser (Renishaw, UK). A 20x/0.40 NA long
working distance objective lens and a grating (1800 lines/mm) were used to
record the Raman spectra. The accumulation time was 100 s. To avoid damage
to the sample, the laser power at the sample was restricted to 0.06 mW. The
Raman scattering wavenumber axis was calibrated by the polystyrene
Standard Raman spectrum. The parameters of the bands were determined by

hey = 532 1m 2672
= 2D
G
2
‘o
5
b= 1584
s G
g
%4
1200 1600 2000 2400 2800

Wavenumber (cm™)

Figure 3.3.1. Resonance Raman spectrum of graphene monolayer on the
PC/Ag substrate. The excitation wavelength is 532 nm (0.06 mW).
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Figure 3.3.2. Cross section of the sample. A PC composed of 6 TiO2 and SiO;
bilayers of 60 nm and 110 nm respectively, with a 90 nm thick layer of porous
SiO; and a thin coat (40 nm) of Ag on top.

fitting the experimental spectra with Gaussian-Lorentzian shape components
using GRAMS/AL1 8.0 (Thermo Scientific) software.

Resonance Raman (RR) spectroscopy is able to provide significant
structural information on graphene-based materials [129-132]. The number of
graphene layers can be determined from an analysis of the intensity ratio of
the 2D and G bands (Ipy/l) [133,134]. The Resonance Raman spectrum of
the graphene layer on the 1D PC/Ag sample is shown in Fig. 3.3.1. An
enhancement of the lpy/l(c) ratio is expected for single layer graphene; usually
this is lppy/le) > 2. However, other factors such as a charge-transfer or a
stacking order may affect the lqp)/l) ratio [130,135]. In the case of our
studied sample, the 1zpy/l(g) ratio was found to be 2.4. This was consistent with
the previously reported data for single layer graphene [133-135]. The defects
in the graphene structure can be probed by an analysis of the D band (“disorder
induced” band) near 1350 cm™[134]. Such band is not visible in RR spectrum
(Fig. 3.3.1), indicating the high structural quality of the graphene film being
studied.

3.3.2 Scanning electron microscopy

The morphology of the PC/metal structures used in sections 4.1-4.4 and
bump arrays on gold films (section 4.5) were evaluated from scanning electron
microscopy (SEM) micrographs. The SEM micrographs of the samples
BK7/1D PC/Ag and QCM/1D PC/Au cross-sections are presented in
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Figure 3.3.3. SEM micrograph of the modified QCM sensorchip.

Figures 3.3.2 and 3.3.3, respectively. The thicknesses of TiO; and SiO; layers
determined from SEM micrographs by analysis software ImageJ were
approximately 60 nm and 110 nm thick, respectively. In Fig. 3.3.2 an
additional 90 nm layer of porous SiO, on top of 110 nm SiO; can be seen. The
PC structures consisted of 6 and 10 bilayers of TiO2/SiO; for Fig. 3.3.2 and
Fig. 3.3.3 samples, respectively.

Lascr scanning dircction

Lascr beam
spot size
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Figure 3.3.4. a) lllustration of the formation process of Au bump; b) the
irradiated gold film areas with a laser beam (red circles) in the gold bumps
fabrication process; ¢) SEM micrograph of gold bumps cross-section.
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Figure 3.3.5. SEM micrographs of the formed bump arrays. The bump is
~400 nm diemaeter (left) and orderly in the laser scaning direction (right).

The laser pulse, used for bump array formation, overlapped at each step
(Fig. 3.3.4aand b). The SEM micrographs of the top gold bump array shows
the orderly distribution of the bums and from the cross-section (Fig. 3.3.4 ¢) a
hollow bump structure can be seen. The height of micro bumps is ~90 nm and
the size of the bumps depends on the gold film thickness and laser processing
parameters.

The diameter of micro bumps in 50 nm gold film was approx. 400 nm and
the period is ~700 nm (Figure 3.3.5). The diameters of gold bumps were
evaluated using the analysis of SEM micrographs with image processing and
analysis software (ImageJ) [136]. The bumps are periodic in laser scanning
direction, while in the perpendicular direction is not as orderly as the parallel
(Fig. 3.3.5 right).

3.4 Protein adsorption on sensor surfaces

The protein adsorption to a gold surface process is performed through
several stages. For the granulocyte colony-stimulating factor receptor (GCSF-
R) immobilization, performed on 4.3 section samples, a self-assembling
monolayer — SAM (11-Mercaptoundecanoic acid (11-MUA) (98%)) was
formed. The carboxyl groups of formed SAM were then activated by using a
50/50 solution of  N-hydroxysuccinimide (NHS) and N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC). Further
the protein G was attached to the surface for covalent immobilization of
receptor. The recombinant extracellular domain of the human GCSF-R
protein, which was fused with a human Fc region of 1gG1 (GCSF-R) was
kindly supplied by Profarma (Vilnius, Lithuania).

A commercially available SPR chip (XanTec bioanalytics GmbH),
consisting of BK-7 substrate with 2 nm Cr adhesion layer and a 50 nm gold
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layer that was used for the conventional SPR-based measurements. The
PC/Au structure grown on a BK-7 substrate was used for the generation of
hybrid TPP-SPP mode. Both samples were first cleaned using a plasma
cleaner, then the sensors were immersed in a 1mM 11-mercaptoundecanoic
acid (11-MUA) solution in methanol for 18 h. A self-assembled monolayer
(SAM) was formed over the surfaces of both samples. Then the sensing chips
of the BK-7 glass/Cr-Au and the BK-7 glass/PC/Au with the formed SAM,
consisting of the 11-MUA, were rinsed with pure methanol (99,9 %) and dried
using pressurized nitrogen gas. Both samples with the 11-MUA modified
SAM were then attached to a semi-cylindrical BK-7 glass prism and mounted
on a TIRE cell for ellipsometric measurement in liquids.

The TIRE cell was filled with high purity deionized water and a baseline
was established for 40 min. In order to covalently immobilize the GCSF-
Receptors, a solution of 0.1 M (NHS) and 0.4 M (EDC) was used to activate
the carboxyl groups on the 11-MUA SAM. For this purpose, a prepared
solution of 0.1 M NHS and 0.4 M EDC was injected into the TIRE cell and
incubated for 20 min. The TIRE cell was then washed with deionized water,
which was then replaced with a 10 mM sodium acetate buffer (pH=4) until the
baseline signal settled and did not change. Then, when a steady-state TIRE
signal was reached, a solution containing 100 ug/mL of Protein-G in a 10 mM
sodium acetate buffer was injected and incubated until signal saturated over
time. After 79 min of incubation, the cell was rinsed with pH=4 for 10 min,
then changed to a 1M ethanolamine hydrochloride, pH=8.5, solution for the
blocking of the remaining unbound activated carboxyl groups over the next
15 min. After this, the nonspecifically bounded Protein-G was removed by
washing it with a 10 mM solution of glycine, pH=3.0, for 10 min. The glycine
solution was then changed to the phosphate buffer solution (PBS), pH=7.4,
until steady state conditions were again reached after 15 min.

The next step of the experiment was the immobilization of the GCSF-
Receptor (GCSF-R) [137]. The PBS solution, pH=7.4, containing 5.32-10M
of GCSF-R, 140 mM of NaCl, 2.7 mM of KClI, 10 mM of K3PO4 was injected
into the TIRE cell for 62 min. After washing the unbounded analyte with the
PBS, the oriented GCSF-R layer was formed.

The covalent immobilization of the Bovine serum albumin (BSA)
measurements were performed for the optimized hybrid TPP-SPP mode
(section 4.3) and the TPP mode excitation (section 4.4). The cleaning protocol
was the same as mentioned above for both samples. The substrate was
modified by activation of the carboxyl groups onto the 11-MUA SAM using
EDC/NHS. The TIRE cell was washed with PBS solution (pH=7.4), and then

100 pg/ml BSA in PBS was injected. For the biosensing experiments with
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Figure 3.4.1. A scheme representing formation of BSA and anti-BSA proteins
on a modified QCM-D sensorchip.

Tamm plasmon modes (section 4.4), the samples were cleaned in an
ultrasound bath for 3 min, then washed with hexane and methanol and
immersed in a solution of 1 mM 11-MUA in methanol for the formation of
self-assembled monolayer (SAM) for 18 h. SAM modified sensor discs were
placed in QSense ellipsometry (combined quartz crystal microbalance and
spectroscopic ellipsometry) module. QSense chamber was filled with
deionized water and the baseline was established. Then EDC/NHS solutions
mixed by equal parts were injected into the chamber for 15 min to activate the
carboxylic groups. During the next step, the chamber was washed with
deionized water and filled with PBS pH 7.4. For covalent BSA immobilization
on the 11-MUA SAM, the solution of BSA 1 mg/mL was injected into the
chamber. When steady state conditions were established, the chamber was
rinsed with PBS. Finally, 0.5 mg/mL solution of anti-BSA in PBS pH 7.4 was
injected. When the monolayer of antibodies was formed (Figure 3.4.1) and
steady state conditions were reached, the chamber was washed with PBS.
During all modification steps for both samples QCM-D and mQCM-D, SE
and QCM-D measurements of the kinetics were monitored simultaneously in
real time.
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4 RESULTS

4.1 The experimental evidence of strong coupling between tamm and
surface plasmon polaritons modes

4.1.1 Introduction

The existence of hybrid modes has been shown to exist between two
different plasmonic excitations — surface plasmon polaritons (SPP) and Tamm
plasmon polaritons (TPP) [18]. If the conditions for the excitations are
satisfied for both resonances of the SPPs and TPPs, hybrid modes of both non-
overlapped excitations can be generated. In such systems, the TPP and SPP
resonances exist in a broad range of angles of light incident (AOI) to the prism.
At certain AOIs to the prism corresponding to the same wavevectors at which
both the SPPs and TPPs can be excited, the reflectance spectrum is changed,
and the dispersion relations of both excitations are modified. These changes
in the reflectance and dispersion relations indicate in most cases a strong
coupling regime between the TPPs and SPPs. It should be noted that these
alterations of the plasmonic resonances in the wavelength spectra also indicate
their dynamics in the time domain at frequencies that correspond to their
splitting into the hybrid mode [14]. This leads to an exchange of energy
between SPPs and TPP during the time of the coherence. Pump-probe
spectroscopy is usually used to investigate the dynamics of strongly coupled
oscillators [2]. However, the decay times for the plasmon modes are about
~100 fs, which indicate that the coherent energy exchanges are even shorter
in time. Thus, the observation of these processes becomes rather challenging
[138,139], while the measurement of the reflection-transmission spectra in the
wavelengths (frequency domain) remains much simpler. On the other hand,
the analysis of the experimental reflectance spectra can be rather complicated
and ambiguous as the strong coupling can be confused with other effects such
as Fano-like interference (or exciton-induced transparency) [140].

In this study, unambiguous experimental evidence of strong coupling
between the TPP and SPP resonances in the hybrid TPP-SPP mode by tuning
of the reflectance spectra with the optical filters, using the total internal
reflection ellipsometry (TIRE) method [124,141] is presented. Simple optical
methodology using optical filters to cut the part of incident light spectra was
proposed. Using optical filters measured energy spectra was divided into two
parts where in each range only one branch of the hybrid TPP-SPP plasmonic
mode was excited directly by the incident light. Present experimental studies
have shown that if the investigated system is in strong coupling, this is always
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enough to excite only one component of the hybrid excitation. Thus, its
dispersion relation will be the same as when the excitation is done with a
whole spectrum.

The results presented in the following Chapter were originally published in:
E. Buzavaité-Verteliené, V. Vertelis and Z. BaleviCius. “The experimental
evidence of a strong coupling regime in the hybrid Tamm plasmon-surface
plasmon polariton mode” Nanophotonics 10(5), 2021, pp. 1565-1571.
https://doi.org/10.1515/nanoph-2020-0660.

4.1.2 Experimental demonstration of strong coupling regime

Three different TIRE spectra were measured (Fig. 4.1.1). First, the full
spectra (Fig. 4.1.1, grey curve) of hybrid TPP-SPP mode was measured. Both,
the TPP and SPP components manifested themselves at the 533 nm and 641
nm wavelengths, respectively. Different optical filters were used to excite only
one resonance (either the TPP or SPP). Due to this, some parts of source light
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Figure 4.1.1. The experimental p-polarisation reflectance spectra (at 45° AOI)
of a hybrid TPP-SPP mode (grey curve) and the spectra measured with filters
F1 (red curve) and F2 (blue curve) which cut out the h-SPP and h-TPP parts,
respectively.
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Figure 4.1.2. The transmittance spectra of the filters F1 (red line) and F2 (blue
line).

were cut. An optical filter Schott VG 14 (F2), whose transmission spectrum is
presented in Fig. 4.1.2 right, was used to cut a part of the white light source in
order to leave only the TPP resonance (Fig.4.1.1, blue dashed curve).
Afterwards, the SPP component (Fig. 4.1.1, red dashed curve) in the hybrid
mode was left and the TPP was cut with filter Schott OG 590 (F1). All three
types of the spectra were measured in light angles of incidence in the range of
40.5°-49.5° and the experimental dispersion relations were determined. The
measured spectra (Fig. 4.1.1) were normalized to the bandpass filter
(Fig. 4.1.3). From figure A it can be clearly seen that filter F1 totally cuts the
part of the spectra below 550 nm in which TPP component was generated,
meanwhile for the figure B the filter F2 cuts out the spectra with SPP
component, yet not well enough, as noisy signal partially replaced the line
shape of SPP component. This fact is also related with sensitivity of TIRE
method were the ratio of reflected field amplitudes p- and s-polarization
actually measured and reflection intensity are calculated from ellipsometric
parameters. Thus, the miniscule intensity reflection due to the filter F2
imperfection is detected by spectroscopic ellipsometer. As the main goal of
this study was to experimentally prove the concept of the strong coupling,
therefore, in the manuscript we present the intensity spectra of p-polarized
reflection normalized to 1.

The strong coupling regime has been found and widely studied in the
various exciton and surface plasmon supporting systems [2,6,16].
Nanostructures supporting Tamm plasmons have also begun to be widely used
to couple these surface states with excitons [82,142,143]. It has been found
[18] that both the TPP and SPP surface modes can be excited simultaneously
on the same metal layer and interact with each other when suitable conditions
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are satisfied. In such cases, a new hybrid TPP-SPP mode appears and the anti-
crossing of the TPP and SPP resonances has been revealed [18,20].

When the energy exchange between the two harmonic oscillators exceeds
the damping rate, the system is in a strong coupling regime. Under such
conditions, the original resonant frequencies of the single oscillators are
modified and a new hybrid mode appears in which the coupled oscillators are
inextricably linked with each other [140]. In this study, the simultaneously
excited TPP and SPP components corresponded to the two coupled oscillators.
The definition of the strong coupling regime [14] implies that if the external
excitation source has a frequency range suitable to excite only one component
(the TPP or SPP), still both parts of the hybrid mode should be generated,
because one component excited by an external source will coherently transfer
energy to the second component of the coupled oscillators. As a result, the
behavior of the directly excited plasmonic components should follow the
dispersion relation of the hybrid mode instead of the uncoupled ones.

To confirm this statement, the experimentally measured energy spectra
(Fig. 4.1.1) was divided into two parts where in each range only one branch
of the hybrid TPP-SPP plasmonic mode was excited directly by the incident
light. The variable angle TIRE measurements were conducted to evaluate and
compare the dispersion relations of the separate components with the general
spectra. The general spectra are presented as a reflectance map of the TM-
polarization and the separate components marked as the dots on the map in
Fig. 4.1.4 (a). Also, the other modes have contribution to the whole optical
response. The dispersion curves lower that 1.75 eV corresponds to the edge of
the photonic stop band and interference of the Bragg mirror. As can be clearly
seen, both components (TPP and SPP), excited separately, are generated
exactly at the same energies as in the general spectra when both components
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Figure 4.1.3. The reflectance spectra of hybrid TPP-SPP modes normalized
to the transmission of bandpass filters F1 (A) and F2 (B).
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were excited simultaneously. The modelled uncoupled TPP and SPP
dispersion curves are presented as the white crossed curves in Fig. 4.1.4 (a),
while the separately excited TPP and SPP branches (dots) follow the
dispersion relation of coupled general spectra (map). Such behavior can be
realized only in the case when the separate excitations of the hybrid plasmonic
modes are influenced by the presence of the other components. This, however,
implies that the system should be in the strong coupling regime, as otherwise,
the separate plasmonic components should follow the dispersion relations of
their uncoupled excitations.

The strong coupling between the TPP and SPP leads to the alteration of
their initial frequencies. Thus, due to the anti-crossing effect, the two
plasmonic branches form the gap in the frequency spectra called the vacuum
Rabi splitting [14]. The value of the Rabi splitting allows one to determine
whether the system is in a strong coupling regime or not. In the field of
plasmonics and photonics, this strong coupling regime is usually defined as
the range of splitting which exceeds the linewidths of the two coupled
systems. It has been reported that in order to more precisely evaluate the
coupling strengths between the two coupled oscillators, it is necessary to
analyze a plot of the wave vector vs. energy, instead of the angle of incidence
vs. energy, which is directly obtained from the reflectance measurements [6].
The exact Rabi splitting for the hybrid TPP and SPP modes can be seen in the
Fig. 4.1.4 (b) and was about 105 meV. It should be noted that for the hybrid
TPP-SPP plasmonic modes, the differences in the gap when the angle of
incidence is monitored instead of the wave vector can be overestimated by
more than 3 times.

As has been shown before [38], the interference effect usually makes a
noticeable contribution to the optical response and can distort the peaks of the
coupled excitations. In order to evaluate the coupling strength and to
distinguish the strong coupling from the weak and the other interference
effects such as Fano resonances [38], a fitting procedure of the whole spectra
needs to be conducted. The coupled plasmonic excitations were modelled as
two Lorentz oscillators which influence each other with equal strength [144]:

{XTPP + YrppXrpp + WFppXrpp = F + gxrpp 4.1)

.o . 2 _ .
Xspp + YsppXspp + WsppXspp = F + gXspp

Where g is the coupling strength, w; the resonance frequencies, and y; the
damping terms that correspond to the linewidths of the TPPs and SPPs,
respectively. F=Fqe"’ was the external driving force. We looked for solutions
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in the form of xj=X;e"’. Thus, the resulting complex amplitudes for the
oscillators were:

Wspp + g
X =F .
e 0 WrppWspp — g* (4.2)
Wrpp + g 4.3
Xspp = Fy ( )

_ 2
WrppWspp — g

Where:
W = —w? + jyjo + o} . (4.4)

Assuming there was no detuning and no damping, the resulting hybridized
frequency for the oscillators is given by:

\/w%PP + wipp £ \/492 + (Wipp — Wipp)? (4.5)

V2

Wy =

We treated wj=wj(6) as a function of the angle of incidence. Furthermore, to
determine whether the investigated multilayer structure was in a strong
coupling regime or not, the coupling strengths between two coupled
plasmonic oscillators were analyzed by regression analysis (fitting).

4.1.3 Fitting of the experimental results

The value of the strength of the coupling parameter g, however, does not
give a direct answer as to whether the system is in strong coupling regime or
not since the system is in the strong coupling regime only when parameter g
is larger than [38]:

1
g > 7 (Yrpp + Vspp) - (4.5)

Thus, for a more precise evaluation of the strong coupling parameters, only
the TM-polarized reflectance spectrum was used for the regression analysis
instead of the total reflection intensity spectra, where both the TE- and TM-
polarizations had contributions to the optical response. This was done because
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Figure 4.1.5. The hybrid TPP-SPP mode experimental (curve 2) TM-
polarization reflection spectra and the total reflectance (curve 1) for the angle
of incidence 6=44°. The red curves are the fitting results.

the coupling between the Tamm plasmon polariton and the surface plasmon
polariton can only be realized for TM-polarized light. In the intensity
reflection spectra, the TE-polarization, which is not involved in the coupling
with the surface plasmon, distorts and partially masks the two coupled
plasmonic oscillators related to the hybrid TPP-SPP mode. This can be clearly
seen from the spectra in Fig. 4.1.5, where the sharp dip at the 1.88 eV in the
curve with total reflectance is related to the Tamm plasmon for TE-
polarization. The fitting results (Fig. 4.1.6) of the TM-polarized reflection R,
at different AOI show that the strength parameter g had larger values than
right side of the inequality (2), indicating the strong coupling regime (Table
1). The residual square or coefficient of determination (COD) of the fitting
varied from 0.97622 to 0.99782.

It should be noted that applied rather simple coupled oscillator model do
not take into account the multiple coupling with other modes such as edge of
the photonic stop band of the Bragg mirror. This fact has influence to the
evaluation of strong coupling parameter g and fitting errors (Fig. 4.1.6 (inset),
Table 1) which increases at the angles of incidence (43.98°, 44.32° and 45.68°,
46.02°) further from the anti-crossing point (Fig. 4.1.4 a, white dashed lines).
However, the fitting procedure was sensitive enough to evaluate whether the
system is in a strong coupling regime or not between TPP and SPP branches.
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Figure 4.1.6. The hybrid TPP-SPP mode experimental (shapes) TM-
polarization reflection spectra and those calculated by using the expression 4
(solid red line) curves. The inset on the bottom right shows the values of the
coupling parameter g and its error bars.

Table 1. Fitting parameters of the p-polarized reflection spectra at different
angles of incidence (6;). Parameters wspp and wrpp are the resonance
frequencies (eV), ysep, yree (€V) are the damping terms (FWHM) of the hybrid
mode excitations h-SPP and h-TPP, respectively, and the parameter g
indicates the coupling strength. The * marks 10 error limit.

0:° wspp™ wTPP* yspp™ YRR g (eVv)
43.98 1809 2184 0185 0067 0.1 (£1.2:109)
44.32 1.863 2.238 0.184 0.092 0.22 (£1.2-10?)
44.66 1.903 2.282 0.174 0.123  0.216 (£3.8:10%)

45 1.94 2.325 0.18 0.161 0.192 (£3-10%)
45.34 1968 2361 0177 0183  0.163 (£7-10?)
45.68 1.992 2.395 0.175 0.201  0.135(£3.8:10?)
46.02 2.014 2.426 0.195 0.216 0.168 (+4-107?)
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Summary

Summarizing, we propose a simple optical methodology using optical
filters which gives unambiguous experimental evidence of the strong coupling
regime in the hybrid TPP-SPP mode. Present experimental studies have shown
that if the investigated system is in strong coupling, this is always enough to
excite only one component of the hybrid excitation. Thus, only a part of the
incoming light and its dispersion relation will be the same as when the
excitation is done with a whole spectrum. In the case of the TPP-SPP hybrid
mode where strong coupling is realized only in TM-polarized light, the fitting
results have shown that the strongest coupling will be at the point where the
non-interacting TPP and SPP curves should be crossing. As the plasmonic
widely applied for realizing the strong coupling and many of these excitations
are polarization dependent, the evaluation of the coupling strengths can be
better conducted in a spectrum where only the state of the light polarization
responsible for the strong coupling is involved. Polarization based optical
methods such as spectroscopic ellipsometry thus can serve as advanced optical
methods having the ability to analyze in detail the strong coupling effect.
Application of strong coupling of hybrid TPP-SPP excitations could be
valuable due to the reduction of energy losses in the metals and tunability in
the desired spectral range. If one component is excited at resonant wavelength,
the other is also present and can be controlled by strong coupling between TPP
and SPP. The energy conversion between TPP and SPP shows potential
applications of hybrid TPP-SPP modes for integrated photonic devices.
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4.2 Graphene influence on strong coupling between tamm and surface
plasmon polaritons

4.2.1 Introduction

Graphene physics and plasmonics have become the subjects of wide spread
studies and have led to numerous fundamental investigations and applications
to novel optical devices [118,145,146]. Moreover, these fields strongly
overlap, not only due to the intrinsic plasmons in graphene, which can be
tunable in broadband range of wavelengths, but also due to the hybrid
nanostructures of graphene and noble metals [147,148], where enhanced light-
matter interactions can be expected [149]. Graphene is a 2D crystal consisting
of carbon atoms arranged in a honeycomb lattice [150]. Such a crystal
structure has very high quantum efficiency for light-matter interaction [118].
The unique optical properties and strong light-matter interactions which arise
from the quasiparticles in graphene satisfies a linear dispersion relation [145].
However, the optical absorption of the graphene atomic monolayer is 2.3%,
which is a rather large amount for a single layer, but is usually not enough to
achieve an effective light-matter interaction for optical modulation, optical
sensing and other purposes [151]. The combination of graphene with the
traditional plasmonics on noble metals produce opportunities for the enhanced
optical features of graphene, for example in Raman spectroscopy [152]. On
the other hand, graphene could also be used to influence the optical responses
of such hybrid graphene-plasmonic nanostructures [118,153]. These
graphene-metal hybrid structures provide a number of advanced applications
for conventional plasmonics [154,155].

The optical response of graphene layer in PC/metal structures which
supports hybrid plasmonic modes in strong coupling has been studied by
numerical simulations [156,157]. A rather small number of works have been
dedicated to experimental studies on the influence of graphene layers on
coupled plasmonic excitations [118]. In this sense, the behavior of the
dispersion relations of the hybrid Tamm-plasmon polariton modes in a strong
coupling regime under the influence of graphene have not been investigated
before, although such newly acquired knowledge could be a substantial
contribution to the development of advanced optical elements and
nanodevices with reduced Ohmic losses due to such hybrid modes. In these
studies, spectroscopic ellipsometry, TIRE and Raman spectroscopy were used
for the characterization of the hybrid TPP-SPP mode generated in a hybrid 1D
photonic crystal structure with a thin layer of silver and graphene/PMMA. The
motivation of this work was to evaluate the variation of coupling strength due
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to the graphene and PMMA layers. The interest in the study of systems which
are able to support the strong coupling effect arises from their promising
applications to optical information processing, lasing, also to fundamental
studies of light-matter interaction and even for employing such structures in
biosensors. The Raman spectroscopy showed a consistent monolayer
graphene present on the Ag layer. As the TIRE measurements showed a
decrease of the TPP and SPP dip components in the hybrid TPP-SPP mode
can be explained by the changes of the conductivity of the silver layer due to
the presence of graphene/PMMA structure on top of Ag. The design of these
hybrid plasmonic/graphene-based nanostructures have attractive capabilities
for the development of advanced optical sensors and integrated optical circuit
technologies.

The results presented in the following Chapter were originally published in:
E. Buzavaite-Verteliene, A. Valavicius, L. Grineviciute, T. Tolenis, R.
Lukose, G. Niaura and Z. Balevicius. “Influence of the graphene layer in the
hybrid Tamm-plasmon polariton mode” Optics Express 28(7), 2020, pp.
10308-10318. https://doi.org/10.1364/0E.384079.

4.2.2 Study of graphene influence on strong coupling

During this study, two different measurement configurations, the
conventional variable angle spectroscopic ellipsometry and the TIRE, were
used for the excitation of the single TPP and hybrid TPP-SPP modes,
respectively. VASE measurements were first conducted in order to examine
the optical response of the PC/SiO./Ag structure with the single layer
graphene (SLG) and PMMA on top of the Ag. In it, the single TPP excitations
manifested themselves as a dip in the ellipsometric spectra of ¥ (A). The
dependence of the ellipsometric spectra ¥ (A) and A (A) on the angle of
incidence (Oinc) can be seen in Fig. 4.2.1 a. The PC/SiO2/Ag sample’s incident
angle measurement range was 45° — 75° degrees. Accordingly, the dips of the
TPP optical states (Fig. 4.2.1 a) corresponded to 555 nm, 536 nm, 519 nm,
505 nm for the 45°, 55°, 65° and 75° angles, respectively. The ellipsometric
spectra of the sample, before and after the SLG and PMMA deposition, were
compared at a 65° angle of incidence (Fig. 4.2.1 b), where the contribution to
the optical response of the SLG/PMMA layers were the greatest. The TPP
resonance dips can be seen at 519 nm for the PC/SiO2/Ag, 520 nm for the
PC/SIO2/Ag/PMMA and 522nm for the PC/SiO/Ag/SLG/PMMA,
respectively. A red shift of ~1 nm in the ellipsometric spectra ¥ (L) was
observed after deposition of PMMA onto the PC/SiO2/Ag sample and a ~3 nm
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shift to longer wavelengths in the PC/SiO/Ag/IPMMA and the
PC/SiO2/Ag/SLG/PMMA samples.

For the measurement of the VASE ellipsometric spectra of the PC/SiO./Ag
structure with typical TPP curves, the optical model consisted of a BK-7 glass
substrate, a PC constructed of 6 bilayers of TiO./SiO, of 60 nm/110 nm
thicknesses and a 90 nm porous SiO; layer on its top with a 40 nm Ag layer
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Figure 4.2.1. Modeled (solid lines) and experimental (circles and squares)
results of (a) a single Tamm plasmon-polariton ¥ and A spectra for the
PC/SiO2/Ag structure at different angles (6ince[45°-75°]), (b) ¥ and A
parameters of the samples PC/SiOx/Ag (1 - orange), PC/SiO./Ag/PMMA
(2 - green) and PC/SiO2/Ag/SLG/PMMA (3 - blue) at an angle of incidence
of 65°.
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over it. The porous SiO; layer was defined by effective media approximation
(EMA) with a percentage composition of 70% SiO, and 30% void. A
regression analysis of the PC/SiO,/Ag structure was then conducted where the
thicknesses of the layers were the fitting parameters. Secondly, the TPP
optical state supporting structures with the PMMA and the SLG/PMMA on
the top of the silver surface were fitted. The model parameters of the PC
obtained before were then fixed, while the thicknesses of the porous SiO2, Ag,
PMMA and SLG were varied. From the fitting procedure of the
PC/SiO./Ag/IPMMA structure, the obtained thickness of the PMMA layer was
~10 nm. From the regression analysis of ellipsometric spectra where the SLG
was between the Ag and PMMA layers, the obtained SLG thickness was about
~0.8 nm (1 — 2 graphene layers), while the PMMA thickness stayed the same
(~10 nm). The optical constants of the Ag and the graphene layers were taken
from the literature [158,159] and others (SiO, TiO,, PMMA) were obtained
from the CompleteEASE™ program software package.

Regression analysis in its conventional VASE configuration for the TPP
excitation showed that the values for the substrate structure supporting the
TPP excitation, namely the PC/ SiO2/Ag layer, were very close (Table 2) to
those obtained from the SEM cross-section (Fig. 3.3.2), which were used as
the starting values in fitting procedure for the thicknesses of the SiO2, TiO,
and Ag layers. The evaluated ratio of the graphene peaks (2.4) in the Raman
spectra, which were measured at five different spots, supports the assumption
that the most probable dominating structure on the silver surface was the
single layer of graphene (0.34 nm as stated in the literature [160,161]) and this
was taken as the starting value in the fitting procedure. The regression analysis
showed that the thickness of the graphene layer was about 0.8 nm. Since the
light spot diameter was ~250-300 um, the optical response gave the average
value of the graphene layer, which might have some wrinkles or non-
homogeneities due to the influence of the PMMA layer on its top. It is thus
possible that the average thickness may be thicker. The simulated data were
fitted to the experimental VASE results in the range of AOIl 45°-75°
simultaneously with mean square error (MSE) values of about 20 for the TPP
excitation. Also accounted for were the ~1.33+0.06 nm thick mix of Ag and
porous SiO.. The thicknesses of the PC layers obtained from the PC/SiO./Ag
model corresponded to 57+0.1 nm and 110.6+0.2 nm for the TiO; and SiO,,
respectively.
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Table 2. Thicknesses of the investigated sample layers and the porosity of the
SiO; determined from regression analysis. EMA expresses the percentage of
air in the SiO; layer. Numbers 1, 2 and 3 are for structures PC/Ag,
PC/Ag/PMMA and PC/Ag/SLG/PMMA, respectively.

s (1) EMA dag dewmma dste

(%) (nm) (nm) (nm)
1 93+0.1  332+0.06  41.4x0.1 - -
2 92.6+0.1  33.6+0.06  39.8:t0.1  9+0.05 -
3 93+0.1 30506  423x0.1  9+0.05 0.79+0.02

The TIRE configuration was used in order to achieve the hybrid TPP-SPP
mode excitation and to study the influence of the graphene layer on the strong
coupling regime between the TPP and SPP components. The dependence of
the ellipsometric parameter ¥ (1) on the AOI of the PC/SiO/Ag structure is
shown in Fig. 4.2.2. The experimental results are presented as circles and the
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Figure 4.2.2. Hybrid TPP-SPP mode ellipsometric parameter ¥ spectral
dependence on the incident angle in a PC/SiO»/Ag structure. The dots and
solid curves correspond to the experimental and theoretical results,
respectively.
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Figure 4.2.3. Experimental data of the ellipsometric ¥ and A parameters at
three different stages of the sample: plain PC/SiO2/Ag (blue), after PMMA is
added (green), with graphene and PMMA (red). The angle of incidence is 47.5

solid lines show the fitting results. For the TIRE configuration, the same
approach of optical model design and regression analysis was applied as for
the VASE, taking into consideration the inverse problem of the multi-layer
model and the prism coupler. The fitting procedure gave values of the
thicknesses, which were very close to those of the VASE. The only corrections
involved were due to the glass prism. The contributions of the graphene
monolayer to the optical response of the PC/SiO2/Ag/SLG/PMMA structure
were measured at 47.5° AOI due to the broad gap between the TPP and SPP
components in hybrid mode, thus indicating their intense interaction in a
strong coupling regime [14].

The experimental TIRE results of the PC/SiO./Ag, PC/SiO./Ag/PMMA
and PC/SiO2/Ag/SLG/PMMA structures at 0inc=47.5° are shown in Fig. 4.2.3.
The TPP and SPP excitation dips in ellipsometric parameter ¥ (A) of the
PC/SiO./Ag structure (Fig. 4.2.3 blue line) were at 427 nm and 492 nm,
respectively. After the PMMA deposition (Fig. 4.2.3 green line) on the top of
the PC/SiO2/Ag, the hybrid TPP-SPP mode shifted to 448 nm (TPP) and
511 nm (SPP). The red shifts of the TPP and SPP components in their hybrid
plasmonic mode were 21nm and 19nm, respectively. For the
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PC/SiO./Ag/SLG/PMMA structure with the graphene layer between the silver
layer and the PMMA (Fig.4.2.3 red line), the plasmonic components
manifested themselves at 456.4 nm (TPP) and 527.7 nm (SPP). The shift to
longer wavelengths (29.4 nm (TPP) and 35.8 nm (SPP)) corresponded to those
of the PC/SiOy/Ag structure. Thus, the difference between the corresponding
TPP and SPP resonances with and without the graphene layer were 8.4 nm for
the TPP and 16.7 nm for the SPP. The spectral distance, which indicates the
coupling strength between the TPP and the SPP excitations in their hybrid
mode was 65nm, 63nm and 71.3nm for the PC/SiO./Ag,
PC/SiO2/Ag/IPMMA and PC/SiO2/Ag/SLG/PMMA structures, respectively.

The graphene and PMMA layers noticeably modify the optical response of
the hybrid TPP-SPP mode and hence change the coupling strength between
TPP and SPP components in their hybrid plasmonic mode. In Fig. 4.2.3, the
green curve corresponds to the evolution of the hybrid plasmonic component
dips due to presence of the PMMA layer on the silver surface. The
diminishment of both the TPP and SPP states indicates non-optimal resonance
conditions, while the red shift of both resonances can be attributed to an
increase of the refractive index due to the PMMA. The red curve in Fig. 4.2.3
shows the optical response of the ellipsometric parameters due to presence of
the graphene layer between the silver layer and the PMMA. The graphene
layer slightly increases the spectral gap between the TPP and SPP
components. At the same time, it weakens the SPP resonance due to changes
of metal layer conductivity. It should be noted that the TPP and SPP
components in the hybrid TPP-SPP mode show different behavior when the
SLG/PMMA layer is deposited on the top of the silver surface. As is well-
known [18,20] the TPP and SPP resonances excited at the different interfaces,
the TPP at the inner, while the SPP at the outer. Therefore, the SPP is more
sensitive to changes of the refractive index on the top of the metal surface,
while the changes of the optical response of the TPP is more related to the
alteration of the coupling strength between the TPP and SPP in their hybrid
TPP-SPP mode.

The graphene transfer via polymer does not permit one to measure the
amount of pure graphene on the PC/Ag structures without the PMMA layer.
Moreover, as was shown before [38], this variation of the coupling strengths
is not directly equal to the change of the general optical response of the system.
The conducted evaluation takes into account not only the gap Q (Rabi
splitting) between resonances, but also the widths (FWHM) of both
resonances. As was shown, the ambiguities in distinguishing between the
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Figure 4.2.4. Tmage plot of the modeled ellipsometric parameter ¥ of the
PC/SiO2/Ag (a), PCI/SiO-/Ag/SLG (b). PC/SiO//Ag/IPMMA  (c),
PC/SiO/Ag/SLG/PMMA (d) samples. The photonic band gap (PBG) edges
are marked with the white dashed line. The yellow dot line marks the gap
between the TPP and SPP modes.

strong and weak coupling were raised in various systems, especially in the
widely studied exciton-plasmon based structures [38,162]. In order to reveal
the varying in the coupling strength between TPP and SPP components, we
applied the expression proposed in the previously mentioned study:

1
g= Q- Z(wSPP — wrpp)?. (4.6)
The system is in the strong coupling regime when:
1
g> 7 (Yspp + YrPP) 4.7)
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1 4.8
= 7 (Yspp + YTPp) - (4.8)

Where g is the coupling strength, Q is the Rabi splitting, wspp and wrpp — SPP
and TPP are the resonance positions in the spectra, yspp and yrep are the
corresponding widths of the resonances. According to these evaluations, the
strong coupling regime were estimated for all three cases of experimentally
studied multi-layered structures as being: PC/Ag (g =0.33eV; I' =0.034 eV,
otee = 2.9 eV; wspp = 2.5 CV; YTPP = 0.1 eV; Yspp = 0.06 eV), PC/Ag/PMMA
(g=0.32eV; T'=0.052¢eV; ot =2.7¢€V; ospr=2.3¢€V; yrer =0.08 eV;
yser =0.14eV) and PC/Ag/SLG/PMMA (g=0.31eV; I'=0.053¢eV;
oTpp = 2.7 CV; wspp = 2.4 CV; YTPP = 0.1 CV; Yspp = 0.11 eV). The obtained
results have shown that such changes in the optical response of hybrid mode
were sensitive enough to distinguish the variation of coupling strength being
contributed by the graphene layer. It should be noted that the general optical
response of the system masks the variations of the coupling strength.
Additionally, to reveal the contribution of the graphene single layer and
PMMA to the coupling strength in the hybrid TPP-SPP mode, numerical
simulations were performed. This evaluation was conducted using the same
parameters of the model structure as in the TIRE experiment. The map of the
ellispometric parameter ¥ was chosen, because the plasmonic minima of TPP
and SPP in ¥ (1) resemble the minima observed in the reflectance intensity
of the plasmonic resonances. The shape of these minima in ¥ is close to the
square root of the plasmonic reflectance, which indicates that the ¥ minima,
in fact, are sharper than corresponding plasmonic minima in reflectance [163].
This advantage gives more precise detection of the gap and the widths of the
TPP and SPP components in the hybrid mode, which have an influence to the
coupling strength. The dependence of the ellipsometric parameter W (1) on
the angle of incidence was modeled (Fig. 4.2.4), which allowed an estimation
of the dispersion relation of the hybrid TPP-SPP mode. The spectral gap
between the components in the hybrid mode for the PC/SiOJ/Ag,
PC/SiO./Ag/SLG, PC/SiO-/Ag/PMMA and PC/SiO2/Ag/SLG/PMMA
structures were evaluated at Binc =47.5° and was found to be 68.5 nm,
67.3 nm, 59.4 nm and 60.7 nm, respectively. These calculation results clearly
demonstrated that both resonances were red-shifted after the graphene and
PMMA deposition. The evaluated coupling strength between the TPP and SPP
components weakened due to the graphene layer (g=0.34; I =0.038)
(Fig. 4.2.4 b). In Fig. 4.2.4 ¢ the decreased bending of dispersion curves was
observed and the evaluated coupling strength was (g = 0.28; I' = 0.03). When
the analyzed structure contained the SLG/PMMA layers (Fig. 4.2.4(d)), the
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Rabi splitting Q and the widths of both resonances increase, what leads to the
decrease of the coupling strength for (g = 0.27; I = 0.043). Despite the fact
that the dispersion curves of the TPP and SPP components slightly increased
for the SLG/PMMA structure, both excitations were diminished, and the
widths of the resonances became wider (Fig. 4.2.4 d). The coupling strength
also slightly decreased. As can be seen in graphs Fig. 4.2.4 ¢ and d, the
bending of the TPP and SPP dispersion branches diminishes, however, the
strong coupling conditions were still satisfied for Fig. 4.2.4 ¢ and d. This
decrease of the TPP and SPP dip components in the TPP-SPP hybrid mode
can be explained by changes of the conductivity of the silver layer due to the
addition of the SLG/PMMA structure and, as a result, the creation of non-
optimal resonance conditions for the hybrid plasmonic mode. The numerical
calculations and the evaluation of the coupling strengths for equations 4.6 and
4.7 clearly show the hybrid origin of the coupled TPP and SPP optical states.
The modified positions of the TPP and SPP components in the wavelength
spectra, compared with their original, separate excitations, indicate the strong
coupling regime [14]. The alteration of the splitting modes (the gap between
the TPP and SPP dips and the widening of the resonances) indicate a variation
of the coupling strength g [14]. In TIRE configuration, the TPP and SPP states
cannot be generated separately at a given angle or wavelength. Hence, both
excitations are in superposition and satisfy the same wave equation [18]. This
leads to the hybrid modes and the coupling of the TPP and SPP.

Summary

Summarizing, the TIRE method was used for the generation and study of
the hybrid TPP-SPP modes on a PC structure with a thin layer of silver and
SLG/PMMA. Raman spectroscopy showed the presence of a consistent
graphene monolayer on the Ag layer. Recent studies have shown that
noticeable changes in the general optical response can have a rather weak
impact on strong coupling. Despite of this, the variation of the coupling
strength between the PMMA and SLG/PMMA structures in the hybrid
plasmonic mode was big enough to evaluate the differences between them.
The higher sensitivity was achieved in the hybrid TPP-SPP plasmonic mode,
than during the single TPP optical state excitation, due to the optical response
to the PMMA and SLG/PMMA. The analysis of the in-plane wave vector,
which the plasmonic mode gives, allows one to obtain more sensitive optical
responses from such graphene-based hybrid nanostructures. The widening of
the TPP and SPP resonance width weakens the coupling strength and
decreases the Q-factor. Moreover, the monitoring of the coupling strength
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between the TPP and SPP components gives additional information about the
optical responses of such hybrid optical devices.
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4.3 Application of hybrid tamm plasmon-surface plasmon polaritons modes
to biosensing

4.3.1 Introduction

Surface plasmon resonance (SPR) electromagnetic waves have become
one of the most widely used indicators for the detection of interactions
between various biomolecules on solid-liquid interfaces [59,164]. The label-
free, high sensitivity and real time monitoring ability of this optical signal
makes SPR a very attractive tool for the evaluation of antibody-antigens [165],
the assessment of regulatory protein interactions with cell receptors [166],
allergen detection in food [167], immunosensors [168], the validation of
protein-based drugs [141,169] and for many other uses. Plasmonic-based
optical sensors can also be used for the detection of various gases [88,170].
High sensitivity is achieved due to the strong localization of the electric field
at the metal/dielectric interface when resonance conditions for such light-
matter interaction are satisfied [1]. However, the rather broad width of such
SPR resonances, caused by large absorption and scattering losses in the metal
layer, limits the further improvement of the sensitivity of this type of optical
Sensors.

The sensitivity could be enhanced by reducing losses in metal. This can be
done by using hybrid TPP-SPP modes, if the conditions are satisfied for both
TPP and SPP excitations — the anti-crossing effect of their dispersion curves
[18]. The repulsion of these dispersion curves changes the dispersion relation
of both components in the hybrid TPP-SPP plasmonic mode and, as a result,
reduces the losses of the SPP resonance, which become narrower compared
with that of the SPR. This anti-crossing effect indicates a strong coupling
regime and the presence of a hybrid TPP-SPP mode in which the TPP state
exchanges energy with the SPP state [14]. The excitation of hybrid TPP-SPP
plasmonic mode requires conditions of total internal reflection and these states
are polarization sensitive. A detailed analysis of the polarization properties in
a TIR setup can be achieved by using total internal reflection ellipsometry
(TIRE) [163] and spectroscopic ellipsometry setup in TIR configuration is
very useful for the monitoring of the interaction between proteins at
solid/liquid interfaces [171,172].

Recently, some attempts have been made to apply the Tamm plasmons
polaritons effect to optical sensors [77,173]. These applications, however,
were dedicated for the most part to sensing gases [173] or temperature [75],
or for processes which occurs inside the photonic crystal at the interface of the
PC and the metal [174]. Single TPP states are not very suitable for the
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detection of biological processes, which, in most cases, occur at the outer
interface (metal/dielectric ambient). However, if the hybrid TPP-SPP mode is
applied, the SPP component acts as a direct probe.

In this study, the hybrid TPP-SPP mode was applied for sensing of protein
layer formation. The increased sensitivity of the ellipsometric parameters in
the TIRE configuration, due to the changes of the two strongly coupled
plasmonic excitations were monitored, analyzed and compared with that of a
conventional single SPR. The TIRE method was used for the excitation and
study of the sensitivity properties of the hybrid TPP-SPP and single surface
plasmon resonance (SPR) modes of the GCSF receptor immobilization.
Additionally, the optimized sensitivity of the hybrid TPP-SPP mode was
investigated and compared with the single SPR mode when the BSA proteins
formed a layer on the gold surface. The dispersion relations for the hybrid
TPP-SPP and single SPR modes were used to explain the enhanced sensitivity
of the ellipsometric parameters for the hybrid TPP-SPP mode over the
conventional SPR. The SPP component of the hybrid TPP-SPP mode was
about 6.4 times more sensitive than single SPR for the BSA protein layer on
the gold film. It was found that the sensitivity of the hybrid plasmonic mode
can be made controllable by using the strong coupling effect between the TPP
and SPP components. The strong coupling regime reduces absorption and
scattering losses of the metal for the SPP component in the hybrid TPP-SPP
mode and, as a result, narrows the plasmonic resonance.

The results presented in the following Chapter were originally published in:

E. Buzavaite-Verteliene, 1. Plikusiene, T. Tolenis, A. Valavicius, J. Anulyte,
A. Ramanavicius and Z. Balevicius. “Hybrid Tamm-surface plasmon
polariton mode for highly sensitive detection of protein interactions” Optics
Express 28(20), 2020, pp. 29033-29043. https://doi.org/10.1364/0OE.401802.

4.3.2 TIRE for detection of GCSF-R immobilization on surface

In this research two different samples were investigated: a commercially
available SPR chip for the excitation of SPP and nanophotonic structure
consisting of distributed Bragg reflector (1D PC) with thin (40 nm) gold layer,
supporting hybrid TPP-SPP modes. The single SPR and hybrid TPP-SPP
measurements were conducted in total internal reflection (TIR) geometry,
using a half-cylinder prism made of BK-7 glass (Fig. 4.3.1). The half-cylinder
prism has been cut at the base of it and the 1 mm thick glass slide was attached
through refractive index matching liquid. To ensure there are no refraction of
incident light, two plano concave lenses with the same radius curvature as the
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prism envelope were attached to the prism via refractive index matching
liquid. Thus, the incoming light is always incident normal to the prism surface.
The GCSF-R immobilization measurements were conducted at 70° angle of
incidence (AOI) and 62.5° for the SPR and hybrid TPP-SPP modes,
respectively, while the adsorption of BSA was performed at 70° AOI and
64.6° for SPR and hybrid TPP-SPP, respectively. For the BSA adsorption the
hybrid TPP-SPP mode was optimized by selecting the angle of incidence so
that the in-plane wavevector of the incident photons best matched the
oscillations of the energy of the free electrons at the surface of the metal layer.
When the plasmon dip in the reflectance spectra of ellipsometric parameters
dropped to a near zero value, it had reached these optimized conditions.

The TIRE measurements were first conducted in order to determine the
optical response of the GCSF receptor on the standard SPR chip, which were
obtained only from the thin (45 nm) gold layer. The PC/Au nanostructure was
also tested with the same receptor. The single SPR and the hybrid TPP-SPP
excitations manifested themselves as dips in the ellipsometric spectra of ¥ (A)
and the enhanced amplitude of the A (A). The single SPR resonance TIRE
optical response of parameters ¥ (1) and A (A) to GCSF-R can be seen in
Fig. 4.3.2 aand Fig. 4.3.2 b. Before injecting the GCSF-R, the dip of the SPR
resonance was at 689.7 nm and after incubation of GCSF-R, the resonance
red-shifted to 702.3 nm. The value of ellipsometric parameter ¥ at the fixed
wavelength 2=677.4 nm was 10.4° to 18.7° before and after the GCSF-R
immobilization. This difference was equal to 8¥=8.3°. The value of the

a b
PC:
Au TiO: (120 nm)
(45 nm) Si0: (200 nm)
A
HEeT = (o m)
BSA or 7 1™ ..
GOSEAR, 11-MUA
PBS
BSA or
GCSF-R

Figure 4.3.1. Total internal reflection geometry schematic of the Au (left) and
PC/Au (right) samples with a self-assembling monolayer (11-MUA) and the
GCSF-R or BSA protein in PBS solution.
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ellipsometric parameter A (Fig. 4.3.2 b) at fixed 697.3 nm wavelength was
equal to 357.8° and 201° before and after the GCSF-R immobilization,
respectively. The difference was 6A=156.8° for the single SPR. The shift of
the single SPR to longer wavelengths was determined to be dA=12.6 nm. The
dips of the TPP and SPP for the hybrid TPP-SPP mode (Fig. 4.3.2¢)
corresponded to 762 nm, 763 nm, 867.5 nm and 873.7 nm for TPP and SPP
components before and after the immobilization of the GCSF receptor,
respectively. The value of W in a hybrid TPP-SPP mode was equal to 29.6°
and 35.4° at A=760 nm for the TPP and 14.6° and 24.4° at A=861.6 nm for the
SPP components, before and after the GCSF-R immobilization, respectively.
As for the A parameter (Fig. 4.3.2 d), it was equal to 281° and 238.5° for the
TPP and 282.2° and 225.8° for the SPP components before and after GCSF-R
immobilization, respectively.

The ellipsometric spectra of the both samples, before and after surface
modification by the GCSF receptor, were compared (Fig.4.3.2), in the
vicinity of plasmonic resonances where the contribution to the optical
response was the greatest. A red shift of 6A=3 nm and 6A=6.2 nm in the
ellipsometric spectra ¥ (1) and A (1) was observed in the TPP-SPP hybrid
mode for the TPP and SPP components, respectively. Such spectral shifts of
the hybrid TPP-SPP resonances produce the following changes in the
ellipsometric parameters: 3¥=5.8° and 8A=42.5° for TPP; 6¥=9.8° and
0A=56.4° for the SPP components. It has been shown [124] that the TIRE
method, due to the phase measurements A, has a higher sensitivity than the
traditional p-polarized reflected light intensity detection of the SPR.
Moreover, it is worth noting that even the p- and s-polarization amplitudes
ratio W has higher sensitivity, than the reflection intensity measurements. This
is because W is close to the square root of the SPR-reflectance. Because of
this, the plasmonic resonance in the ellipsometric parameter \V' is sharper, than
the corresponding SPR in the reflection intensity spectra [171]. The origin of
a rather wide SPR minimum, however, is determined by losses in the metals,
which are necessary for the plasmonic wave’s generation. At the same time,
for the hybrid TPP-SPP mode, the SPP component become narrower due to
the repulsion (anti-crossing) of the TPP and SPP dispersion curves, which
indicates a decrease of the losses. In other words, the SPP component is
pushed more away from metal layer to the dielectric, compared with the
traditional SPR.

In order to determine the sensitivity properties of the hybrid TPP-SPP
mode and single SPR, an analysis of the dispersion relations of both
excitations was conducted. Numerical calculations were performed in order to
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Figure 4.3.2. Spectra of ellipsometric parameters (a) - ¥ (A) and (b) - A (X)
for single SPR and for the hybrid TPP-SPP mode (c) - ¥ (1) and (d) - A (M),
curve 1 — base line registered in PBS (pH 7.4), curve 2 — after immobilization
of GCSF-R protein for 45 min.

show the differences in the sensitivity of the hybrid TPP-SPP mode and SPR
on both sample surfaces that were immobilized on the GCSF receptor
(Fig. 4.3.3 a - b). Calculation was conducted using the same parameters of the
model structure as in the TIRE experiment for BK-7 glass/Cr/Au (single SPR)
and BK-7 glass/PC/Au (hybrid TPP-SPP). Also, parameters for both samples
were taken at the same time as in the experiment. The experimental results
and simulations showed the stronger dependence of the wavelength shift on
the angle of incidence for the SPR, than that for the hybrid TPP-SPP mode
(Fig. 4.3.3 b). However, a considerably thinner dispersion line can be seen for
the hybrid TPP-SPP mode, than for the SPR (Fig. 4.3.3 a), especially for the
bigger AOIs. This effect increases the sensitivity of the ellipsometric
parameters ¥ (L) and A (A). For the hybrid TPP-SPP mode, the
8Wh-spp/OA = 9.8°/6.2 nm ~ 1.58°/nm,  5An.spp/OA = 56.4°/6.2 nm ~ 9.1°/nm,
SWhree/Oh = =5.8°/3nm=1.9°/nm, JSAntee/OA = 42.5°/3 nm = 14.2°/nm.
Meanwhile for the single SPR mode, the
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Figure 4.3.3. Comparison of the numerically calculated dispersion relations
of the hybrid TPP-SPP mode (a) generated in the PC (TiO2/SiO02 (120
nm/200nm))/Au (40 nm) structure and for the single SPR mode (b) in a
Cr/Au (50nm) structure

dWspr/OMA = 8.3°/12.6 nm ~ 0.66°/nm, 3Aspr/dA = 156.8°/12.6 nm ~ 12.4°/nm
were registered. From the obtained values, we can clearly define that the
relative sensitivity of the SPP component in its hybrid plasmonic mode
overtakes the traditional SPR. However, the absolute changes of the
ellipsometric parameter A (A) in the SPR are still bigger than that of the hybrid
TPP-SPP mode. This can be explained by the non-optimized sensitivity of the
SPP component in the hybrid mode. The depths of the minimums in W were
better for the SPR, than for the SPP component (Fig. 4.3.2a and c). The

73



advantage of the single SPR is its sensitivity to the resonant wavelength shift
in the spectra, which is related to changes of the wave vector when any
processes occur at the sensing surface in which the refractive index of the
medium changes [48,175]. In the hybrid TPP-SPP mode, attention should be
paid to the TPP component, which pushes the SPP component away from the
metal layer, thus decreasing the losses of SPP. The TPP component can also
be used for the indirect monitoring of the processes which occur on the outer
side of the gold layer. Having lower losses than the SPP excitation due to their
origin, the TPP shares some features that are similar to the Bloch surface
waves (BSW). It has been shown that the BSW can have comparable or even
better sensitivity than the traditional SPR, due to the low losses in dielectric
structures without metals [176]. In the TPP, these lower losses are obtained
because a major part of surface wave is propagated in the dielectric layer of
the PC at the interface with the metal layer. Thus, since a smaller part of the
TPP penetrates into the metal, the resonance becomes narrower and leads to
rather higher sensitivity. However, the main disadvantage of the TPP in
practical biosensing applications is that these optical states excite at the inner
interface between the metal and the last layer of the PC (Fig. 4.3.1) and as a
result, are not directly accessible at the sensing surface (the outer interface).
Therefore, the employment of the hybrid TPP-SPP mode for sensing exploits
the TPP component in a strong coupling regime [20] much better, where one
more indirect probe can provide additional information about the processes
occurring on the sensing surface.

4.3.3 Hybrid Tamm-surface plasmon polaritons mode for enhanced optical
response of biosensor

In order to investigate the sensitivity capabilities of the hybrid TPP-SPP
mode, the BSA protein was used as a model system in an optimized optical
scheme. To achieve the best sensitivity, the plasmonic minimums for both the
hybrid TPP-SPP and the single SPR samples needed to be as deep as possible.
For the single SPR, this could be achieved by tuning the plasmon active metal
layer (gold) or wavelength and/or angle of incidence at a fixed metal layer,
which is a common situation in a real experiment. For hybrid TPP-SPP mode,
an additional sensitivity tuning option had to be used. This was through the
varying of the strong coupling effect, which allowed one to change the width
of the SPP component by moving the TPP part closer to the SPP, so that the
latter reached its deepest minimum and become narrower at the same time.
The optical responses of the single SPR and the hybrid TPP-SPP modes for
BSA immobilization were then compared at optimized conditions at 70° and
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64.6° AOI, respectively. The optimized TIRE measurements of the BSA
proteins showed that the hybrid SPP component and single SPR, manifesting
themselves as the minimums in the ellipsometric spectra W (1), were excited
at 803.1 nm and 691.4 nm, respectively (Fig. 4.3.4 a and c). The 100 pg/mL
of BSA was then injected into the cuvette. Due to the binding of the BSA
protein to the gold surface modified with the SAM and activated by the EDC-
NHS, a BSA layer was formed. The ellipsometric parameters ¥ (1) and A (A)
of this were red shifted to 804.6 nm for the hybrid TPP-SPP mode and 697.6
nm for the SPR, respectively. Such a shift in the resonance wavelengths oAn.
spp=1.5 Nm and dAspr=6.2 Nm gave corresponding changes in the hybrid SPP
ellipsometric parameters 8Wh.spp=3.7°, dAn-spp=80.8°; for single SPR, this
was 6Wspr=3.8°, dAspr=51.9°. Thus, the detection sensitivity estimated from
the data in figures 4 were equal t0 6Wh-spp/0A=3.7°/1.5 Nm~2.47°/nm, 3An-
spp/8X=80.8°/1.5nm~53.9°/nm for the hybrid SPP component and
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Figure 4.3.4. Spectra of ellipsometric parameters (a) - ¥ (o) and (b) - A ()
for single SPR and for the hybrid TPP-SPP mode (c) - ¥ (1) and (d) - A (V),
curve 1 — base line registered in PBS (pH 7.4), curve 2 — after incubation in
100 ug/mL of BSA for 45 min.
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dWspr/01=3.8°/6.2nm=~0.61°/nm, SAspr/0A=51.9°/6.2 nm~8.4°/nm for the
single SPR. It can be clearly seen from figure 4 and its evaluated sensitivities
that the hybrid TPP-SPP mode with the optimized sensing features of its SPP
component overcomes the sensitivity of single SPR based sensors.

For biosensing applications, the layer thickness d and refractive index n of
the layer obtained from the TIRE spectra is usually converted to the surface

mass I which is attached to the sensor surface by means of the Feiter’s formula
[177]:

_ d(”dn’/lsgf r) 100, 4.9)

This expression was used to evaluate the surface mass (ng/cm?), where
dn/dC =0.17 cm®/g is the refractive index increment [178] for the layer
material, depending on the protein concentration in the buffered solution, d
and n are the thickness (nm) and refractive index of the protein layer obtained
from regression analysis and npurer iS the refractive index of the buffered
solution.

The evaluated surface mass for the conducted TIRE experiments of the
GCSF-R and BSA are summarized in Table 3 and are presented in ng/cm?.
The refractive index of the PBS was n=1.3335 and n=1.3307 at the
wavelengths A=632.8 nm and A=803 nm, respectively. Both parameters, the
film thickness and refractive index were determined from the regression
analysis of the experimental TIRE data.

Table 3. Calculated thickness d, refractive index npro, surface mass I' and
experimental values of the ellipsometric ¥ and A parameters of the BSA and
GCSF-R layers formed on the thin gold layers of samples Cr/Au and PC/Au.

d (nm) Nprot I (ng/cm?) &Y (°) 3A (°)

SPResa 5.9 1.3632 103 3.8 51.9
TPP-SPPgsa 3 1.3607 53 3.7 80.8
SPRecsFr 12 1.3632 210 8.3 156.8
TPP-SPPgcsr-r 12.7 1.3607 224 9.8 56.4
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Summary

The TIRE method was used for the excitation and study of the sensitivity
properties of the hybrid TPP-SPP and single SPR modes of the GCSF receptor
immobilization. The optimized sensitivity of the hybrid TPP-SPP mode was
investigated and compared with the conventional SPR mode when the BSA
proteins formed a layer on the modified gold surface. The experimental data
and the numerical calculations of the dispersion relations for the hybrid TPP-
SPP and single SPR modes were used to explain the enhanced sensitivity of
the ellipsometric parameters for the hybrid TPP-SPP mode over the
conventional SPR. Specifically, the SPP component (8An-spe/6A=53.9°/nm) of
the hybrid TPP-SPP mode was about 6.4 times more sensitive than
conventional SPR (8Aspr/0A=8.4°/nm) in the case of the BSA protein
immobilization, thus allowing detection of lower concentrations. It was found
that the sensitivity of the hybrid plasmonic mode can be made controllable by
using the strong coupling effect between the TPP and SPP components. This
reduces the metal losses of the SPP component and, as a result, narrows the
plasmonic resonance. Moreover, by employing the TPP resonance as an
indirect probe, this in some cases can provide additional information, which
is useful for the analysis of adsorption processes at the interfaces. The
employing of hybrid TPP-SPP mode for strong interaction with excitons in
various labelled proteins, light harvesting complexes and organic layers are
promising platform for the advanced study of interaction between proteins.
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4.4 Application of tamm plasmons and cavity modes for biosensing in
combined spectroscopic ellipsometry and quartz crystal
microbalance method

441 Introduction

The combination of different sensing methods on one platform has become
a growing interest for advanced sensing technologies [179-181]. The
possibility to perform simultaneous signal monitoring with different sensing
methods on the same platform opens possibilities to gain more precise and
deeper information about the investigated process [179,182]. One of the
sensing methodologies which combine the two methods on the same sensing
platform is spectroscopic ellipsometry (SE) and quartz micro balance with
dissipation (QCM-D) method [183,184]. The combination of these two
methods has been widely used for studies of thin polymer layers [185,186]
and others. The main advantage of this combined method is that the thickness
of the formed layer on the surface of gold can be evaluated by both methods
[184].

However, the nanometric gold layers are widely employed for
nanophotonic devices with planar profiles [187] and plasmonic based optical
biosensing, such as SPP that significantly improves sensitivity of the method
[59], but requires a prism coupler. Thus, all advances given by TIR
configuration are not available for spectroscopic ellipsometry in combination
with QCM-D, because SE is used in the conventional configuration and as a
result the sensitivity of SE part is significantly smaller than plasmon based
optical methods [49]. The signal can be enhanced by introducing 1D photonic
crystal (PC) structure with thin metal layer that supports Tamm plasmon
polaritons. The advantage of simple [73] excitation configuration of TPP,
makes them useful to enhance the optical signal at the surface of the modified
QCM-D sensor chip for the optical response of ellipsometric parameters.

In this study, the 1D plasmonic nanophotonic structures, supporting Tamm
plasmon polariton together with cavity modes, were generated on the modified
QCM-D chip and was applied for sensing of protein layer formation in the
combinatorial spectroscopic ellipsometry and quartz crystal microbalance
method. The increased sensitivity of the ellipsometric parameters ¥(\) and
A()\) due to the excitation of Tamm plasmon polaritons and cavity modes were
monitored, analyzed and compared with that of a conventional SE combined
with QCM-D. This study showed that Tamm plasmon and cavity modes
exhibits about 23 and 49 times, respectively, better performance of
ellipsometric parameters for refractive index sensing, than the standard
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spectroscopic ellipsometry on QCM-D sensor chip. The different origin of
Tamm plasmon polaritons (TPP) and cavity mode (CM) gives additional
advances and can determine whether the surface (TPP) or bulk process (CM)
is dominating.

The results presented in the following Chapter were originally published in:
I. Plikusiené, E. Buzavaité-Verteliené, V. Maciulis, A. Valavicius, A.
Ramanaviciené and Z. Balevicius. “Application of Tamm Plasmon Polaritons
and Cavity Modes for Biosensing in the Combined Spectroscopic
Ellipsometry and Quartz Crystal Microbalance Method” Biosensors 11(12),
2021, pp. 501. https://doi.org/10.3390/bios11120501.

4.4.2 Refractive index sensing

The optical response of ellipsometric parameters W (1) and A (A) in such
modified structure have shown the presence of the Tamm plasmon polariton
optical states and resonant cavity modes in the Bragg mirror between two gold
layers. In order to analyze in details such optical response the spectroscopic
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(b) and TPP+CM (d) and an experimental dispersion of the investigated
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ellipsometry measurements firstly were conducted in the air ambient to
determine the optical dispersion of QCM-D sensor chip modified with 1D PC
made from ten bilayers of TiO./SiO2 and a thin (40 nm) gold layer on the top.
Variable angle spectroscopic ellipsometry measurements were performed in
wide range of AOI (45-85°) (Figure 4.4.1). In the ¥ ellipsometric parameter
map, the dispersion branch starting at 550 nm corresponds to the Tamm
plasmon polariton, meanwhile the lower periodic branches attributed to the
cavity mode generated in the 1D PC between the two gold mirrors
(Figure 4.4.1 ¢, d). The rather wide spectral resonance of Tamm plasmon
polaritons was at the 450 nm, meanwhile the narrow periodic dips of cavity
modes manifested themselves at the 580 nm, 620 nm, 680 nm and 800 nm,
respectively. To prove the origin of the following optical features in the
spectra of ellipsometric parameters the numerical simulation of the
multilayered structure was conducted. Foremost, the dispersion relation of the
1D PC and thin gold layer were modelled (Figure 4.4.1 a). The dispersion map
of ellipsometric parameter ¥ (X, 6) shows the branch of the Tamm plasmon
polariton at the 550 nm and very weak oscillations of cavity modes marked
with dashed lines. It is clearly seen that such multilayered structure generated
optical states of Tamm plasmons which arises at the interface between 1D PC
and thin gold layer. In order to analyze the contribution of bottom gold layer
to the whole optical response of modified mQCM-D sensor chip, the
dispersion relation of ellipsometric parameter ¥ (A, 0) for the substrate/200
nm Au/1D PC were simulated (Figure 4.4.1 b). As can be seen the noticeable
enhancement of Bragg oscillations appears due to the bottom gold layer,
meanwhile the absence of the thin gold layer on the top eliminates the Tamm
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Figure 4.4.3. (a) Ellipsometric parameter ¥ dependence on wavelength A for
1- mQCM-D in water-filled cell, 2- QCM-D/TPP in ethanol-filled cell, and
zoomed view of (a) for TPP (b) and CM (c) components.

plasmon polaritons excitation. The yellow and black branches correspond to
the p- and s-polarizations, respectively. Finally, the numerical simulation was
conducted with the multilayered structure (Figure 4.4.1 d) which was used for
experimental measurements with both gold layers (Figure 4.4.1 ¢). The map
of dispersion relation follows the measured experimental dispersion relation
and both optical effect of Tamm plasmon polariton and Bragg modes which
were simulated in the Figures 4.4.1 a and b were clearly recognized in the
measured dispersion map of Figure 4.4.1 c.

In order to compare the optical signal sensitivity of standard QCM-D
sensor chip covered by 200 nm gold (QCM-D) and modified QCM-D sensor
chip supporting Tamm plasmon polariton (TPP) and cavity modes, both were
tested varying the refractive index of ambient by changing the deionized water
to the ethanol in the SE-QCM-D chamber for measurements in liquids. This
chamber was filled with high purity deionized water and spectra of
ellipsometric parameters ¥ (1) and A (A) were measured for both samples,
standard QCM-D sensor chip and modified QCM-D/TPP+CM at the
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Figure 4.4.4. (a) Ellipsometric parameter A dependence on wavelength A for
1- QCM-D/TPP in water filled cell, 2- QCM-D/TPP in ethanol filled cell, and
zoomed view of (a) for TPP (b) and CM (c) components.

AOI=65°. Firstly, the chamber was filled with high purity water which acted
as a bulk media having refractive index n=1.333 at A=600 nm. After that, high
purity deionized water was changed to ethanol bulk media which refractive
index was n=1.361 at A=600 nm.

Spectroscopic ellipsometry measurements have shown that for standard
QCM-D sensor chip the changes of the ellipsometric parameters W (1) and
A () due to variation of refractive index of ambient liquids was miniscule.
The differences registered at A=455 nm wavelength, was equal for 8¥=0.15
and 6A=0.79. No clear differences for the ellipsometric parameter ¥ values
were observed between curves 1 and 2 in Figure 4.4.2 a. Close up view of
Figure 4.4.2 a is presented in Figure 4.4.2 b. For the ellipsometric parameter
A the difference between high purity water and ethanol (Fig. 4.4.2 a) was
registered 84.15° and 83.36° at A=480 nm wavelength for high purity water
and ethanol, respectively (Fig. 4.4.2 b).
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Further, the same spectroscopic ellipsometry measurements were
conducted for modified QCM-D/TPP+CM sensor chip. The optical response
of ellipsometric parameters ¥ (A) and A (A) have shown that the dip of Tamm
plasmon polariton observed at 451 nm for ¥ (1) in the water and blue shifted
to the 446 nm in the ethanol (Figure 4.4.3 a and b). At 441.8 nm ¥ obtained
for water was 29.47° and for ethanol 25.92°, respectively. The calculated
difference values at 441.8 nm were J&¥=25.92°-25.47°=3.55°. For
ellipsometric parameter A the Tamm plasmon polariton was observed at 465
nm and 475 nm in water and ethanol, respectively (Fig. 4.4.4 a and b). The
difference in ellipsometric parameter 6A=98.01°-88.89° at the =450 nm was
9.12°,

As the modified mQCM-D structure also supports cavity modes together
with TPP, it makes it possible to employ these modes for sensing of refractive
index changes. In the spectra of ellipsometric parameters, cavity modes
manifested themselves as the narrow dips in the W (1) and abrupt changes of
A () in the vicinity of resonance Fig. 4.4.3 ¢ and Fig. 4.4.4 c, respectively.

The difference of ellipsometric parameter ¥ values at A=530 nm between
water and ethanol filled SE-QCM-D chamber was estimated to be §¥=7.4°.
The value of ellipsometric parameter A for cavity mode in high purity water
at A=534 nm was 107.67° and in ethanol was 89.6°. The difference was
dA=18.07°.

The difference of refractive indexes between two bulk medias was nwm)-
N20= 1.361-1.333=0.028. After that, sensitivity to refractive index unit
(RIU) of ellipsometric parameters for standard QCM-D sample, mQCM-
D/TPP and mQCM-D/CM samples were evaluated. The data of sensitivity are
presented in Table 4.

Table 4. Sensitivity and relative sensitivity of ellipsometric parameters
changes to refractive index unit (RI1U).

Sensitivity
Y =0.15/0.028 = 5.4 RIU™! A =0.79/0.028 = 28.2 RIU!
Wrpp = 3.55/0.028 = 127 RIU™!  Aqpp = 9.12/0.028 = 325 RIU ™!
Wem = 7.4/0.028 = 264 RIU™"  Aqy, = 18.07/0.028 = 645 RIU™!
Relative sensitivity

l‘I‘J'r]:)p/l‘l'} = 23.7 ATPP/A = 11.5
Wem /¥rpp = 2.1 Acy /Brpp = 2
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In case of standard QCM-D sample the calculated sensitivity was ¥ =5.35
RIU™, A sensitivity was A= 28.21 RIU™ . For TPP component in a modified
MQCM-D sample, the sensitivity of ellipsometric parameters to RIU was Wrpp
=126.78 RIU* and Arpp =325 RIU™. For cavity mode in a modified mQCM-
D the sensitivity Wom =264 RIU™L and Acm =645 RIU™. The ellipsometric
parameter Wrpp sensitivity was 23.7 times higher and Wcwm sensitivity was 49.3
times higher in comparison to the standard ¥ sensitivity to RIU. The Wcm was
2.1 times more sensitive to bulk RIU changes than Wrpep. Relative sensitivity
of ellipsometric parameter A was 11.5 higher in the case of Arepand 22.9 times
in the case of Acmthan standard A. The ellipsometric parameter of cavity mode
Acwm was about 2 times more sensitive than Atep, Similarly to the compared
sensitivities of the ellipsometric parameter V. In this study the main focus was
on the enhanced sensitivity performance of ellipsometric parameters
compared with standard SE-QCM method, however, the spectral shift of the
TPP and cavity mode resonances were also registered when ambient were
changed from water to ethanol and for TPP it was about 10 nm, meanwhile
for cavity mode of about 9 nm shift to longer wavelength. Such a spectral shift
gives sensitivity of 352 nm/RIU for TPP and 321 nm/RIU for cavity mode,
respectively. The comparison of refractive index sensing of various
nanophotonic structures is presented in the Table 5.

Table 5. Comparison of various nanophotonic structures for refractive index
sensing.

Method Materials used Sensitivity Ref.

Tamm plasmons Porous Si 1D PC/Au 139 nm/RIU | [188]

Fabry-_Perot Porous Si 140 nm/RIU | [189]
cavity

PC nanostructures | Free standing Si membrane | 103 nm/RIU | [190]

Au coated nanoporous

Tamm plasmons 106 nm/RIU | [161]

alumina PC
Hybrid Tamm
and surfac_e PC(T|02/S_|02)/Au TIRES 3200 nm/RIU | [49]
plasmons in bilayers
strong coupling
This study
TPP PC(TiO2/SiOz)/Au 10 352 nm/RIU
CM bilayers 321 nm/RIU
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4.4.3 Application for biosensing

Protein adsorption at solid surfaces plays an important role in many natural
processes and thus has a huge research interest in various areas including
medicine, pharmaceutical sciences, analytical sciences, biotechnology, cell
biology, or biophysics [191]. To demonstrate the capability of planar
plasmonic-nanophotonic structure for biosensing application, bovine serum
albumin (BSA) monolayer was formed on 11-MUA modified surface of
QCM-D and mQCM-D. In addition, an affinity interaction with specific
antibodies anti-BSA was established. In all steps, ellipsometric parameters ¥
and A vs wavelength were recorded and presented in Figure 6. It was shown
before [183] that combination of electrostatic and hydrophobic interaction
which is supported by 11-MUA self-assembled monolayer allow to attach
more BSA protein on the surface that with other SAM’s. Also, it was reported
[161] that graphene oxide monolayer instead of SAM,s on the gold surface
can significantly improve the SPR signal response for biosensing. To evaluate
the sensitivity and perform detailed analysis, the magnified view of
ellipsometric parameter ¥ (Fig. 4.4.5a) for TPP (Fig. 4.4.5b) and cavity

47 36
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Figure 4.4.5. The full (a) spectra of ellipsometric parameter ¥ vs A for: 1-
PBS, 2- BSA, 3- anti-BSA and zoomed view of TPP (b) and CM (c).
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Figure 4.4.6. The full (a) spectra of ellipsometric parameter ¥ vs A for: 1-
PBS, 2- BSA, 3- anti-BSA and zoomed view of TPP (b) and CM (c).

mode (Fig. 4.4.5 ¢) for modified sensors chip mQCM-D are presented. The
ellipsometric parameter A spectra (Fig. 4.4.6 a) and zoomed in view of TPP
(Fig. 4.4.6 b) and CM (Fig. 4.4.6 ¢). The optical response of ellipsometric
parameter d¥ detected for TPP mode between curves 1 and 3 was 1.36°
(Fig. 4.4.5b), meanwhile for CM mode the difference was o¥ =0.9°
(Fig. 4.4.5 ¢). Also, simultaneously registered ellipsometric parameter A have
shown the differences A between curves 1 and 3 for TPP of 3.4° (Fig. 4.4.6 b)
and for cavity mode it was 3.73° (Fig. 4.4.6 c), respectively.

The spectroscopic ellipsometry data for modified mQCM-D sensor chip
were analyzed by a multilayer model [141,171,192]. In this study, the
multilayer model represented the following structure: Quartz substrate/Au
(200 nm)/1D PC (TiO2/SiO, (110/60nm)/Au (40nm)/MUA-11/BSA+anti-
BSA/buffer solution. Firstly, the structure with pure gold layer/buffer
interface without proteins, were analyzed to evaluate the reference optical
properties of the multilayer structure, such as the thickness and optical
constants of each layer. At the starting point of the fitting the optical constants
of the materials were used, namely BK7 [193], SiO [194], Au [195] and TiO,
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[196] were taken from the literature. The reasonably good fitting results
(MSE=11.3) were obtained, then only the thicknesses of the multilayer
structure were free fitting parameters while the optical constants stay fixed.
Furthermore, the ellipsometric spectra of attached BSA and anti-BSA proteins
on the gold surface were analyzed, additionally introducing the layer
describing the attached surface mass of the studied proteins. The refractive
index of the protein layer was approximated as a homogeneous layer and
described using the Bruggeman effective medium approximation (EMA). The
EMA considers the BSA+anti-BSA protein layer to be an isotropic physical
mixture of two elements, protein and buffer solution, and homogenous on the
scale of wavelength. The effective refractive index of the mixture was
calculated from the volume fractions of its components, assuming that these
retain their intrinsic optical properties and the thickness of the layer was
obtained d=18 nm.

While the thickness and effective refractive index of BSA proteins were

determined from regression analysis, de Feijter’s formula [177] T =
d(n—npyufrfer)

a7 x 100 allow to evaluate the surface mass (ng/cm?), where

dn/dC=0.18 6%3 [178] is the refractive index increment for the layer material,

depending on the protein concentration in the buffered solution , d is the
thickness (nm) and n is the refractive index of the protein layer obtained from
regression analysis and noutfer 1S the refractive index of the buffered solution.
The attached surface mass for spectroscopic ellipsometry I'sex600 ng/cm? was
calculated for the resonant wavelength of Tamm plasmon polariton and cavity
mode excitation, meanwhile the obtained surface mass from the QCM-D was
[oem-0~1750 ng/cm?. Such a differences in attached surface mass is explained
by contribution of buffer solution to the mass evaluation in QCM-D method,
meanwhile from the SE evaluated the “dry mass” of the protein [183]. Such
information obtained simultaneously from the coupled methods opens
possibilities to study proteins conformational changes depending on the pH,
surface charge and many other factors [197,198].

It should be noted that in the case of biomolecules interaction experiment
the sensitivity of the ellipsometric parameters of Tamm plasmon polariton was
higher for W and, generally, had the same sensitivity for A compared with
cavity modes. The ellipsometric parameter of TPP was ¥=1.36/0.9~1.5 more
sensitive to the attached surface mass than cavity mode, meanwhile, the phase
difference A=3.4/3.7~0.92 was still slightly better for the cavity mode.
However, as can be seen from Table 4 the measurements for ambient with
different refractive indexes showed much higher sensitivity for the cavity
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Figure 4.4.7. The BSA immobilization and anti-BSA affinity kinetics of
modified mMQCM-D (A-D) and QCM-D (E-H) sensorchips for resonance
frequency shift AF (A, B, E, F) and energy dissipation AD (C, D, G, H)

changes.

mode than for Tamm plasmon polariton. This can be explained by the different
origin of Tamm plasmon polaritons and cavity modes. Tamm plasmon
polariton in fact is a surface optical state which appears at the interface

88



between the metal film and photonic crystal, meanwhile the cavity modes are
generated through the full length of the photonic crystal between the two gold
mirrors. Thus, when some changes of refractive index occur on the surface of
a thin gold layer (formation of protein monolayer, for instance), this process
has more influence for the surface sensitive resonance — Tamm plasmon
polariton, than for cavity mode. On the contrary, when the refractive index of
the ambient was changed, the angle of light incidence to the gold film surface
refracted through the length of the bulk ambient and transmitted to the
photonic crystal at a deviate angle, which has a significant influence to the
resonant wavelength of the cavity modes. This assumption supports the
stronger dependence of the cavity modes on the angle of incidence which can
be seen in the dispersion relation map of ¥ ellipsometric parameter
(Fig. 4.4.1).

In order to clarify the contribution of deposited planar plasmonic-photonic
structure on the resonant frequency of quartz crystal microbalance the
standard and modified QCM-D sensor discs’ frequencies were measured. The
quartz crystal resonant frequency (F1) in deionized water for the standard
QCM-D sensor disc was 4.952 MHz. The PC/Au modified mQCM-D sensor
chip F1 frequency was equal to 4.922 MHz. The shift of QCM-D frequency
in kinetics measurements showed consistency between standard QCM-D and
mMQCM sensors, thus the difference of 0.03 MHz in F1 does not affect the
sensitivity of QCM-D method. In Fig.4.4.7 presented covalent BSA
immobilization on self-assembling monolayer 11-MUA and affinity
interaction of anti-BSA with formed BSA monolayer on both samples:
mQCM-D (Fig. 4.4.7 A-D) and QCM-D (Fig. 4.4.7 E-H), A-D and E-H
demonstrates the AD and AF of the binding kinetics between proteins,
respectively. As it can be seen from Fig. 4.4.7 the resonance frequency shift
AF and energy dissipation AD were similar for both samples — mQCM-D and
QCM-D. Such a performance of both modified and standard QCM sensor
chips have shown similar performance.

Summary

The planar plasmonic photonic structures made from periodic dielectric
layers and thin metal film were designed for improved performance of
ellipsometric parameters W(L) and A(A) in the combinatorial spectroscopic
ellipsometry and quartz crystal microbalance method. The low-cost 1D
plasmonic photonic structures supporting Tamm plasmon polaritons and
cavity modes were employed for the optical signal enhancement by modifying
the commercially available QCM-D sensor chip.
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This study has shown that for refractive index sensing of ambient the planar
plasmonic photonic nanostructures exhibits higher sensitivity than
conventional quartz microbalance sensor chip. Namely, the cavity modes and
Tamm plasmon polariton was about 49 and 24 times more sensitive than the
standard QCM-D sensor chip, respectively. For the ambient refractive index
sensing the cavity modes have shown the twice better sensitivity for
ellipsometric parameters W (1) and A () the Tamm plasmon polariton mode.
However, the TPP still showed about 24 and 12 times higher sensitivity for
ellipsometric parameters W and A, respectively, than the standard QCM-D
sensor chip. Meanwhile, for the optical biosensing signal readout, the
sensitivity of Tamm plasmon polaritons and cavity modes were comparable
and higher than with standard QCM-D sensor chip. This fact can be explained
by the different origin of Tamm plasmon polaritons and cavity mode
phenomena’s, the first of which is a surface optical state, meanwhile the
second one, generated through the full length of the cavity. This difference in
optical features gives additional advances and can determine whether the
surface or bulk process is dominant. The dispersion relation feature of Tamm
plasmon polaritons namely, the direct excitation without additional coupler,
gives the possibility to enhance the optical signal on the sensing surface
despite the fact that Tamm plasmons are excited at the inner interface of the
gold layer. The generation of Tamm plasmon polaritons at the inner interface
is not optimal for the sensing applications, however, in this optical
configuration TPP gives about 24 times improved sensitivity in ¥
ellipsometric parameter. To the best of our knowledge this is the first study
and application of the Tamm plasmon polaritons and cavity mode in the
combinatorial SE-QCM-D method for the enhanced readout of ellipsometric
parameters.
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4.5 Gold microbump arrays for generation of hybrid lattice plasmon
polaritons

45.1 Introduction

Plasmonics has become a topic of the widely studied field of light-matter
interaction and has led to numerous fundamental investigations and
applications to novel optical devices based on surface plasmon polaritons
(SPPs) [199]. As the SPP waves cannot be excited by light in air, the efficient
coupling between free-space light and SPPs on a flat metal surface remains
challenging, especially if a prism coupler is technically challenging in
development of practical applications. The grating coupler approach is
attractive for device integration since the grating can be fabricated directly on
the metal film supporting the SPPs [200]. The current technological progress
enables the creation of complex plasmonic systems supporting multiple
plasmon modes, which can be analyzed as the interaction of elementary
plasmons supported by nanostructures. The most popular models of complex
plasmonic systems are metallic nanodimers [201], metallic nanoshells [202]
and metallic nanoparticles near metal films [203]. Such structures exhibit the
plasmon hybridization effect where different plasmonic excitations can
interact with each other. The theoretical studies based on the coupled dipole
approximation (CDA) model have shown that ultra-narrow plasmonic
resonances appear in the periodic arrays of metal nanoparticles where the
period is comparable with the incident light wavelength. The ordered array of
metal nanoparticles acts as a diffractive grating for incident light which
diffraction effect depends on the size, shape, and period of the array. If one of
the scattered waves propagates in the plane of the array it can couple with
localized plasmon resonance of these nanoparticles. When nanoparticles are
arranged by an appropriate period, the scattered light field is in phase with
local plasmon resonance to the nearby nanoparticle, thus enhancing the
plasmonic excitation in the neighbor particle. Since, at resonance all
nanoparticles in array oscillate in phase and the diffractively scattered photons
from nanoparticles can excite the LSPs in adjacent nanoparticles instead of
decaying in free space, as a result the lattice resonances suppress radiative
losses [204]. This leads to a significant narrowing of the plasmonic resonance,
due to compensation of the damping of localized plasmon resonance of the
individual particles by the scattered field of light [48]. This phenomenon
overcomes a fundamental problem of the plasmonic resonances having
usually a rather wide spectral width compared with the resonances on the
dielectric nanostructures. However, the localized surface plasmons are weakly
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tunable due to their limited dispersion [99], while, surface plasmonic modes
can be tunable in a wide spectral range. By combining thin gold film with a
periodic array of gold microbumps, one can create a hybrid lattice plasmon
polariton mode (HLPP) that opens the possibility to merge the spectral tuning
of SPP and reduced propagation losses of the LSP mode, due to Bragg
reflections [47,105]. These properties provide potentially richer
implementations in light manipulation and could be applied for nanolasing
structures and plasmonic bio-sensors, where dispersion features allow to
excite the hybrid plasmonic modes directly through the liquid ambient as well
as narrowing of the resonance due to electric field localization on the gold
microbumps that increases the sensitivity of such type of optical sensors.

Despite the technological progress in the fabrication of complex plasmonic
systems, the creation of structures with the extremely small dimensions of the
periodic surface irregularities remains still complicated, time-consuming, and
expensive. The most popular fabrication method of such structures is
lithography-based techniques, which are limited in the production of large
areas of the arrays. The size of the periodic arrays supported plasmonic lattice
surface resonance is significant as the detection of the optical response
requires the illumination of a sufficient number of periodic elements with
spatially coherent light over a large surface area.

Here, the fabrication of large-scale gold microbumps arrays in a gold film
using a cost-effective direct laser writing technique is presented. The
fabricated arrays support hybrid lattice plasmon polariton (HLPP) modes with
reduced losses and tunable dispersion properties in the VIS-NIR range, in the
same range as structures fabricated by lithography-based techniques [205].
The reduced losses manifested themselves as a narrow resonance width of the
HLPP compared with the spectral width of traditional surface plasmon
resonance. This work shows significant technological progress in the
formation of large-scale metallic gratings via laser-based technique as the
previous works based on this technique demonstrated the surface plasmon
resonances (SPR) of gratings in a spectral range at 2—6 pum [206]. The
demonstrated DLW production method paves new opportunities for hybrid
lattice plasmon polariton (HLPP)-based applications in biotechnology,
photonics, plasmonics, etc.

The results presented in the following Chapter were originally published in:
E. Stankevicius, K. Vilkevi¢ius, M. Gedvilas, E. Buzavaité-Verteliené, A.

Selskis and Z. Balevicius. “Direct Laser Writing for the Formation of Large-

Scale Gold Microbumps Arrays Generating Hybrid Lattice Plasmon
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Polaritons in Vis-NIR Range” Advanced optical materials 9(12), 2021, pp.
2100027. https://doi.org/10.1002/adom.202100027.

4.5.2 Hybrid lattice plasmon polaritons dispersion relations

Surface plasmons polaritons propagating on a planar metal surface are
described by the dispersion relation, which is the solution of Maxwell's
equations by applying the infinite conditions to the metal/dielectric interface.
The dispersion relation of surface plasmons polaritons at a dielectric-metal
interface is described by Eq. 2.13.

The dispersion relation of surface plasmons on a planar metal surface is
plotted schematically in Fig.4.5.1 (red lines). The relation between the
wavevector of light in free space (ki) and angular frequency w is linear (dashed
grey line in Fig. 4.5.1). As presented in Fig. 4.5.1, the wavevector of light in
free space ki is always smaller than the wavevector of the surface plasmons
ksep. Therefore, SPP cannot be excited by direct illumination of the metal
surface with light (due to the non-radiative nature of SPP). Excitation of SPP
occurs only when the photon and SPP wavevectors match. The photon and
SPP wavevectors can be matched using photon tunneling in the total internal
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Figure 4.5.1. Dispersion relations of light and surface plasmons polariton.
The x-component of the incident light (ki) is shown by the dashed grey line.
The diffraction of the incident light by the grating results in the lines c(ki + kg)
and c(ki— kg) . The intersection of the diffracted light lines with the plasmon
dispersion lines kspp and — kspp indicate the frequencies of the excited
plasmons polaritons.
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Figure 4.5.2. The relationship between the tangential component of the
incident light wavevector ki (black), grating vector kg (blue), and the
wavevector of surface plasmons polaritons kspe (red). Kspp(m=-1) and Kspp(m=+1)
are wavevectors of the surface plasmons polaritons coupled with -1 and +1
diffraction orders, respectively. 6; is the angle of incident light; &n is the angle
of diffracted light; m is the diffraction order; A is the period of the gold bumps
array.

reflection geometry (Kretschmann and Otto configurations) or diffraction
effects [92]. One attractive method to excite surface plasmons is to use a
diffraction grating on the metal surface [207,208]. A grating has a fixed
wavevector, due to the periodicity, and as a result it changes the momentum
of the incident wave along the surface by adding an integer of the grating
vector to the incident wave surface component. The wavevector of the grating
vector is given by ky=2n/A, where A is the period of the grating.

When light with wavevector k; is incident on the grating at an angle 6; with
the surface normal, the incident light is diffracted into multiple beams
according to the following diffraction relation [207]:

k;(sin6,, —sin6;) = mk, (4.10)

where 6, is diffraction angle and m is the diffraction order.

The diffracted beams have a wavevector component tangential to the
surface given by k;sin(6n). The excitation of SPPs on a grating is achieved
when the wavevector of the surface plasmons and the tangential component
of the wavevector of the diffracted beam match the momentum conservation
condition:

tkgspp = ki sinb,, = k;sin6; + mk, . (4.11)
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In Eq. 4.11 ki sin(6;) is the wavevector component tangential to the surface of
the incident beam. The sign * before kspp shows that surface plasmon
polaritons can propagate either in the positive or negative x-direction
(Fig. 4.5.2). The grating coupling of surface plasmons is schematically
explained in Fig. 4.5.1. The surface plasmon excitation condition is satisfied
when the incident light dispersion curve (the red lines in Fig. 4.5.1) crosses
the lines c(ki + kg) and c(ki — kg) (the dashed grey lines in Fig. 4.5.1). The
intersection of the diffracted light lines with the plasmon dispersion lines Kspe
and — kspp indicate the frequencies of the excited plasmons. The graph shows
that the surface plasmons excitation can occur when the angle of incidence is
between 0° and 90° at two different frequencies: one (w(-1) corresponding to
the — kspp intersection with c(ki — kg) and another (o(+1)) where kspp Crosses
c(ki + kg). If the incident light impinges normal to the surface, then the
plasmons are excited at a single frequency. The positive and negative vectorial

Sample rotation

light

d light

light

d light

Figure 4.5.3. 3D (left) and 2D (right) views of the sample orientation in the
reflectance measurement, when ¢=0° (a), and ¢=90° (b). @ is the angle of
light incidence and ¢ is the azimuthal angle.
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solutions correspond to the rightwards and leftwards propagating surface
plasmons having different frequencies (Fig. 4.5.2).

4.5.3 Investigation of plasmonic properties

The reflectance spectra of the fabricated gold bump array were measured
using a spectrophotometer (Photon RT, Essentoptics). The measurements
were performed for s- and p-polarized light within the wavelength range from
0.4 to 1.5 um and different angles of incidence 6 = 8°, 15°, 30°, 45°, and 60°,
when light beam spot size was 2x5 mm. The azimuthal angle ¢ of the sample
was selected as 0°, when the plane of light incidence is parallel to the laser
scanning direction used in microbumps formation process (Fig. 4.5.3 a), and

90°, when the plane of light incidence is perpendicular to the laser scanning
E,-coupled SPR
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Figure 4.5.4. Reflectance spectra of microbumps array with period 700 nm in
50 nm thick gold film for a,b) p-polarized and c,d) s-polarized light when
¢=0° (a, ¢) and ¢=90° (b, d). Insets on the graphs show the laser scanning
direction during the microbumps formation (green arrows) and the oscillation
direction of the electric field (red arrows). Spectra were measured for the
different angles of light incidence: 8° (black curves); 15° (red curves); 30°
(blue curves), 45° (green curves), and 60° (purple curves).
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direction (Fig. 4.5.3). The sample was rotated along (when the azimuthal
angle ¢=0°) and perpendicular (¢=90°) to the laser scanning direction during
the measurement of the reflectance spectra.

The measured reflectance spectra for s- and p-polarized light when the
azimuthal angle ¢=0° and ¢=90°, gold film thickness 50 nm and bumps
period 700 nm are given in Fig. 4.5.4. The results show that the coupling of
the microbumps array depends on the laser scanning direction during their
fabrication. When p-polarized light is parallel to the laser scanning direction,
the hybrid lattice plasmon resonances (HLPR) are wide (Fig. 4.5.4 a). This
can be influenced by the defects and dislocation of arrays. When p-polarized
light is perpendicular to the laser scanning direction (Fig. 4.5.4 b), the HLPR
becomes ~30 nm width at half of the maximum (FWHM). The narrowing of
the resonance width is fated by the plasmonic surface lattice resonances
phenomenon (diffractively coupled surface plasmon resonances with Bragg
reflections parallel to the interface), which leads not only to a remarkable
narrowing of the resonance width as well as to related phenomenon such as a
dramatic enhancement of the electric field near the nanostructures [103]. In
this case, the HLPR was observed at two different wavelengths for the 8° and
15° angles of incidence. The spectral separation between two plasmonic dips
increased with an increasing incident angle, as shown in Fig. 4.5.4 b (yellow
circles). The second peak of HLPR at the higher angles of incidence (30°, 45°,
and 60°) disappears due to the absorption of gold in the spectral region below
500 nm. Additionally, the same sample was tested using the variable angle

R, intensity (a. u.)
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Figure 4.5.5. Reflectance spectra measured using polarization-sensitive
variable angle spectroscopic ellipsometry method (VASE) in 20°-80° range
of angle of incidence (AOI) of microbumps array with period 700 nm in
50 nm thick gold film for p-polarized light when ¢=90°; b) The map of the
measured dispersion relation of the HLPs corresponds to the p-polarization.
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Figure 4.5.6. The theoretically calculated (solid lines) and the experimentally
measured data points (squares, circles, and triangles) of HLPP resonant
wavelength dependence on the angle of incidence, when the incident light is
p-polarized and ¢=90° (a), and when the light is s-polarized and ¢=0° (b).

spectroscopic ellipsometry method (VASE) (J. A. Woollam RC2
ellipsometer) in the spectral range of 210-1700 nm, when the angle of
incidence (AOI) was selected in the range of 20°-80°. The results are depicted
in Fig. 4.5.5. In this case, the measurements were performed using a light spot
size 250500 pm. It is about 10 times smaller compared to the beam spot size
(2x5 mm) used in the spectrophotometer measurements shown in Fig. 4.5.4.
The plasmonic dips in the VASE method are narrower compared to the
spectrophotometer method and can be lower than 10 nm width at half of the
maximum (Fig. 4.5.5 a). The narrowing of the plasmonic dip is related to the
used light spot size and suitable numerical aperture in the measurements [48],
the larger illuminated area includes more defects of the array which might
result in a larger FWHM. In Fig. 4.5.5 b, it is given the map of the measured
dispersion relation of the HLPs, which is determined by the interaction of in-
plane Bragg reflections with propagated surface plasmon resonance.
Compared with the local plasmons (LSPs), the hybrid lattice resonance has
dispersive nature because of the surface plasmon polaritons component.

As the narrow HLPR of the fabricated microbumps array has been
demonstrated only in one direction, the theoretical estimations were
performed based on the 1D grating theory. The resonant wavelength of surface
plasmons when 1D gold grating is in the air and the plane of light incidence
is perpendicular to the 1D grating lines (p-polarization) is expressed [207]:

A . - €Au
Ares = - sin@; +

, (4.12)



where A is the period of the grating; m is diffraction order; 6; is the incident
angle of light; &, is the dielectric constant of gold. This case matches the
sample rotated orthogonally to the grating lines, ¢=90°, Fig. 4.5.3 b.

Dispersion relation using Eq. 4.12 was performed. The real and imaginary
parts of refractive indexes of gold at different wavelengths were taken from
reference [209]. The theoretically resonant wavelengths A.s depending on the
incident angle 6; for p-polarization are represented by red and black solid lines
in Fig.45.6a. The experimentally measured hybrid lattice plasmon
resonances represented by data points in Fig. 4.5.6 a perfectly fit these curves
(red circles for m=- 1 and black squares for m=1).

Besides the HLPR at two different wavelengths, the third resonance was
observed for large incident angles at wavelength approximately equal to the
period of the grating (green circle in Fig. 4.5.4 b). These peaks appear when
the plane of the light incidence is inaccurately perpendicular to the laser
scanning direction during the measurements of the spectra. In this case, the
electric field vector can be divided into two orthogonal components (Ex and
Ey), therefore the HLPR is coupled with Ex and E, components. Ex is
perpendicular to the laser scanning direction and E, coincides with the laser
scanning direction (Fig. 4.5.7 a). The influence of E, components grows by
increasing the incident angle (Fig. 4.5.4 b). The peaks coupled with Ey are
wider (compared to the HLPR coupled with Ex) and occur only when the
incident angle is equal to or larger than 30°. When the sample alignment is
perfect with the grating lines, only one component of the electric field (Ex or
Ey) couples the HLPR. Hence, Ex matches p-polarized light (Fig. 4.5.7 b) and
E, - s-polarized light (Fig.4.5.7 c).
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Figure 4.5.7. a) Electric field vector (yellow arrow) when the alignment of
the vector does not fit the array in laser scanning direction; b) Electric field
vector p-polarization component that fits the laser scanning direction; c)
Electric field vector s-polarization component that fits the laser scanning
direction.
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Figure 4.5.8. Reflectance spectra of microbumps array with 700 nm period in
50 nm (black curves) and 25 nm (red curves) Au film for p-polarized light
when ¢=90° (a), s-polarized light when ¢=0° (b) and ¢=90° (c) at 8° AOI.

The resonant wavelength of hybrid lattice plasmons resonance when the
1D gold grating is in the air and the plane of light incidence is parallel to the
1D grating lines is expressed (s-polarization, the sample is rotated along the
grating lines, ¢=0°, Fig. 4.5.3 a) [207]:

A =y .
Ares = ia\jl n ZAu —sin?6;, (4.13)

Theoretical estimation using Eg. 4.13 is shown in Fig. 4.5.6 b. When the
incident light is s-polarized and the sample is rotated along the grating lines
(the laser scanning direction), only a single resonance peak is observed. The
resonance peak shifts toward shorter wavelengths by increasing the incident
angle 6; (Fig.4.5.4c). The measured resonance peaks (triangles in
Fig. 4.5.6 b) are in good agreement with the theoretical calculations.

When s-polarized light is parallel to the laser scanning direction (¢=90°),
the hybrid lattice plasmons resonances (HLPR) occur at the wavelength equal
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to the grating period for all angles of light incidence (Fig. 4.5.4 d). Since the
sample is rotated around the axis perpendicular to the laser scanning direction
(Fig. 4.5.3 a), the HLPR is independent of the incidence angle and the electric
field vector oscillates along the grating lines consisting of gold microbumps
having a period of 700 nm. In this case, the incident light satisfies the same
conditions as the incident light impinges normally to the surface (8i=0) where
the HLPR occurs at a wavelength equal to the grating constant [210]. The
period of the microbumps array determines the place of the HLPR in the
reflectance spectra. The deviation of HLPR by changing the light incident
angle in Fig. 4.5.4 d appears due to the imperfect alignment of the sample with
the grating lines.

The influence of gold film thickness on the HLPR was investigated by the
fabrication of gold microbumps grating in different gold films having 50 nm
and 25 nm thickness. The measured reflectance spectra for different samples
are shown in Fig. 4.5.8. Analysis indicates that the film thickness slightly
affects the HLPR of the fabricated structure, and the thinner film has lower
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Figure 4.5.9. Reflectance spectra of microbumps array with 600 nm period in
50 nm gold film for a) p-polarized and b, c) s-polarized light for ¢=90° (a, ¢)
and ¢=0° (b) with different AOI: 8° (black curves); 15° (red curves); 30° (blue
curves) and 45° (pink curves).
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Figure 4.5.10. Reflectance spectra of microbumps array with 900 nm period

in 50 nm gold film for a) p-polarized and b,c) s-polarized light when ¢=90°

(a, ¢) and ¢=0° (b). Spectra were measured for the different angles of light

incidence: 8° (black curves); 15° (red curves); 30° (blue curve) and 45° (pink

curve).

reflectance (red curve) compared to the thicker film (black curve). The HLPR
for 50 nm gold film (black curve in Fig. 4.5.8) is deeper, narrower, and
slightly shifted to the shorter wavelengths comparing to the HLPR for 25 nm
gold film (red curve in Fig. 4.5.8). These effects can be determined by the size
of the fabricated bumps and the space between them.

The period of the microbumps grating determines the place of the HLPR
in the reflectance spectra. This is perfectly seen in the reflectance spectra of
the gratings with a different period (Fig. 4.5.4 (700 nm), Fig. 4.5.9 (600 nm),
and Fig. 4.5.10 (900 nm)). All gratings were fabricated in a 50 nm gold film
using a single laser pulse with 1.5 nJ energy. The measured values of the
HLPR for the different period gratings are in good agreement with the
theoretical estimation.

The analysis of the reflectance spectra of the microbumps gratings with a
different period (Fig. 4.5.9 and Fig. 4.5.10) shows that the HLPR for 600 nm
is deeper and narrower compared with the HLPR of 900 nm period grating.
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By increasing the period, the FWHM (full width at half maximum) of HLPR
increases, and the amplitude decreases. For a 900 nm period grating, the
HLPR signal for s-polarized light (when ¢=90°) becomes very weak and
almost disappears (Fig. 4.5.10 c).

The reflectance spectra of gratings with a different period show that the
space between microbumps is crucial for the HLPR signal. The smaller the
grating period, the deeper and narrower the HLPR signal appears. Narrower
FWHM and larger reflectance amplitude are desired because a deeper and
narrower resonance dip allows efficient detection of the resonant shift [211].

Summary

The fabrication of large-scale (5x5mm?) gold microbumps gratings-
coupled hybrid lattice plasmon polaritons surface plasmon resonances (SPRs)
in the VIS-NIR range by using a direct laser writing technique was
demonstrated. The polarized reflectance and spectroscopic ellipsometry
measurements have shown that arrays gratings consisted of gold bumps
support hybrid lattice plasmon polaritons modes which are a result of
propagated surface plasmon resonance and in-plane Bragg reflections of the
grating. The HLPP modes exhibit a modified dispersion relation from the
conventionally propagated surface plasmon resonance. The coupling of in-
plane Bragg reflections with the propagated surface plasmon resonance leads
to ultra-narrow width of the hybrid plasmonic resonances which are
comparable with surface-resonances in purely dielectric structures with low
losses. The dependence of HLPR wavelengths on the incident angle was in
good agreement with theoretical consideration. The presented grating
fabrication method shows significant technological progress in the formation
of large-scale metallic arrays by using a laser-based technique and opens new
possibilities for plasmonic-based applications integrated photonic devices,
optical sensors, and nanolasers.
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5 MAIN RESULTS AND CONCLIUSIONS

The unambiguous experimental evidence of the strong coupling regime
in the hybrid TPP-SPP mode was demonstrated for the first time by
cutting the part of incident energy spectra with optical filters. Present
experimental studies have shown that if the investigated system is in
strong coupling this is always enough to excite only one component of
the hybrid excitation, for other to be generated.

The investigation of hybrid plasmonic modes under strong coupling
showed that compared to conventional reflection intensity methods, the
polarization states-based measurement techniques provide a more
detailed information about the mechanisms of strong coupling, as only
the polarization states where the strong coupling occur should be singled
out.

The analysis of the in-plane wave vector, which the plasmonics together
with TIRE method gives, allows one to obtain more sensitive optical
responses from ultrathin graphene-based hybrid nanostructures.
Widening of the TPP and the SPP resonances in the hybrid TPP-SPP
mode, with the single layer graphene on top of silver, indicates a
weakened coupling strength (~6%) between the two modes and the
decrease of the quality factor, where such reduction can be explained by
the conductivity changes of the silver-graphene/PMMA system.

The sensitivity of the SPP component of the hybrid TPP-SPP mode had
6.4 times higher sensitivity for BSA proteins adsorbed to the gold
surface, than the conventionally used SPR, because the energy losses,
experienced in metal, are reduce for the SPP component and as a result
the width of the resonance narrows.

The optical response of ellipsometric parameters W(A) and A(L) of the
modified QCM-D sensor chip, supporting Tamm plasmon polaritons and
cavity modes, exhibited a higher sensitivity to refractive index changes
compared with the conventional QCM-D sensor chip. The cavity mode
(321 nm/RIU) and TPP (352 nm/RIU) was 49 and 24 times more
sensitive, compared to the commercial QCM-D chip.

The Tamm plasmon polaritons showed 1.5 times higher sensitivity for
the biosensing application compared to the cavity mode. It can be
explained by the different origins of these excitations, where TPP is the
surface electromagnetic wave and the cavity mode is a bulk mode. These
differences in optical features of the TPP and CM excitations give
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additional advance, allowing to simultaneously determine whether bulk
or surface process is dominant.

The gold microbumps surface lattice arrays fabricated by cost-effective
large area (5x5 mm?) direct laser writing method allows to generate
narrow hybrid lattice plasmon resonances, compared to the single SPP
mode. The coupling of the in-plane Bragg reflections with the propagated
surface plasmon leads to ultra-narrow resonance (up to 10 nm width) that
are comparable by quality to the ones produced by lithography methods.
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6 SANTRAUKA
[VADAS

Pastaruosius  keleta mety placiai paplito fotony sgveikos su
nanostruktiiromis tyrimai, kurie yra potencialiis naujy prototipy, tinkamy
nanofotoniniams prietaisams, vystyme. Tokie tyrimai fotonikoje padeda
suprasti nanometry dydzio struktiirose susidarancius optinius suzadinimus bei
kaip tokiose nanostruktiirose optinis atsakas priklauso nuo jy dydzio, formos
ar periodiSkumo. Viena i$ nanofotonikos mokslo sri¢iy, kuriai skiriama daug
démesio, yra plazmony poliaritony tyrimai metalinése struktiirose. Plazmonai
yra kolektyvinés laisvyjy kriivininky metale osciliacijos. Sviesos saveika su
plazmony rezonansu metaly nanosandarose pradéti tyrinéti dél elektrinio
lauko lokalizavimo j tirius, mazesnius uz difrakcijos ribg, savybés [1].

Kuomet du plazmoniniai suzadinimai sgveikauja tarpusavyje, gali atsirasti
nauji fizikiniai reiskiniai. PanaSts, plaCiai tyrinéti sgveikos procesai yra
plazmony ir eksitony sgveika [2,3]. Ivairiuose emiteriuose, tokiuose kaip
eksitonai puslaidininkiuose, organiniuose dazuose ar fotochrominése
molekulése [4-7], gali vykti energijos mainai tarp pavir§inio plazmoninio
suzadinimo bei eksitono, jeigu Sie yra stipriosios sgveikos rezime. Dél §i0s
savybés, suzadinimai, esantys stipriojoje saveikoje, yra daug zadantys taikant
juos nanofotoninése sistemose naujos kartos plazmoniniams lazeriams
(SPASER) [8,9], didelio jautrumo optiniams biojutikliams [10], cheminiy
reakcijy valdymui [11,12], kambario temperatiros Bose ir Einstein‘o
kondensatui [8] bei kvantiniuose informacijos apdorojimo jtaisuose [13].
Taciau, stiprioji saveika gali buti aptinkama ir visiskai plazmoninése
nanofotoninése sandarose, kuriose du skirtingos ar vienodos prigimties
plazmoniniai suzadinimai stipriai sgveikauja vienas su kitu [14]. Pagrindiné
stipriosios sgveikos rezimo savybé yra energijos mainy tarp dviejy
plazmoniniy suzadinimy (ar plazmono ir eksitono) sparta, kur mainai jvyksta
per sistemos koherenti§kumo laika [15]. Tokia energijos mainy sparta virSija
slopinimo metale sparta, o dél Sios priezasties susidaro nauja hibridiné
plazmoniné moda. Taciau, pagrindinis skirtumas tarp plazmono-eksitono ir
plazmono-plazmono saveiky yra toks, kad plazmono-eksitono atveju sistema
suformuoja naujg hibridinj poliaritong, tuo tarpu plazmonas-plazmonas
savaime yra poliaritonas, kuris formuoja nauja poliaritoning biiseng, kurioje
abu pavieniy plazmony poliaritonai savaime yra sudétyje. Pagrindiné
stipriosios sgveikos rezimo savybé yra Zenkli poliaritono energijos lygmeny
kontrolé bei koherentiné, delokalizuota naujos poliaritono modos prigimtis
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[16,17]. Publikacijy, skirty stipriosios sgveikos rezimui tarp dviejy
plazmoniniy suzadinimy bei jy taikymams, skai¢ius yra gana mazas [18-20].

Sioje disertacijoje pristatomi tyrimai, skirti hibridiniy $§viesos-medziagos
sgveikos poliaritony mody gilesniam supratimui, kuriais siekiama
pademonstruoti jy svarba pradedant fundamentinémis savybémis ir baigiant
jy pritaikymu nanofotoninése struktiirose, minétose ankséiau. Siuose
tyrimuose pristatomas paprastas metodas, taikant optinius filtrus, kuriuo
pirma karta eksperimentiskai pademonstruota stiprioji sgveika hibridinése
Tamm‘o ir pavirSiniy plazmony poliaritony (trump. TPP-SPP) modose (4.1
skyrius). Taip pat, buvo parodyta, kad dél stipriosios sgveikos tarp hibridinio
plazmoninio suzadinimo TPP ir SPP komponenéiy sistema jaucia grafeno
monosluoksnj, nusodintg ant metalo pavirSiaus (4.2 skyrius). Hibridinés
plazmoninés modos sgveikos stiprumo keitimas tarp grafeno monosluoksnio
ir PMMA sluoksnio, esan¢iy ant nanofotoninés-plazmoninés struktiiros,
leidzia charakterizuoti grafeno optines savybes.

Kitose Sios disertacijos dalyse pristatomas hibridiniy poliaritoniniy
suzadinimy taikymas biojutikliams. Buvo tiriama optimizuoto jautrumo
hibridinio TPP-SPP suzadinimo sistema, kuri buvo lyginama su pavienio SPR
moda, ant jutikliy aukso pavir§iaus formuojant BSA baltymo sluoksnj (4.3
skyrius). Hibridiniy TPP-SPP bei pavieniy SPR suzadinimy dispersiniai
sgrySiai buvo naudojami hibridinés TPP-SPP modos sustiprintam
elipsometriniy parametry jautrumui paaiskinti. Taip pat, buvo pademonstruota
nebrangiai pagaminama 1D plazmoniné fotoniné struktiira Uzauginta ant
komercinio kvarco kristalo mikrobalanso (QCM-D) jutiklio. Tokioje
struktiiroje generuojami Tamm‘o plazmonai ir rezonansinés (angl. cavity
mode) modos, kuriy déka sustiprinamas optinis signalas kombinuotame
spektrinés elipsometrijos ir kvarco kristalo mikrobalanso metode (4.4
skyrius).

Pabaigoje, skyriuje 5.5, pademonstruotas tiesioginio lazerinio rasymo
biidu pagamintas didelio ploto mikrogumby gardeliy masyvas, kuriame
generuojami hibridiniai gardeliy plazmonai poliaritonai (trump. HLPP)
regimojo ir artimojo infraraudonyjy spinduliy spektro ruoZuose. Siose
struktiirose Zadinami siauri rezonansai su mazais energijos nuostoliais rodo
potencialy tiesioginio lazerinio raSymo metodo, kaip pigaus, greito ir didelj
plota apimanéio, poveikj kuriant norimy optiniy savybiy integruotus
fotoninius prietaisus. Toks HLPP rezonansy pritaikymas, kartu su stipriosios
sgveikos rezimu juose, lemia sumaZzéjusius nuostolius, 0, dél Sios prieZasties,
ir padidéjusj pavirSinés bangos sklidimo nuotolj bei pageréjusj tokiy
plazmoniniy suzadinimy koherentiskuma, ir zada pazangias optines savybes.
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TIKSLAI

Sioje disertacijoje pristatomy tyrimy tikslas buvo istirti optinj atsaka

jvairiuose hibridiniuose plazmoniniuose suzadinimuose, tokiuose kaip SPP,
TPP ir HLPP. Pagrindinis Siy tyrimy objektas buvo hibridiniy TPP-SPP mody
Zadinimas, taikant visiSkojo vidaus atspindzio elipsometrija (trump. TIRE) bei
iy mody taikymas biologiniy molekuliy detekcijai. Ypac¢ isskiriant tokius
tyrimus, kaip:

Optiniy filtry metodo pritaikymas, panaudojant filtrus daliai Zadinancios
Sviesos spektro nufiltruoti, taip, kad matuojamas spektras biity padalintas
1 dvi dalis, kur kiekviename ruoze krintancia Sviesa biity zadinama tik
viena hibridinés TPP-SPP modos komponenté. Toks metodas leidzia
eksperimentiskai tirti stipriosios sgveikos savybes.

Stipriosios sgveikos poky¢iy tarp TPP ir SPP komponen¢iy hibridinéje
TPP-SPP modoje dél grafeno monosluoksnio, esanéio tarp PMMA ir
sidabro sluoksniy, kuriuo biity galima valdyti daugiasluoksnés sistemos
laidumg bei TPP ir SPP suzadinimy optinés dispersijos kreives, tyrimas.
Hibridiniy TPP-SPP mody taikymas padidinto jautrumo biojutikliams ir
ju palyginimas su placiai taikomu pavieniu SPR jutikliu. Dél stipriosios
sgveikos pakitusi optiné dispersija, galéty buti taikoma hibridiniy TPP-
SPP mody optimizavimui bei elipsometriniy parametry TIRE
konfigtiracijoje jautrumo kontrolei.

Pritaikyti 1D fotonines plazmonines nanostruktiiras, suformuotas ant
komercinio QCM-D jutiklio, kuriose gali biti generuojami Tamm‘o
plazmonai poliaritonai bei rezonansinés modos, optinio signalo
sustiprinimui  kombinuotame spektrinés elipsometrijos bei kvarco
kristalo mikrobalanso metode.

Pritaikyti aukso mikrogumby gardeliy masyva, pagaminta tiesioginio
lazerinio ra§ymo biidu, hibridiniy gardeliy plazmoniniy rezonansy, kurie
pasiZzymi itin siaurais ploc¢iais, palyginamais su litografijos metodais
pagaminty gardeliy rezonansy kokybe, generavimui.

UZdaviniai tikslams pasiekti:

ISvystyti paprasta eksperimentinj metoda, kuriame taikant optinius
filtrus, dalis krintancios S§viesos spektro nufiltruojama taip, kad biity
zadinama tik viena hibridinio TPP-SPP suZadinimo komponenté.
Naudojant fotoninio kristalo/aukso struktiirg, suzadinti visg hibridinés
TPP-SPP modos bei dalj jos (tik TPP ar SPP) spektry visiskojo vidaus
atspindzio elipsometrijos konfigtiracijoje.

108



Istirti stipriosios sgveikos jtakg hibridinio TPP-SPP suzadinimo optinei
dispersijai, atskiriant TPP ir SPP Sakas hibridinio suzadinimo dispersijy
kreivése.

Palyginti grafeno monosluoksnio jtaka pavieniy Tamm‘o plazmony
poliaritony kintamo kampo spektrinés elipsometrijos optiniam atsakui su
hibridiniy TPP-SPP mody, esanciy stipriosios sgveikos rezime, TIRE
optiniu atsaku.

Isvystyti 1D fotoninio kristalo/sidabro/grafeno/PMMA daugiasluoksnés
struktiiros optinj modelj, aprasantj hibridiniy TPP-SPP mody stipriaja
sgveikg ir zadinima.

Pritaikyti hibridinius TPP-SPP kaip jutiklio zondg, juos panaudojant
GCSF receptoriaus imobilizavimo bei BSA baltymy sluoksnio
formavimosi ant aukso pavirSiaus tyrimams. Taip pat palyginti iy mody
elipsometriniy parametry jautruma su paviene SPR moda.

Atlikti 1D plazmoninés nanofotoninés struktiiros, palaikanc¢ios TPP ir
rezonansines modas, kurios gali buti generuojamos ant modifikuoto
QCM-D jutiklio, skaitmeninius modeliavimus.

Palyginti suformuoto baltymy sluoksnio ant modifikuoto QCM-D
jutiklio, kuriame generuojamos TPP ir rezonansinés modos,
elipsometriniy parametry W(X) ir A(A) jautrumus su tradiciniu QCM-D
jutikliu kombinuotame SE ir kvarco kristalo mikrobalanso metode.
Pamatuoti aukso mikrogumby hibridiniy gardeliy plazmony
elipsometriniy parametry optinj atsakg ir charakterizuoti optines
dispersijos bei rezonansy savybes.

Paaiskinti HLPP rezonansy, pagaminty tiesioginio lazerinio raSymo
biidu, fizikinj principa.

MOKSLINIS NAUJUMAS

Sioje disertacijoje atlikti eksperimentiniai tyrimai yra $iuo metu sparciai

besivystan¢ioje plazmonikos ir nanofotonikos, nagringjancios rezonansing

fotony sgveika su nanostruktiiromis, srityje.

Pagrindinis Sio darbo naujumas yra pirmg karta pademonstruotas

eksperimentinis stipriosios sgveikos tarp TPP ir SPP suzadinimy hibridinéje

TPP-SPP modoje rezimas, derinant krintancios $viesos spektra optiniy filtry
pagalba. EksperimentiS8kai buvo jrodyta, jeigu viena hibridinés modos
komponenté¢ yra suzadinama ties jos rezonansiniu dazniu, kita taip pat
egzistuos ir galés biiti valdoma per stipriosios sgveikos tarp TPP ir SPP
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rezimg. Energijos mainai tarp TPP ir SPP komponenciy demonstruoja
hibridiniy TPP-SPP mody taikymo integruotos fotonikos jtaisuose potenciala.

Plazmoniniy strukttiry, pagristy stiprigja saveika, tyrimy fone, grafeno
monosluoksnio jtaka sidabro laidumui parodé, kad stiprioji saveika ir
elektrony, dalyvaujanciy hibridiniy plazmoniniy suzadinimy saveikoje,
koncentracija galéty buti apibudinta kaip kokybés rodiklis, leidziantis valdyti
tiriamy nanostruktiiry opting dispersija.

Darbe buvo parodyta, kad hibridiniy TPP-SPP bei pavieniy TPP
suzadinimy taikymas biomolekuliy jutikliams leidzia sustiprinti sistemos
optinj atsaka. Hibridiniai TPP-SPP suZadinimai ir stipriosios sgveikos rezimas
buvo pirmg kartg panaudoti biologiniy molekuliy detekcijai. Buvo nustatyta,
kad hibridiniy plazmoniniy mody jautrumas gali biti kontroliuojamas
naudojant stipriosios sgveikos tarp TPP ir SPP komponenciy efekta. Toks
pritaikymas sumaZzina energijos nuostolius metale, kuriuos patiria SPP
komponenté, todél plazmoninis rezonansas susiauréja. Buvo pastebéta, kad
ant jutiklio pavirSiaus formuojant BSA baltymy sluoksnj optimizuota
hibridinés TPP-SPP modos sistema pasizyméjo didesniu jautrumu nei jprastai
naudojamo SPR jutiklio. Tamm‘o plazmony poliaritony optinés dispersijos
savybé, kuomet laisvoje erdvéje krintancios Sviesos bangos vektorius yra
visuomet didesnis uz TPP bangos vektoriy ir TPP galima Zadinti tiesiogiai
nenaudojant prizmés, suteikia galimybe padidinti jutiminio pavirSiaus
spektrinés elipsometrijos optinio signalo jautrumg, nenaudojant visiskojo
vidaus atspindzio konfigiiracijos. Kiek yra Zinoma, tai pirmas kartas, kuomet
Tamm‘o plazmonai poliaritonai ir rezonansinés modos buvo tirti ir taikyti
kombinuotame spektrinés elipsometrijos bei kvarco kristalo mikrobalanso
metode, sustiprinto elipsometriniy parametry signalo nuskaitymui.

Tiesioginis lazerinis raSymas buvo pritaikytas metalo mikrogumby
gardeliy masyvo, kuriame galima zadinti hibridinius gardeliy plazmony
poliaritonus, gamybai. Sie hibridiniai plazmoniniai suzadinimai susidaro dél
sklindanéio pavir§inio plazmono rezonanso ir nuo mikrogumby ploks$tumoje
susidaran¢iy Bragg‘o atspindziy saveikos. HLPP modos, lyginant su SPP,
pasizymi pakitusiu dispersiniu sarySiu. Bragg‘o atspindziy sgveika su
sklindanéiu pavirSiniu plazmonu poliaritonu lemia itin siaurg HLPP rezonanso
plotj, kuris dydziu palyginamas su pavir§inémis bangomis, pasiZyminciomis
mazais nuostoliais — generuojamomis dielektrinése struktiirose, ar litografijos
blidu pagaminty struktiiry plazmoniniais suzadinimai. Pademonstruotas
gardeliy masyvo gamybos metodas rodo svarby technologinj progresa didelio
ploto metaliniy gardeliy formavimo, taikant tiesioginj lazerinj raSyma,
vystyme ir atveria naujus taikymus plazmoniniais suzadinimais grjstiems

integruotos fotonikos jtaisams, optiniams jutikliams bei nanolazeriams.
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PRAKTINIS PRITAIKYMAS

Optiniy filtry metodo spektriniuose matavimuose pritaikymas plazmoniniy
rezonansy saveikos analizei, leidzia eksperimentiSskai nustatyti stipriaja
sgveika tarp dviejy ar daugiau plazmoniniy suzadinimy. Apibendrinant, Si
metodika yra tinkama jvairioms nanofotoninéms strukttiroms, gebancioms
generuoti pavirSines rezonansines blisenas stipriojoje saveikoje.

Hibridiniy plazmoniniy mody panaudojimas stipriosios saveikos rezime
leidzia sumazinti plazmoniniy rezonansy sklidimo nuostolius ir pagerina jy
kokybeés faktoriy, todél padidéja plazmoniniy biojutikliy optinio signalo
atsako jautrumas.

Tamm‘o plazmony poliaritony optinés dispersijos savybé, kuomet Sias
biisenas galima suZadinti laisvoje erdvéje krintancia Sviesa, nes jos bangos
vektorius yra visuomet didesnis uz Tamm‘o bangos vektoriy, suteikia
galimybe sustiprinti elipsometriniy parametry optinio atsako jautruma
kombinuotame spektrinés elipsometrijos ir kvarco kristalo mikrobalanso
metode, todél nereikia naudoti visisko vidaus atspindzio konfigairacijos.

Taikant tiesioginio lazerinio raS§ymo metoda, buvo pademonstruota, kad
galima pagaminti didelio ploto metalo submikroninio periodo gardeliy
masyvus, pasizymincius itin aukstos kokybés plazmoniniais rezonansais,
kurie palyginami su rezonansais, gaunamais tradiciniais litografijos metodais
pagamintose struktiirose, todél taikant tiesioginio lazerinio raSymo metoda
gali biiti sumazinti gamybos kaStai ir sutrumpintas tokiy nanostruktiiry
gamybos laikas.

GINAMIEJI TEIGINIAI

e Jei nanofotoninés-plazmoninés strukttiros suzadinimai yra stipriosios
saveikos rezime, pakanka Zadinti tik vieng plazmoninio suzadinimo
komponentg, kad buity generuojama visa hibridiné plazmoniné moda, nes
abi hibridinés plazmoninés biisenos dispersinés $akos yra neatsiejamai
susietos tarpusavyje.

e Stiprioji sgveika tarp TPP ir SPP sumazina sklidimo nuostolius metale
(auksas, sidabras) ir susiaurina plazmoninio rezonanso plotj, dél ko
optinio signalo jautrumas ltzio rodiklio pokyc¢iams jutiklio pavirsiuje
padidéja.

e TPP ir rezonansinégs modos, generuojamos 1D plazmoningje
nanofotoningje struktiiroje, pagamintoje ant standartinio QCM jutiklio,
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sustiprina elipsometriniy W(L) ir A(\) parametry optinio signalo atsaka
kombinuotame SE-QCM metode.

e Aukso mikrogumby gardeliy masyvuose, pagamintuose tiesioginio
lazerinio raSymo budu, galima zadinti siaurus hibridiniy gardeliy
plazmony rezonansus, pasiZymincius maZesniais nuostoliais bei
modifikuotomis dispersinémis savybémis.

Autoriaus jnasas

Sio darbo autorius atliko visus elipsometrijos matavimus, pateiktus
mokslinése publikacijose, pristatomose Sioje disertacijoje bei dalyvavo
grafeno, naudoto stipriosios sgveikos hibridinéje TPP-SPP modoje, Ramano
spektroskopijos matavimuose. Taip pat, atliko realaus laiko baltymy kinetiky
matavimus baltymy imobilizacijos bei baltymy sluoksnio formavimo procesa.
Autorius parengé 1-3 numeriais sgraSe pazymétas publikacijas, taip pat
prisidéjo prie 4, 5 publikacijy rengimo bei recenzavimo proceso.

LITERATUROS APZVALGA

Siame skyriuje pateikiama literatiros apZvalga su disertacijoje
pristatomais darbo tikslais ir uzdaviniais susijusiomis temomis. Literatiiros
apzvalgos skyrius suskirstytas j tris poskyrius, kuriuose aptariami stipriosios
sgveikos reiskiniai, fotoniniy kristaly savybés bei plazmoniniai reiskiniai.

Poskyryje 2.1 supazindinama su stipriosios sgveikos reiskiniu jvairiose
sistemose: plazmonas-eksitonas, rezonansiné moda-eksitonas, atomo, jterpto
rezonatoriuje, sgveika bei plazmonas-plazmonas. Aprasoma dviejy
osciliatoriy sgveika ir sgveikos stiprumo kiekybinis jvertinimas.
Analizuojamas stipriosios sgveikos reiSkinys, susidarantis tarp dviejy (ar
daugiau) sgveikaujanciy osciliatoriy, kuriy sgveika yra tokia stipri, kad $iy
osciliatoriy energijy lygmenys pakinta, lyginant juos su pradiniais pavieniy
osciliatoriy lygmenimis. Tuomet, osciliatoriy sistema, esanti stipriojoje
saveikoje, tampa hibridine, o energijos mainai tarp osciliatoriy vyksta
grei¢iau, nei laikas per kurj hibridiné sistema patiria nuostolius. Tokie
reiSkiniai yra itin patraukliis, norint $iuos suzadinimus panaudoti plazmoniniy
lazeriy (trump. SPASER) taikymuose, integruotuose fotoniniuose jtaisuose ar
cheminiy reakcijy valdyme.

Poskyryje 2.2 yra pateikiamos 1D periodiniy struktiry, vadinamy
fotoniniais kristalais (trump. PC), savybés. Tokiose struktiirose lizio rodiklis
kinta viena kryptimi, o kitomis dvejomis yra homogeninis. Trumpai
pristatomas fotoninés draustinés juostos, kurioje tam tikros energijos fotonai
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nepraleidziami per struktiirg, susidarymo mechanizmas. Tokios fotoninés
struktiiros yra aktualios siekiant Zadinti Tamm‘o plazmonus poliaritonus
(trump. TPP), kurie aprasomi 2.3.1 skirsnyje.

Paskutiniame literatiiros apzvalgos poskyryje (2.3 poskyris) aprasomi
pavirSiniai plazmoniniai suzadinimai: Tamm‘o plazmonai poliaritonai,
pavirSiniai plazmonai poliaritonai (trump. SPP), hibridinés Tamm‘o-
pavirsiniy plazmony poliaritony biisenos (trump. TPP-SPP) bei hibridiniai
gardeliy plazmony poliaritonai (trump. HLPP). Skirsnyje 2.3.1 apibuidinami
TPP biiseny zadinimo principai, §iy biseny optinés savybés bei jy dispersiniai
sarysiai. Tamm‘o plazmonai yra pavir§inés bangos susidaran¢ios metalo ir 1D
PC sandiiroje. Tamm‘o plazmonai gali biiti Zadinami tiesiogiai krintancia
§viesa ir jy generavimui néra reikalingos prizmés. Taip yra dél to, kad laisvoje
erdvéje sklindancios $viesos bangos vektorius yra visuomet didesnis nei TPP.
Tuo tarpu, pavirsiniy plazmony poliaritony (2.3.2 skirsnis) bangos vektorius
visuomet yra didesnis nei laisvoje erdvéje sklindancios bangos, todél tokioms
bangoms Zzadinti naudojamos prizmés bangos vektoriui padidinti. O
panaudojus TPP struktiira su SPP Zadinimo konfigiiracija, galima generuoti
hibridinius TPP-SPP suzadinimus (aprasomi 2.3.3 skirsnyje), kuriuose, esant
tam tikroms salygoms, gali bti stipriosios sgveikos reZimas. Taip pat, Stiprioji
sgveika gali buti hibridiniy gardeliy plazmony poliaritony suzadinimuose,
kurie susidaro periodinése gardeliy struktirose, apraSomose 2.3.4 skirsnyje.

METODAI

Siame skyriuje apraSomi disertacijos tyrimuose taikyti metodai ir jy
principai.

Poskyryje 3.1 pristatomi taikyti optiniai poliarizuotos $viesos matavimo
metodai: spektriné elipsometrija (trump. SE) bei visiskojo vidaus atspindzio
elipsometrija (trump. TIRE), kuriais matuojamas p ir s poliarizacijy biiseny
intensyvumy santykis (elipsometrinis parametras V) bei faziy skirtumas
(elipsometrinis parametras A). Darbe naudoti du kintamo kampo spektrinés
elipsometrijos jtaisai — gamintojo J. A. Woollam ,M-2000X* ir ,,RC2“
modeliai, kuriy matuojamas spektro ruozas atitinkamai yra 245-1000 nm ir
210-1700 nm, 0 matuojamy kampy ruozas 45°-90° ir 20°-90°.
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Sioje disertacijoje aprafomy tirty fotoniniy-plazmoniniy struktiiry
gamybos metodai pateikiami 3.2 poskyryje. Daugiasluoksnés fotoninés
struktiiros su plonais metaly sluoksniais buvo gaminamos jony pluosto
dulkinimo ir magnetroninio dulkinimo metodais (3.2.1 skirsnis). Fotoniniai
kristalai buvo gaminami i§ TiO; (60 nm)/ SiO, (110nm) 6 bei 10
dvisluoksniy, atitinkamai dengiamy ant BK7 ir kvarco monokristalo/aukso
padékly. Taip pat buvo pagamintas 6 TiO. (120 nm)/SiO, (200 nm)
dvisluoksniy fotoninis kristalas. PC strukttiros buvo padengiamos 40 nm Au
ar Ag sluoksniu. Periodiniy gardeliy masyvo, taikomo hibridiniams gardeliy
plazmony rezonansams generuoti, gamybai buvo naudojamas tiesioginio
lazerinio raSymo metodas, kuris placiau aprasomas 3.2.2 skirsnyje.

Nanofotoniniy struktiiry charakterizavimo metodai, taikyti $iame darbe, ir
rezultatai pateikti 3.3 poskyryje. Grafeno, naudoto stipriosios sgveikos
tyrimams, sluoksnis charakterizuotas taikant Ramano spektroskopijos metoda
(3.3.1 skirsnis), i kurio nustatomas 2D ir G linijy intensyvumo santykis. I$
Sio santykio buvo patvirtinta, kad ant sidabro pavirSiaus yra nusodintas
grafeno monosluoksnis (lgpy/l)=2.4). Taip pat, suformuotos struktiros
charakterizuotos skenuojanéiu elektrony mikroskopu (SEM), kur 1D
fotoninio kristalo su plonu Ag sluoksniu skerspjtivio mikroskopiné nuotrauka
pateikta 1 pav. I§ SEM mikroskopiniy nuotrauky jvertintos ruo$iniy strukttiros
bei sluoksniy storiai. Remiantis mikrogumby gardeliy masyvy SEM
matavimais (2 pav.) nustatytas 700 nm mikrogumby gardeliy periodas,
400 nm gumbo plotis ir ~90 nm gumbo aukstis.

P()l‘étgls Si102 : 1 ~40 nm
v e %99 10519 oy ’l”"-'.f/"(:-'-"'ii‘""-“ oo -

PR ey 3v. t PL e '.'(\I P KT £ -
TiO2 |
v & NP ,::_‘,.:,360-nm--, T TSN
~110 nm

1 pav. Fotoninio kristalo su 40 nm sidabro sluoksniu skerpjivio SEM
mikroskopiné nuotrauka.
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Lazerio skenav1mo kryptis

ANANANAAANAAnn
&~~«~a~n~~~n~~~nqn~~~~~~aqn~s
NARARAAAARAAAAAAARAAANAANSASSAA
AANNANANANARN NN,
e A S Tatmena 1Az,
fndindindindindie e o B R R T N ey
e e R R NP
SANAAANANAANANANAAARNANASANRA LS A
AANAARNAANAARNAAAARARANAAANNAN
Bl e e e e R N N PPN
ANANANAN O
ARANAAARSASAAAA AN AN
el e e e R R T R N
AANRAANAARARAAAR AR AN AN

NANARAAARAAAAAARNANAR ANy
NANAAAAAAARAANA A AN
el e e B e NP NN
NANAAANAAARRARNRARAAR AN AN A
SAANANANAANAAAAAAAAAAAAAAD e
r g | m i -19,1654 —sin———

2 pav. Mikrogumby SEM mikroskopinés nuotraukos. Gumbo plotis 400 nm,
0 spindulio plotis atitinka 1000 nm (kairé). Gardelé tvarkingai i$sidés¢iusi
lazerio skenavimo kryptimi (desSiné).

Baltymy sluoksniy formavimo principai pristatomi 3.4 poskyryje. Cia
aprasomi GCSF receptoriaus bei BSA baltymy sluoksniy adsorbcijos, prie
savatvarkiu monosluoksniu (SAM) modifikuoto Au pavirSiaus, metodai bei
apraSomi aukso pavir$iaus paruo$imo, baltymy aktyvavimo bei adsorbcijos
procesai.
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REZULTATAI

Ketvirtajame skyriuje yra pateikiami §io darbo rezultatai. Skyrius yra
suskirstytas j 5 poskyrius, kuriuose analizuojami: stiprioji sgveika hibridinése
Tamm‘o plazmony-pavirSiniy plazmony poliaritonuose, hibridiniy TPP-SPP
mody taikymas biojutikliuose, biojutikliy optinio signalo stiprinimas,
panaudojant TPP ir rezonansines modas bei hibridiniy gardeliy plazmony
rezonanso reiskinys aukso mikrogumby gardeliy masyvuose.

Tyrimuose, apraSomuose 4.1 poskyryje, buvo eksperimentiSskai parodyta
hibridinio TPP-SPP plazmoninio suzadinimo stiprioji sgveika tarp TPP ir SPP
komponenciy, panaudojant optinius filtrus, Kkuriais nufiltruojama viena
hibridinio suzadinimo komponenté (arba TPP, arba SPP). Filtrai visiskojo
vidaus atspindzio elipsometrijos schemoje (3 pav.) buvo jterpiami tarp Sviesos
Saltinio ir bandinio, o filtry pralaidumo spektrai parenkami taip, kad pilnai
i$filtruoty vieng komponente, taciau kita komponenté bty praleidziama.
Tamm‘o plazmono poliaritono komponentei nufiltruoti buvo pasirinktas
Schott OG 590 (F1), o SPP komponentés pasalinimui — Schott VG 14 (F2)
filtrai. Pradzioje pamatuoti spektrai be filtry, o véliau atlikti matavimai
nufiltruojant vieno suzadinimo dispersijos $akg, o kita zadinant. Nustatyta,
kad su F1 ir F2 filtrais nufiltruoti TPP ir SPP komponenciy spektrai, esanciy
atitinkamai 533 nm ir 641 nm, atkartoja pilng hibridinio TPP-SPP suzadinimo
spektra (4 pav. virSuje). Jeigu energijos mainai tarp dviejy osciliatoriy jvyksta
greiCiau, nei kad sistema patiria energijos nuostolius metale, tuomet tokia
sistema yra stipriojoje saveikoje. Tokiomis salygomis suzadinimy energijos
vertés pasislenka, lyginant su pradinémis jy vertémis, o suzadinimas tampa

3 pav. Visiskojo vidaus atspindZzio elipsometrijos schema, hibridiniy TPP-
SPP mody stipriosios sgveikos tyrimams, taikant filtry metoda.
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4 pav. Hibridinio TPP-SPP suzadinimo be ir su F1, F2 filtrais atspindzio
spektrai (virSuje) ir dispersinis sarysis (iStisinés linijos ir apskritimai) bei
pavieniy TPP ir SPP buseny dispersija (briik$ninés linijos) (apacioje).

hibridiniu ir jo rezonansy tarpusavio sgveika yra neatskiriamai susieta. Todél,
su F1 ir F2 filtrais matuoti dispersiniai sarySiai atitinka pilng hibridinés TPP-
SPP modos dispersija, taip kaip pavaizduota 4 pav. apacioje. Suskai¢iavus
pavieniy suzadinimy dispersinius sgrysius (brtik$ninés linijos 4 pav. apacioje),
matyti, kad ties kreiviy susikirtimo vieta Rabi energijy tarpas tarp TPP ir SPP
komponenciy hibridiniame TPP-SPP suzadinime yra lygus 105 meV.

117



Stiprioji sgveika tarp dviejy rezonansy bus tuomet, kai sgveikos stiprumo
dydis g bus didesnis uz Ya(yity2), kur y1 ir y» yra rezonansy plociai pusés
maksimumo aukstyje (trump. FWHM). Sioje hibridingje sistemoje didziausia
sgveikos stiprumo verté (g =0.22eV) buvo ties pavieniy TPP ir SPP
rezonansy susikirtimo taSku. Taip pat, svarbu paminéti, kad analizuojant
stiprigja saveika, hibridiniuose TPP-SPP suzadinimuose, analize¢ reikéty atlikti
TM poliarizacijoje, nes TE poliarizacija nedalyvauja sgveikoje su pavirSinio
plazmono poliaritono komponente. Taigi, matuojant bendra atspindZio
intensyvuma TE komponenté iskraipo hibridinés modos atspindzio spektra,
todél rezonansy plociai ir energijos gali biiti jvertinami nekorektiskai.

Toliau, 4.2 poskyryje analizuojama grafeno monosluoksnio jtaka
hibridinés TPP-SPP modos saveikos stiprumui. Darbe tirta fotoninio kristalo
su sidabro sluoksniu struktoira, ant kurios (sidabro pavirSiuje) nusodintas
grafenas/PMMA. Struktiiry charakterizavimui ir optinio atsako matavimui
taikyti VASE, TIRE, Ramano spektroskopijos ir SEM matavimy metodai.
Tokia fotoniné-plazmoniné struktiira su grafeno monosluoksniu stipriojoje
sgveikoje yra patraukli dél jose Zzadinamy hibridiniy TPP-SPP mody
potencialaus pritaikymo optiniuose jutikliuose bei integruotuose optiniuose
grandynuose. Todél, buvo pasirinkta iSanalizuoti kokia jtaka stiprigjai
sgveikai daro grafenas (SLG) ir PMMA sluoksniai. Pradzioje jvertinta SLG ir
PMMA jtaka pavienio TPP modai, kur PC/Ag strukttros sidabro pavirsiy
padengus PMMA ir SLG/PMMA sluoksniais buvo nustatytas atitinkamai
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5 pav. Eksperimentiniai elipsometriniy ¥ ir A parametry spektrai PC/Ag,
PC/Ag/PMMA ir PC/Ag/Gr/PMMA struktiiroms.
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1nm ir 3nm Tamm‘o plazmono poliaritono modos poslinkis. Taip pat,
tinkinant TPP optinio atsako spektrus, nustatytas 90 nm SiO. sluoksnio
porétumas (~30% oro) ir PMMA sluoksnio (~10 nm) bei 0,8 nm SLG (~1-2
grafeno sl.) storiai. Hibridiniy TPP-SPP mody TIRE matavimai buvo atlikti
naudojant fokusavimo optika, kur ant prizmés pagrindo krintanc¢io spindulio
diametras yra ~250-300 um. TIRE matavimai atlikti ties 47,5° $viesos kritimo
kampu (5 pav.) ir palyginti tarp PC/Ag, PC/Ag/PMMA ir PC/Ag/SLG/PMMA
struktiiry, o 1§ §iy matavimy buvo nustatyti saveikos stipriai. Nuo pradinés
PC/Ag struktiros, kurios g=0,33 eV, uzneSus 10 nm PMMA sluoksnj,
sgveikos stipris sumazéja iki 0,32 eV, o ant Ag pavirSiaus uZneSus
SLG/PMMA, jis sumazgja iki 0,31 eV. Svarbu paminéti, kad hibridinio TPP-
SPP suzadinimo SPP komponenté yra jautresné lizio rodiklio pokyciams prie
metalo pavirSiaus, tuo tarpu TPP komponentés optinio atsako pokytis vyksta
dél saveikos stiprumo pokyciy tarp abiejy hibridinio TPP-SPP suzadinimo
komponenciy. Taip pat, grafeno ir PMMA sluoksniy jtaka saveikos stiprumui
buvo analizuota i§ modeliuoty dispersiniy sarysiy (6 pav.), i$ kuriy nustatyta
sgveikos stiprumo mazéjimo tendencija ant Ag pavirSiaus uznesus grafeng.
Ant Ag pavirsiaus uznestas SLG/PMMA lemia TPP ir SPP komponenciy
rezonansy iSplitima, kuris jvyksta dél sumazéjusio saveikos stiprumo, t. y.
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6 pav. Modeliuoti hibridiniy TPP-SPP mody dispersiniai sarySiai PC/Ag (a),
PC/Ag/SLG (b), PC/Ag/PMMA (c) ir PC/Ag/SLG/PMMA (d) struktiirose.
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suzadinimams padidéjusiy nuostoliy. Toks iSplitimas gali biiti paaiskintas
laidumo ant sidabro pavirSiaus poky¢iu.

Hibridiniy Tamm‘o-pavirSiniy plazmony poliaritony, esanciy stipriojoje
saveikoje, taikymas biojutikliams pristatomas 4.3 poskyryje. Biologiniy
molekuliy detekcijai skyscCiuose placiai naudojamas pavirSiaus plazmony
rezonanso (trump. SPR) metodas. Taciau, $iy rezonansy jautrumo padidinimo
galimybés yra ribotos, nes rezonanso plotis yra didelis dél sugerties ir sklaidos
nuostoliy metale. Plazmonais grjsty biojutikliy jautrumas gali biti padindintas
sumazinus energijos nuostolius metale, 0 tai galima padaryti panaudojus
stipriajg sgveikg hibridinése TPP-SPP modose.

Siuose tyrimuose hibridiniai TPP-SPP suzadinimai pritaikyti prie metalo
pavirSiaus adsorbuoty biologiniy molekuliy detekcijai, 0 gauti rezultatai
palyginti su tradiciniu SPR suzadinimu. Pradzioje atlikti GCSF receptoriaus
imobilizavimo prie jutiklio pavirSiaus TIRE matavimai tiek su SPR, tiek su
TPP-SPP modas generuojanéiais jutikliais. Sviesos kritimo kampas SPR ir
TPP-SPP suzadinimams atitinkamai buvo 70° ir 62,5°. Hibridiniy TPP-SPP
mody jautrumo parametrams jvertinti Sistema buvo optimizuojama, parenkant
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7 pav. Elipsometriniy parametry a) W(A) ir b) A(A) pavieniam SPR bei ¢) ¥())
ir d) A(A) hibridinei TPP-SPP modai spektrai pries (1) ir po (2) BSA
imobilizavimo.
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Sviesos kritimo kampg tokj, kad SPP komponentés rezonanso minimumas
buty kuo gilesnis, t. y. krintancios §viesos bangos vektorius kiek jmanoma
labiau sutapty su laisvy elektrony osciliacijos energija. Atliekant BSA
baltymy adsorbcijos prie pavirSiaus TIRE matavimus, kritimo kampas SPR ir
TPP-SPP modoms atitinkamai buvo 70° ir 64,6°. Pagamintos PC/Au
strukttiros aukso pavirSius buvo paruostas, kad ant jo pavirSiaus galéty vykti
BSA molekuliy adsorbcija. Jleidus 100 ug/mL BSA baltymy, esan¢iy pH=7,4
terpéje, tirpala buvo matuojamas elipsometriniy parametry signalo pokytis (7
pav.), kuris taip pat buvo lyginamas su SPR signalu. Nustatyta, kad hibridinio
TPP-SPP suzadinimo SPP komponentés jautrumas buvo didesnis nei pavienio
SPR. Dél sgveikos stiprio kitimo, buvo padidintas elipsometrinio parametro
A()) jautrumas, kur dA/dA SPP komponentei hibridiniame suzadinime buvo
6,4 karto didesnis (8A/60=53,9°/nm) nei pavienio SPR (8A/51=8,4°/nm)
atveju. Taip pat, svarbu paminéti, kad biologiniy molekuliy jutikliai, pagristi
stipriosios  sgveikos rezimu tarp hibridinio TPP-SPP suzadinimo
komponenciy, pasizymi ne tik didesniu jautrumu, esanciu dél sumazéjusiy
nuostoliy SPP komponentei, bet taip pat turi ir antrajj zondg — TPP
komponentg. Dar vienas zondas gali teikti papildomos informacijos apie
molekuliy adsorbcijg prie jutiklio pavirSiaus.

Plazmoninés pavir§inés bangos (SPR, TPP-SPP) pasizymi optinio signalo
sustiprinimu, todél tokie suzadinimai yra daug jautresni, taciau ne visuomet
matavimy konfigtiracijoje galima jterpti prizm¢. Vienas tokiy pavyzdziy yra
kombinuotas spektrinés elipsometrijos ir kvarco kristalo mikrobalanso
metodas (SE-QCM), kurio schema neleidzia naudoti prizmés. Tokioje
kombinuotoje metodikoje jutiklio SE signalo atsakas lazio rodiklio prie
jutiklio pavirSiaus poky¢iams yra mazas, lyginant §j su pavir§inémis bangomis
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8 pav. Standartinio QCM jutiklio elipsometriniy parametry ¥ ir A (A) spektrai
bei priartintas A vaizdas (B) vandenyje (raudona) ir etanolyje (juoda
briik$niné linija).
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9 pav. Modifikuoto QCM jutiklio elipsometriniy parametry ¥ (A,B) ir A
(C,D) spektrai su priartintu vaizdu (B,C) Tamm‘o plazmonui, jleidus vandenj
(juoda linija) ir etanolj (raudona linija).

gristy jutikliy optinio signalo poky¢iais, todél ieSkomi budai, kaip §j signalg
sustiprinti.

Sios disertacijos 4.4 poskyryje yra pristatomas SE signalo sustiprinimas
kombinuotame SE-QCM metode, panaudojant modifikuotg QCM jutiklio
struktiira, kurioje generuojami Tamm ‘o pavirSiniai plazmonai poliaritonai bei
rezonansinés modos. Siame darbe ant QCM jutiklio, sudaryto i§ kvarco
kristalo su 200 nm Au sluoksniu, buvo uzaugintas fotoninis kristalas su 40 nm
Au sluoksniu. Pradzioje — suskaiCiuoti struktiiry, palaikanc¢iy TPP ir
rezonansines modas, dispersiniai sarySiai bei palyginti su eksperimentiSkai
matuotais. Jvertinus rezultatus, atlikti spektrinés elipsometrijos (ties 65°
Sviesos kritimo kampu) ¥ ir A parametry pokyciy, keiciant aplinkos luzio
rodiklj, matavimai su standartiniu QCM jutikliu (8 pav.) bei modifikuotu
QCM jutikliu (9 pav.). Aplinkos luzio rodiklis buvo varijuojamas keiciant
terpe, kurioje patalpintas jutiklis — i§ dejonizuoto vandens (n=1.333) j etanolj
(n=1.361). Sie matavimai parodé¢, kad modifikuoto QCM jutiklio optinis
signalas yra 23 ir 49 kartus atitinkamai TPP ir rezonansinei modai jautresnis
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uz standartinio QCM jutiklio optinj atsakg. Rezonansiné moda pasizyméjo 2
kartus didesniu elipsometriniy parametry ¥ ir A jautrumu nei TPP. IStyrus
jutiklio optinj atsaka j aplinkos lazio rodiklio pokyc¢ius, buvo atlikti tyrimai su
BSA baltymy molekuliy adsorbcija prie jutiklio pavirSiaus. Buvo nustatyta,
kad TPP suzadinimo elipsometrinio parametro ¥ jautrumas buvo 1,5 karto
didesnis nei rezonansinés modos atveju. Tokie skirtingi jautrumai aplinkos
luzio rodiklio ir ant pavirSiaus nusédusios masés pokyciams gali buti
paaiskinti skirtinga $iy suzadinimy prigimtimi, kur TPP yra pavir§iné banga,
jautresné pavirsiaus luzio rodiklio pokyc¢iams, o rezonansiné moda — tiiring,
jaucianti aplinkos ltzio rodiklio poky¢ius.

Paskutiniame 4.5 poskyryje analizuojamos hibridinés gardeliy plazmony
modos, kuriy zadinimui néra reikalinga prizmé, todél Sios gardelés tinka
tokiems taikymams kaip: integruota optika, integruotiems jutikliams bei
plazmoniniams nanolazeriams. Poskyryje aprasomi gardeliy masyvai,
sudaryti i§ mikrogumby, kurie buvo pagaminti naudojant tiesioginio lazerinio
ra§ymo metoda. Sios struktiiros pasizyméjo periodiniu (periodas ~700 nm)
mikrogumby is$sidéstymu lazerio skenavimo kryptimi. Tokiose gardelése,
regimojoje ir artimojo infraraudonojo spektry srityse gali biti Zadinamos
HLPP modos, pasizymincios siaurais rezonansais, dél sumazéjusiy energijos
nuostoliy metale. Siy rezonansy kokybé yra palyginama su litografijos
metodais pagamintose struktiirose generuojamais gardeliy plazmony
rezonansais. Darbe matuotas HLPP atspindZio spektras p ir s poliarizuotai
Sviesai bei atlikti HLPP rezonansy spektrinés elipsometrijos matavimai esant
skirtingiems Sviesos kritimo kampams, taip pat pamatuoti $iy rezonansy
dispersiniai sarySiai. Spektrinés elipsometrijos matavimai atlikti naudojant
fokusavimo optika, kur spindulys yra suspaudziamas j 250x500 um démeg. IS
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10 pav. HLPP mody spektrinés elipsometrijos p poliarizacijos atspindzio
spektrai (kairéje) ir dispersiniai sgrySiai (deSinéje).
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§iy matavimy (10 pav.) matyti, kad rezonansy plociai pusés maksimumo
aukstyje siekia apie 10 nm. Tuo tarpu, jeigu spindulys fokusuojamas j didesne
déme, rezonansy plotis tampa didesnis. Taip yra dél didesnio skaiCiaus
mikrogumby, kuriuos apima platesnis spindulys, todél apSvieciami ir
struktiiros defektai. Rezonansai taip pat buvo suskai¢iuoti remiantis 4.12
formule. Kaip matyti i§ 10 pav., deSingje esancios skaiCiuotos dispersijos
kreivé (pazyméta mélyna linija) sutampa su eksperimentiskai matuotais
rezultatais. Taip pat, buvo tirta rezonansy priklausomybé nuo gardelés
periodo. Esant didesniems periodams rezonansai i$plinta, dél sumaZzéjusios
saveikos tarp rezonansy. Todél, norint gauti siaurus HLPP rezonansus, svarbu
tinkamai parinkti perioda bei turéti perioding struktiirg. Toks tiesioginio
lazerinio rasymo pritaikymas leidzia pagaminti gardeles, kuriose generuojami
siauri, mazy energijos nuostoliy HLPP rezonansai, susidarantys dél
plokstumoje atsirandanciy Bragg‘o atspindziy saveikos su pavirSiniu
plazmonu.
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PAGRINDINIAI REZULTATAI IR ISVADOS

Pirma kartg eksperimentiSkai jrodytas stipriosios sgveikos rezimas
hibridinéje TPP-SPP modoje, optiniais filtrais nufiltruojant dalj
krintan¢ios §viesos spektro. Siais tyrimais parodyta, kad suzadinimams
esant stiprioje sgveikoje visuomet pakanka zadinti tik vieng hibridinés
modos komponente, kad biity generuojama ir kita.

Hibridiniy plazmoniniy mody, esanciy stiprioje saveikoje, tyrimai
parod¢, kad poliarizacijos biiseny matavimais gristi metodai, lyginant su
tradiciniais atspindZzio intensyvumo matavimo metodais, teikia daugiau
informacijos apie stipriosios sgveikos mechanizmus, nes galima i$skirti
tik tas poliarizacijos buisenas, kuriose vyksta stipri sgveika.

TIRE metodas, leidzia gauti jautresnj optinj atsaka nuo itin plony
hibridiniy grafeno nanostrukttry, dél iSilginés bangos vektoriaus
komponentés atsirandanCios generuojant plazmoninius suzadinimus.
Hibridinés TPP-SPP modos TPP ir SPP komponenciy iSplitimas dél
grafeno monosluoksnio ant sidabro pavirSiaus rodo sgveikos stiprio
susilpnéjimg (~6%) bei rezonansy kokybés faktoriaus sumazéjima, kur
toks sumazéjimas gali buti paaiskintas per sistemos laidumo pokycius,
dél grafenas/PMMA struktiros uznestos ant Ag pavirsiaus.

Hibridiniy TPP-SPP suzadinimy jautrumas BSA baltymy, nusédusiy ant
aukso pavirSiaus, sluoksniui buvo 6,4 karto didesnis nei SPR jutiklio, nes
panaudojus stipriaja sgveikg energijos nuostoliai metale SPP
komponentei sumazéja ir rezonansas susiauréja.

Modifikuoto QCM-D jutiklio, kuriame generuojami Tamm‘o plazmonai
poliaritonai ir rezonansinés modos, optinis elipsometriniy parametry
Y(\) ir A(M) atsakas pasizyméjo padidéjusiu jautrumu aplinkos liizio
rodiklio pokyc¢iams, lyginant §j su jprastu QCM-D jutikliu. Rezonansiné
moda ir TPP suZadinimas buvo atitinkamai 49 ir 24 kartus jautresnis, nei
standartinio QCM-D jutiklio atveju.

Tamm‘o plazmonai poliaritonai pasizyméjo 1,5 karto jautresniu optiniu
atsaku BSA baltymy detekcijos tyrimuose, lyginant su rezonansine
moda. Toks jautrumy skirtumas gali bati paaiSkintas dél skirtingy TPP ir
rezonansiniy mody prigim¢iy, nes TPP yra pavirSiné elektromagnetine
banga, o rezonansiné moda — tirinis suzadinimas. Vienu metu naudojant
TPP ir rezonansing moda Sie optiniy savybiy skirtumai leidZia nustatyti
ar dominuoja tiirinis, ar pavirsinis procesas.

Didelio ploto (5x5mm?) aukso mikrogumby pavir$iniy gardeliy
masyvuose, pagamintuose tiesioginio lazerinio raSymo budu, gali bati
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zadinami siauri, lyginant su pavieniu SPP, hibridiniy gardeliy plazmony
rezonansai. Pavir§inio sklindanéio plazmono sgveika su gardelés
plokstumoje susidaranciais Bragg‘o atspindziais lemia itin siaurus
rezonansus (iki 10 nm plocio), kuriy kokybé palyginama su litografijos
metodais pagamintose struktiirose gaunamais rezonansais.
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