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Introduction

Photonic technology is an indispensable part of the modern world surrounding us.

Generally speaking, photonic technology consists of a source of light such as a laser or
a LED and a waveguide to guide the light, e.g. fibre optics, and a variety of optoelectronic
devices that encode digital signals onto optical ones, and consequently convert optical
signals to electrical signals [1].
Things like high-speed telecommunication, the internet, light emitting diode (LED) lights,
flatscreen TVs, CD and DVD players, driverless cars, laser-guided missiles, solar power,
photonic-based sensors, and many others are more or less part of our everyday lives.
Light-based technologies are efficient, reliable, and fast.

One of the fastest-developing branches of photonics is integrated photonics, in which
waveguides and photonic devices are fabricated as one structure onto a substrate surface.
Thanks to this integration, there is no need for optical interconnects between photonic
devices, which allows complex photonic circuits to process and transmit light similarly to
how electronic integrated circuits process and transmit electronic signals [2]. However,
there are significant differences between electronic and photonic devices, which favour
photonic circuits to replace conventional electronic circuits. While electrons are
considerably slower and interact not only with one another but also with a conductor,
which causes loss of power in the form of heat, photons are able to travel at a much higher
speed with no interference, releasing only a fraction of the energy they carry [1, 3].

Among the most common applications of photonic devices is using optical radiation
for sensing various parameters of materials, including material composition, refractive
index, thickness, and many others. A huge focus in this field is on surface plasmon
resonance (SPR), which has gone through extensive research in many theoretical and
experimental studies for its ability to provide real-time sensing of various physical,
chemical, or biological quantities [4, 5]. SPR sensors have been recognised as
an up-and-coming platform for lab-on-chip bioanalytical sensing [6]. The underlying
principle behind SPR sensors is a resonant oscillation of electrons at the metal-dielectric

boundary of asensor, resulting in adip in reflectivity [7]. Various applications have
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originated from the utilisation of this selective spectral attenuation, from Kretschmann
and Otto configurations [8, 9], through waveguides, to fibre applications [5].

This work focuses on the design, simulation, optimisation, and analysis of
the characterisation of various photonic structures and devices ranging from photonic
sensors to passive components. Most of the devices and structures are based on the SiON
material platform, chosen due to its characteristics like transparency in visible to
mid-infra-red wavelengths, high thermal and oxidation resistance, and refractive index

tunability, to name a few [10, 11].



Goals of the thesis

To obtain new knowledge in order to identify the most suitable methods for creating

models of specific photonic structures for sensor applications.

To simulate optical parameters and characteristics of photonic structures and devices

for sensor applications and optimise their properties for fabrication.

To design and simulate a model of plasmonic device based on SiON material for

sensor application using appropriate simulation methods.

To analyse optical and structural properties, such as efficiency and sensitivity,

of fabricated SiON waveguiding structures.



1 Brief state-of-the-art for waveguide-based SPR sensors

Optical sensors are widely used for refractive index measurements across many
fields, including the biomedical and food processing industries. Due to specific field
distribution and changes in light's intensity, phase or resonance wavelengths, these
sensors might offer high sensitivity to ambient refractive index variation [12]. Various
applications have originated from the utilisation of this selective spectral attenuation,
from Kretschmann and Otto configurations [8, 9], through the waveguide, to fibre
applications [5]. In the case of the Kretschmann/Otto configuration, extensive research
brought even better sensitivity and selectivity by introducing various stacked metal or
dielectric layers complimenting basic metal nano-film [13-15]. However, while SPR
sensors based on Otto or Kretschmann configurations are usually unfit for integration due
to their size or the necessity to use a prism coupling for SPR, waveguide-coupled SPR
sensors provide suitable alternative thanks to their ease of use, significantly smaller
footprint, and suitability for integration with other photonic components and sensors
while theoretically maintaining sufficient sensitivity [16].

Since the early 90s, when waveguide-based SPR sensors were first introduced
[17-19], they have undergone extensive research in terms of applications, design,
sensitivity improvement, etc. Various configurations and material platforms have been
introduced, each boasting its own advantages and unique characteristics. The most
commonly used material platforms were either CMOS-compatible ones such as silicon [6],
silicon carbide[15] and doped silica [20] or polymers [21] due to their fabrication simplicity
and low cost. Even though single-mode waveguide-based SPR sensors are generally
the most commonly used while promoting excellent sensitivity [21], other configurations,
such as combined multi-mode platforms[20, 22] or combined amplitude and phase
sensors [23], have been presented. These other configurations usually offer more
robustness and bigger numerical aperture for incoherent optical sources [20], as is
the case of planar multi-mode waveguide-based sensors, or offer improved sensitivity

via more complex structures.



2 Simulation Methods

Computer simulation methods play an essential part in the design of new photonic
devices and their subsequent optimisation. It is a crucial step preceding fabrication, which
helps decrease the cost and complexity of the design and fabrication of photonic devices.
The numerical and simulation methods presented in this chapter are included in RSoft
Component Design [24] suite and its modules, which were chosen as a simulation program
for the needs of this research. RSoft Component Design suite is used to define the most
important input parameters required by simulation modules. These include material
properties and structural geometry of photonic circuits. The start of the workflow for
the user is designing the structure in a Computer-Aided Design (CAD) environment,
followed by using one or multiple simulation modules for simulations of different
performance aspects of devices and circuits. Thanks to RSoft CAD, individual modules are
connected on the level that ensures continual work with the same devices throughout
different modules.

Beam Propagation Method

The Beam Propagation Method (BPM) is a technique using the finite difference
method to obtain numerical solution of Helmholtz equations. This numerical method
allows the longitudinal grid (i.e. along the z-axis), for many applications and devices, to be
much coarser than in the case of other commonly used numerical methods. It is one of
the contributing factors to the BPM efficiency for simulations of passive optical
components. BPM characteristics make it suitable for the design and simulation of
photonic devices and photonic integrated circuits as waveguides, electro-optic
modulators, Multi-Mode Interference (MMI) couplers, Y-splitters, optical delay lines and
others. Its weakness lies in a simulation of structures with a high contrast of refractive
index as well as structures with dimensions below the incident wavelength. Another
shortcoming stems from its inability to incorporate optical radiation propagating primarily

in any other than z direction, which might include bends and other devices [25, 26].



Finite element method

Unlike the BPM, the FEM (Finite Element Method) is most suitable for complex
geometries and materials with high refractive index contrast. The basic concept of FEM
consists of splitting the computational domain into discrete regions (or elements) and
subsequently finding local solutions satisfying the differential equations within the
boundaries of this region. Afterwards, a global solution can be obtained by assembling
the individual solutions of these regions back together; therefore, the resulting field is
calculated over the whole domain. This simulation method offers very precise results for
a wide variety of problems; however, it offers very computationally demanding solutions
in cases including a wide range of wavelengths/frequencies. In order to calculate
propagation in abroad spectrum, other computational methods like
finite-difference time-domain are usually favourable [27, 28].

Finite-difference time-domain

The Finite-Difference-Time-Domain (FDTD) method is most commonly used for
simulations of integrated optics, mainly in circuits and structures that can cause difficulties
that the BPM method cannot cope with. The result of the FDTD method is a rigorous
solution to Maxwell's equations. This method can also include many more effects than
other approximation methods since it is a direct solution of Maxwell's equations.

This method's most significant advantage lies in its versatility because FDTD is
inherently full-vectorial without limitations on optical effects such as the direction of
propagation, index contrast, or backward reflections. The FDTD method is also suitable for
handling material dispersions, nonlinearities, and simulations with a wide frequency range
in a single simulation run since it is based in a time domain.

The main disadvantage of this method lies in its computational demands. It requires
a relatively dense grid of points at which all three(or 2 for 2D simulations) vector
components of the electric and magnetic fields must be maintained. Even a simple
photonic device like a directional coupler can provide quite atough challenge for

the computer using the FDTD method due to the relatively long dimensions of the coupler.



In order to keep simulation time reasonably short, a computer with terabytes of memory
would be required [29].

Rigorous coupled wave analysis

The Rigorous Coupled Wave Analysis (RCWA) is a frequency-based simulation
method calculating the diffraction efficiencies. It represents the electromagnetic fields as
a sum over coupled waves. Each coupled wave is related to a Fourier harmonic (used to
represent the periodic permittivity function of discretised spatial layers of the structure),
allowing the solution of full vectorial Maxwell's equations in the Fourier domain.

It is suitable for 2D or 3D simulations of periodic structures, photonic bandgap
crystals, subwavelength structures, and other grating-assisted devices. This algorithm is
able to process a wide range of scattering problems on structures with horizontally
periodic boundary conditions. Even arbitrarily vertical variations can be handled; however,
the cover and substrate (two semi-infinite regions) must be homogenous [30].

Eigenmode expansion method

If an appropriate numerical limit is used, the EigenMode Expansion method (EME) is
rigorous, fully vectorial, and omnidirectional. While being a rigorous solution to Maxwell's
equations, in contrast to FDTD, it can still accurately deal with very long structures.
However, the common trade-off between computational demands and precision occurs
using this technique. It is most commonly used to calculate electromagnetic wave

propagation in various structures, both two and three-dimensional [31].



3 Design and simulations

This chapter contains a design supported by a simulation of photonic structures and
devices for sensor applications, as well as auxiliary circuits designed to turn the sensor
structures into possible lab-on-chip applications.

3.1. Multi-mode waveguide-based refractive index sensor with
a plasmonic layer

The first proposed sensor is a multi-mode waveguide-based plasmonic refractive
index sensor with direct contact of a metal layer with a waveguiding core. In the work, two
variations of such sensor were presented to showcase the proposed sensor's and material
platform's versatility and provide solutions for refractive indices of all commonly used
liquid analytes (Rl anywhere between 1.2-1.6 [32]).

As a material platform, SisN4/SiON was chosen due to its transparency for visible
wavelengths range and refractive index tunability, which proves to be a key parameter in
the design of this sensor type. According to the work of Ctyroky et al. [33] for this type of
sensor, due to its underlying physical principle, the position and attenuation of a dip in
a spectrum are highly dependent on both refractive indices of an analyte, as well as
the waveguiding core. Therefore, to maintain good sensitivity with spectral dip occurring
in visible wavelengths, the sensor must consist of a waveguiding core with a refractive
index similar to the analyte's refractive index.

The cross-section of the proposed material platform is shown in Fig. 3.1, where
a silicon wafer was chosen as a substrate for the device, on top of which the SiO; buffer
layer with a thickness of 2—10 um is expected to be grown by available methods like
plasma enhanced chemical vapour deposition. SION material is expected to be grown on
the top of the buffer layer using the same growth method while adjusting the parameters
to obtain the desired refractive index. Finally, the whole waveguide is to be passivated by
a thick layer of SiO, to prevent the analyte's interaction with the non-sensing part of

the waveguide.
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Fig. 3.1 Transversal cross-section of used material platform for waveguide.

The final structure of the sensor consisting of four distinct layers is shown in Fig. 3.2,
with the SiO, cladding layers (n = 1.46) thick enough to optically separate the waveguiding
layer from the Si substrate and environment, waveguiding layer (SiON), and a gold layer
on top of core in the sensing part. Gold has been chosen as the metal layer due to its
strong plasmonic resonance capabilities combined with chemical stability in various

environments.

Sio, [MSiON Analyte Gold
Y|

z

Fig. 3.2 Longitudinal cross-section of the multi-mode plasmonic waveguide sensor strip.

The optimal parameters of the sensor (e.g. waveguide's width, thickness, gold layer
length and gold layer thickness) were investigated in order to provide the most suitable
platform for the sensor. The sensor part with plasmonic structure was designed and
simulated using the Eigenmode Expansion Method incorporated into the ModePROP
module of RSoft Photonic Device Tools due to its computational simplicity synergising well
with a relatively long waveguiding model as well as with its ability to solve photonic
calculations, including the plasmonic effect. Consequently, two SPR sensors suitable for

detection of different liquid analytes are proposed, with the only difference being

11



the refractive index of their respective cores, as the two optimal values of the core's Rl
1.55 and 1.8 were chosen with the aim of covering all the liquid analytes with refractive
indices from 1.3 to 1.6 (liquid analytes with Rl of 1.2 to 1.3 are rarely used; however, if
the necessity arises, sensitivity for them can still be obtained by proposed sensor
structure). Their transmitted optical power spectra for different refractive index ranges

are shown in Fig. 3.3.
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Fig. 3.3 Sensitivity of proposed sensor to different RI of analyte: a) for SiON with RI of 1.55 and
lower RI of analyte; b) for SION with RI of 1.55 and higher RI of analyte range; c) for SiON with RI
of 1.8 and lower RI of analyte; d) for SiON with RI of 1.8 and higher RI of the analyte.

For better visualisation, sensitivity, and Figure of Merit (FoM), dependence on
the refractive index of the analyte is shown in Fig. 3.4. It can be seen that both of these
parameters are nonlinear, where with the analyte's Rl approaching the refractive index of
the core, the spectral shift is increasing. According to simulation results, the sensitivity of

the sensor (calculated as theoretical spectral shift corresponding to a change of refractive
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index of analyte by one unit) with the core's refractive index of 1.55 is approximately 500
nm/RIU (Refractive Index Unit) for a lower range while improving to more than 3000
nm/RIU for higher ranges. On the other hand, if the sensor is adjusted to be sensitive for
analytes with refractive indices over 1.5 (therefore changing the core's Rl to 1.8),
the presented sensitivity is approximately 200 nm/RIU and 1000 nm/RIU, respectively. As
mentioned before, it shows strong nonlinearity (which corresponds to increased

sensitivity), while the analyte's refractive index approaches that of the waveguide's core.
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Fig. 3.4 Sensitivity and Figure of Merit dependence on the analyte's refractive index: a) for

waveguide sensor with a refractive index of core n = 1.55; b) for waveguide sensor with a refractive
index of core n = 1.8.

Refractive index of analyte (-)

The result shows that the two proposed sensors are able to cover a range of analytes
with a refractive index from 1.3 to 1.6. The first sensor with a refractive index of core 1.55
offers sensitivity for Rl from 1.3 to 1.44. The second proposed sensor with a core Rl of 1.8
covers the rest of the possible liquid analytes with a sensitivity from 1.38 to 1.6. As shown
in Fig. 3.4, the potential achievable sensitivity of the sensor is more than 3000 nm/RIU and
the Figure of Merit obtained from simulations was more than 200 RIU-L. The proposed
sensor's potential sensitivity is more than four times higher than Bragg gratings [34],
silicon [35], and MIM structures [36] while also boasting comparable or even higher FoM.
Higher sensitivity was usually achieved only using more complex structures like ring
resonators [36] or by introducing multi-stack layers into the design [21], which might also

be a possible future area of research for the sensor proposed in this paper. In addition, its
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multi-mode character offers the possibility of a relatively long sensing structure with
a comparably low attenuation to provide ease of use in a non-lab environment.

Finally, spectra presenting the sensitivity of the sensor show strong nonlinearity,
which only further proves that sensitivity increases more rapidly while approaching
the waveguide's refractive index, thus, promoting the adjustability of the SION material
platform to balance the sensor's sensitivity and loss by adjusting the Rl parameter of
the core. With a refractive index of the SiON material platform ranging from values of SiO,
(1.456) to SisN4 (2.0) for visible wavelengths, it can be said that the platform, as well as
the design, should be capable of sensing not only any commonly used liquid analyte but
even solids in solutions or common water pollutants.

3.2. Single-mode waveguide-based refractive index sensor with
a separated plasmonic layer

The second proposed refractive index sensor is a waveguide-based plasmonic sensor
with of metal layer separated from the waveguiding core by a passivation layer.
SisN4/SiON was chosen as a material platform for similar reasons as in the previous
chapter, e.g., visible range transparency, refractive index adjustability, low losses, CMOS
compatibility etc. The cross-section along the propagation direction of the sensor is
shown in Fig. 3.5. The change from a multi-mode to a single-mode sensing platform offers
easier integrability and lower demands on fabrication resources while maintaining similar
sensitivity. It is most suitable for applications where easier integrability into complex

circuits is more important than coupling and total transmitted power.

sio, MSION Analyte Gold

z

Fig. 3.5 2D geometry of the proposed single-mode plasmonic waveguide sensor strip.
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In the case of previously proposed sensors, where the metal layer is in direct contact
with the waveguiding core, the length of the metal layer is fairly limited due to
the underlying physical principle. If the length of the sensor part is too short, the
plasmonic dip is not pronounced enough in the spectrum, and the sensitivity diminishes.
On the other hand, if the plasmonic layer is too long, the attenuation becomes too strong,
and the propagation through the waveguide is completely suppressed. This design offers
an alternative solution to this problem, where instead of depending on the number of
propagating modes, the transmission and spectral dip pronunciation is determined by the
combination of the thickness of the separation layer and the sensing layer length. EME
was used for the simulation due to the same reasons as in the previous case. After
the sensor parameters were determined and the design was finished, spectral
characteristics using various analytes were investigated. The results are shown in Fig. 3.6,
where a clear spectral dip shift can be seen with the analyte's refractive index change.
However, the figure shows two sets of spectral dips caused by the plasmonic effect. First,
between 550-650 nm offers higher sensitivity, with the trade-off being rapidly increasing
attenuation (therefore offering only a small range of suitable analytes). And the second,
between 650-750 nm, which was targeted during optimisation due to the versatility

requirements of the sensor.
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Fig. 3.6 Spectral characteristics of the single-mode waveguide-based sensor for various refractive
indices of water-based analytes.

Subsequently, the sensor focused on shorter-wavelength spectral dip was designed

using the same optimisation process. Due to thelow change in attenuation with
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the change in the analyte's refractive index, the sensor focusing on the dip occurring
at~ 700 nm is able to provide reliable sensitivity for a wide range of analytes. It can cover
the range of most commonly used analytes in a lab environment (1.33-1.45). On the other
hand, for the dip occurring at~ 600 nm, there is a substantial increase in attenuation with
the analyte's refractive index change, which prevents it from being used in the same
range.

Therefore, two separate sensor configurations need to be used to sense analytes in
the above-mentioned range. These configurations might be obtained by the adjustment
of separation layer thickness, therefore removing the necessity for further optimisation or
separate photolithography mask. As in the case of the previously proposed multi-mode
waveguide-based sensor, the sensitivity and Figure of Merit are plotted to improve
the visualisation of sensors' performance and suitability for application. These parameters
are shown in Fig. 3.7, where both configurations for dip around 700 nm and 600 nm of
wavelength are taken into consideration. The line which represents the dip occurring in
shorter wavelengths is split into two parts to represent two different thicknesses of
separation layer aimed at sensing two different parts of the analyte's refractive index
range (1.33-1.45). Theline representing the dip in the longer wavelength range is,

however, continuous due to the possibility of its use in the whole range.
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Fig. 3.7 Dependence on the analyte's refractive index for: a) sensitivity and b) Figure of Merit.

The sensor with a gold layer length of 100 um, thickness of 50 nm and 700 um wide
gap shows a sensitivity of~200 nm/RIU (refractive index unit), and the sensor with a gold
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layer 700 um long and 1 um wide gap shows a sensitivity of 250-300 nm/RIU. From
the results shown in Fig. 3.7, it can be seen that by optimisation aimed at the plasmonic
dip occurring in shorter wavelengths, the sensitivity of the sensor might be increased from
200 nm/RIU to more than 1800 nm/RIU while limiting its usability to shorter range of
refractive indices. At the same time, the FOM proved to reach more than 150 RIUL. This
proves the match in terms of sensitivity and even overcomes in the Figure of Merit,
commonly used waveguide and SPR-based refractive index sensors [36, 37].

Therefore, results show that depending on the desired central wavelength,
the designed single-mode-based SPR sensor might offer better solutions for applications
where total transmitted power and coupling are not of particular concern. Furthermore,
this sensor was optimised for the most commonly used liquid analytes; however, thanks
to the SiON material platform, the refractive index of the core might be increased to offer
sensitivity in higher ranges, offering the possibility of label-free sensing of solids in

solutions or any common pollutants.

3.3. Design of the first iteration of the auxiliary circuit

Two iterations of auxiliary circuit are presented in this work. The first one is designed
for initial measurements and confirmation of the multi-mode waveguide-based sensor's
sensing capabilities and sensitivity. Therefore, the whole circuit is built on an 8 um
waveguide platform, with structures like coupling/decoupling grating (even though being
far from optimal from the coupling efficiency point of view for the SiON material platform)
being used due to their characterisation simplicity and compatibility with our measuring
and coupling equipment. The circuit (shown in Fig.3.9) consists of coupling and
decoupling grating situated on a 200x200 um? pad, considered big enough to encompass
the whole radiated field from in-coupling multi-mode fibre. Following the pad, two tapers
are situated on the input/output part of the multi-mode waveguide, which has a metal
sensing strip in the middle of the linear platform. Fig. 3.8 3D model of the first circuit
design with a passivated structure. All the passive components of the auxiliary circuits in
this work were designed using BPM and FEM methods, with the only exception being

the coupling grating where FDTD was used due to the complexity of the simulation model.
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Fig. 3.9 3D model of first circuit design with passivated structure

For the needs of the photolithographic process, a mask supporting the fabrication of
the above-mentioned circuit was designed. It consisted of nine distinct patterns
designated for a sample size of 16x16 mm?2,

Fig. 3.10 shows the whole design with a photolithography mask. It contains the whole
proposed circuit designed for the width of waveguides of 2, 4, 6, and 8 um., coupling

grating for the 8 um wide waveguide sensor, plasmonic layer pattern and grating

protection pattern for deep etching of the rest of the waveguide.
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Fig. 3.10 Layout of whole photolithography mask designed for the fabrication of first circuit
supporting waveguide-base plasmonic sensor.
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3.4. Design of the second iteration of the auxiliary circuit

The second iteration of an auxiliary circuit for the waveguide-based plasmonic
sensors is based on a single-mode waveguide platform, with the multi-modal part only
being in the sensor area. This change allows much easier utilisation of photonic structures
such as splitters, bends, and others, helping with easier and more precise sensor optical
output characterisation. The circuit coupling is proposed via the taper method, which
shows to be the most appropriate for the chosen material platform. This coupling
structure is followed by a 90 ° bend, which ensures the separation of input fibre-mode
(especially in the case of thick multi-mode fibres and output modal field of the circuit).
Due to the spectral dependence of many structures in the circuit, as well sensor itself,
the reference branch is created by either multi-mode interference (MMI) splitter or
directional coupler in order to verify the actual spectral output of the sensor, removing
the potential bias created by the rest of the circuit. Lastly, another bend is positioned after
the splitter to direct the light on the opposite side of the substrate to allow easier fitting
of other circuit patterns onto the same substrate field. After the bend and short linear
single-mode part, either sensor design is implemented into both branches, with one
branch being covered by a gold layer in a later fabrication process. One of the circuit
iterations is shown in Fig.3.11, where there is no single to multi-modal platform

adaptation, and S-bend is used instead of a 90 ° bend.

Reference branch

S~

Input taper

) Plasmonic sensor
MMI splitter

Fig. 3.11 One of the single-mode-based auxiliary circuit adaptations.
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A second photolithography mask needed to be designed to fabricate
the aforementioned photonic devices based on single-mode waveguides. The whole
design can be seen in Fig. 3.12. As in the previous case, the mask consists of 9 distinctive
patterns. However, contrary to the previous case, the sample size increased from
16x16 mm2 to 20x20 mm?2. This change was allowed by adjustment in the fabrication
process, where instead of using only one segment of a pre-cut substrate, the whole
photolithography mask is used, and all the patterns are etched simultaneously. This allows

easier sample handling during measurements and better contact during mask exposition.

Fig. 3.12 Layout of the whole photolithography mask.

The respective patterns are aimed at the MMI, 90 ° bend, S-bend, and plasmonic

sensor characterisation, as well as at plasmonic layer pattern creation.

3.5. Near-field probes based on nanocone and nanopyramid
structures

In addition to previously proposed sensors and auxiliary circuits, IP-Dip-based sensor
structures, prepared and measured in collaboration with the Technical University of Zilina,

were designed and optimised.
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The subwavelength-confined and enhanced optical fields push the limits in optical
characterisation, manipulation, and processing on the nanometre scale. However,
characterisation on the nanometre scale still poses a challenge. To help overcome this
issue, near-field probes positioned on the tip of a fibre are often used. They usually consist
of dielectric structures coated by a thin metal layer to take advantage of the resonant
properties of conductive nanosystems due to the surface plasmon polaritons arising at
the metal-dielectric interface [38].

In the work, two basic types of metal-dielectric near-field probe structures are
presented. Nanocones 5 and 6 um high with a circular base with 10 um diameter, and
nanopyramids with square base with a width of 10 um and the same two heights.
The dielectric part consists of IP-Dip polymer (n = 1.52 at 780 nm unexposed) and the thin
(10 nm) metal gold layer. The structures were designed in collaboration with
the Department of Physics of the Faculty of Electrical Engineering and Information
Technology University of Zilina and consequently fabricated by this department using
Nanoscribe Photonic Professional GT by Nanoscribe GmbH. Nanoprobes were
investigated using both the FDTD and RCWA simulation methods; however, in order to
obtain the most precise field intensity and distribution in the close vicinity of the probe,
the FDTD method was chosen as optimal. Resulting near fields at a distance of 50 nm (Fig.
2.13) from the probes' tips show that more focused radiation is extracted from the tip.
The circular symmetry of nanocones causes a halo effect that is more blurred with an
increasing wavelength of radiation. On the other hand, the edges of nanopyramids result
in a diffraction effect, which generally reduces the focus of radiation above the tip of

the NP, rendering them least ideal.
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a) b)

Fig. 3.13 Near-field intensity map simulated at an area of 8x8 pm, 50 nm above the a) nanocone
and b) nanopyramid.

Consequently, profiles of nanocones and nanopyramids from the point of near-field
intensity and the resolution calculated as FWHM are summarised in Tab. 3.1 . During
the investigation phase, the wavelength of 420 nm proved to offer the best resolution
among the tested ones, therefore, was used for further optimisation. The best FWHM was
achieved for 6 um nanocone (151 nm), and the best signal enhancement was achieved for

5 um high nanocone.

Tab. 3.1: Comparison of important parameters of nanocones and nanopyramids.

Height (um) | Intensity maximum (A.U.) FWHM (nm)
a 5 5.2 195
T
N 6 1.8 151
[
5 4.0 233
6 4.2 177

The results are promising for designing an ideal structure that would be subsequently
implemented on the front of the optical fibre - creating a Near-field Scanning Optical
Microscope (NSOM) probe with an increased optical field at the tip and with the best

possible resolution.

22



4 Fabrication

In general, the fabrication process of most silicon-based waveguides consists of three
distinct stages: thin film deposition, photolithography, and etching. The same can be said
about the SiON circuit preparation technological process, only with minor changes,
namely the necessity of annealing. After the core layer is fabricated, a cladding layer is
deposited on top if specified. The fabrication process is not the main focus of the
work; therefore, this chapter is included only to provide the complete picture of the
sensor creation process. The deposition of dielectric layers

The fabrication process of the SiON photonic structures consists of the following
steps:

Deposition of SiOy passivation (buffer) film
Deposition of the SiON optical waveguide core film
Annealing of the SiON layer

Metal layer deposition

Photolithography

Wet etching of the metal layer

Plasma etching of the SiON film

O N o U0~ W N R

Removal of remaining photoresist and metal layer
9. Deposition of the SiOy cladding film

All the fabrication was done by available technologies at IEP FEI STU. All the dielectric
layers were deposited by Plasma Enhanced Chemical Vapour Deposition (PECVD) using
Plasmalab 80+ from Oxford Instruments. Metal layers intended as a photolithography
mask and a potential plasmonic layer were deposited by Physical Vapour Deposition (PVD)
using PRO Line PVD 75 from Kurt J. Lesker Company. Additionally, the photolithography
for direct pattern transfer was done using a mask aligner and exposition chamber
(MA/BAG from SUSS MicroTec SE. And finally, the etching of dielectric layers was done by
inductively coupled plasma reactive ion etching (ICP-RIE) in Plasmalab 100 from Oxford

Instruments.
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5 Characterisation

The last part of the work deals with topographical and spectral characterisation of
proposed structures. As the initial structure for fabrication and consequently coupling
optimisation, the waveguides with 8x8 pm? cross-section profile were fabricated.
The pattern with embedded coupling grating was chosen to offer the possibility of
out-of-plane coupling via grating while still allowing cutting samples and polishing

the edges for in-plane coupling.
5.1. Coupling grating characterisation
The etch depth, as well as grating period and fill factor, were investigated using High

Dynamic Range (HDR) enhanced confocal microscopy, Atomic Force Microscopy (AFM),

and Scanning Electron Microscopy (SEM). Exemplary results are shown in Fig 4.1.

b)

Fig. 5.1 a) Cross-sectional profile of coupling grating acquired by confocal microscopy. b) SEM
image of coupling grating.
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All the SEM images were obtained in collaboration with the Slovak Academy of
Sciences. It is transparent that even though the period stayed consistent with the mask
pattern (2.55 um), the fill factor and etch depth do not correspond to the desired values
(50% for fill factor and 2.4 um for etch depth). The results show that the high refractive
index part of the grating has varying thicknesses of ~200-500 nm, corresponding to only
a 13-20 % fill factor.

Concerning the slightly lower etch depth, longer etching in RIE should be a sufficient
solution. On the other hand, the alteration in fill factor might be caused by several factors,
where the two most prominent are light diffraction on the mask during the exposure
process and the possible unsuitability of wet etching as a process of choice for pattern
creation using a metal mask for micrometric periodic structures. If the coupling grating is
to be used in future applications, the fabrication process will need to be revised,
preferably incorporating electron beam lithography into the grating structure creation.

After topographical characterisation was concluded, the optical measurements were
carried out to find the most suitable coupling angle in and out of the grating.
The imprecision in creating the coupling grating also caused a significant decrease in
coupling efficiency, rendering the grating coupler for simultaneous in-coupling and out-
coupling near impossible. Only two approaches were therefore used in the work. Hybrid
one, where one side is cut somewhere in the tapering region and polished for in-plane
coupling, while out-coupling was done by grating, and the second one, where both of
the sides are cut edges, and both fibres are positioned opposite to these polished edges
of the sample. The first configuration allowed for angle measurements of grating
characteristics to obtain the ideal angle under which the coupling fibre should be
positioned.

The average of the results can be seen in Fig. 4.2, correlated with simulation results.
As can be seen from the topography measurements, the fill factor itself varies alongside
grating. Therefore, finding a model with a constant fill factor that would fit
the measurement results was impossible. Consequently, the curve representing
simulation results in Fig. 4.2 is the average of results for fill factors of 10-20 % with the step

of 1 %. Two distinct local maxima occur in experimentally obtained curves at roughly 20 °
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and 60°, calculated as a distance from the axis perpendicular to the grating.
The comparison with simulation results confirms the resulting physical dimensions of the
grating. The simulation was carried out using all the supported TM modes of

the multi-mode waveguide as an input field.

1.0

—=— Simulated - ff = 10-20%
0.84 |—+—Measured

Out-coupling efficiency (R.U.)

Angle (°)

Fig. 5.2 Correlation between angular measurement and simulation of out-coupling radiation from
grating coupler.

5.2. Sensor characterisation

Since the optimisation of passivation and consequent "opening" of a window on top
of the waveguide to allow direct deposition of a gold layer onto the was not fully
optimised during the time of finishing this thesis, proper measurement of sensitivity posed
a significant challenge. To limit the possibility of the analyte's interaction with
the non-sensing part of the waveguide, therefore influencing the measurement, only
the small drops applied by a micro-pipette were used during the measurements.

The resulting spectra can be seen in Fig. 5.3, where the influence of the white LED
source is prevalent in all the measurements (as shown in Fig. 5.3 a)). Therefore, to only
obtain the spectral influence of the analyte, the transmission through the waveguide
sensor without the analyte was subtracted from the result with the analyte and compared
to the simulation (Fig. 5.3 b)). The simulation was likewise adjusted to reflect the droplet
size and length of the plasmonic layer. There can be seen a clear correlation between
these two curves and their respective dips, and therefore it can be concluded that

the sensor is sensitive to analytes with a refractive index of around 1.33. Even though
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the initial measurements proved to be optimistic, further investigation using different
analytes with various refractive indices is necessary to fully assess the sensitivity and
usability of the proposed sensor. This further investigation, however, should only occur
after optimisation of passivation and consequent "window" opening to ensure reliable

and repeatable results.
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Fig. 5.3 a) Transmission through the waveguide without a gold layer, with a gold layer and with a

gold layer and analyte applied. b) The spectral response of multi-mode waveguide with gold layer
after analyte application.
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Summary

The thesis consisted of four distinct parts. In the first part, waveguides, their material
platforms and coupling possibilities were studied and briefly described to provide a basis
for further design and fabrication of various photonic devices. Namely, Silicon Oxynitride
was chosen as a material due to its unique properties like visible wavelength transparency,
refractive index adjustability and CMOS compatibility. In addition, it provided
state-of-the-art for waveguide-based plasmonic sensors, which are this work's main topic.

The second part provided a description of available simulation methods, the choice
of which is a vital step in the creation of an appropriate and precise simulation model and
the simulation design itself. Consequently, the simulation design of two distinctive
waveguide-based SiON-plasmonic sensors was presented. The first, based on
a multi-mode waveguide, can provide sensitivity for a considerable variety of analytes,
taking advantage of the aforementioned refractive index adjustability of the SiON
platform. Its optimal thickness, length of sensing strip, as well as plasmonic layer thickness
were investigated, with results showing that the potential achievable sensitivity of
the sensor is more than 3000 nm/RIU, while the Figure of Merit obtained from simulations
was more than 200 RIU-L. This value matches commonly used waveguide and SPR-based
refractive index sensors in terms of sensitivity and even overcomes them in the Figure of
Merit [36, 37]. The second sensor based on a single-mode waveguide was consequently
investigated for the same parameters. The results show a trade-off in potential sensitivity
for its easier integrability to another circuit. After optimisation, the potential sensitivity of
the sensor obtained rose to 1800 nm/RIU with FoM 150 RIU-% which, even though proving
to be lower than in the case of a multi-mode-based sensor, is able to be a match for the
commonly used sensors in literature [36, 37]. For both sensors, auxiliary circuits were
designed, consisting of various coupling possibilities, bends, and splitters providing easy
measurement and characterisation. Consequently, two photolithography masks were
created to allow the fabrication and characterisation of all proposed devices and
structures. Furthermore, in collaboration with the University of Zilina, IP-Dip-based NSOM

probes coated by a thin layer of gold were investigated, while their fabrication and
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characterisation were done by the University of Zilina research team. The results of
the investigation were optimal parameters for NSOM probe fabrication.

The third part of the work presents fabrication methods and devices available at IEP
FEI STU alongside the technological fabrication process of proposed structures. This
chapter is, however, relatively brief due to its content not being the focus of the proposed
work, while the chapter's only aim is to provide a complete picture to the reader about all
steps of the sensor's creation, from design through fabrication to characterisation.

Therefore, the last part of the work focused on the analysis of topological as well as
optical characterisation of some of the proposed structures. Firstly, the topological
characterisation of the multi-mode waveguide-based SPR sensor and its coupling grating
was analysed using several available methods. The results showed mainly two
imperfections in the fabrication process. The first one is insufficient etch depth of
the grating and waveguide, which is easily adjustable by increased etching time. However,
the results also showed significant under-etching of proposed structures. It was most
probably caused by an under-etching of the metal mask during direct mask pattern
transfer using the wet etching method of the metal layer. While it does not decrease
the functionality of the proposed sensor itself, it significantly decreases the efficiency of
the proposed grating coupler, shifting the fill factor from 50 % to less than 20 %. Both
simulation and characterisation results then showed the efficiency to be too low for use
in the proposed application. Therefore, the sensor was optically characterised by using
the direct coupling method. Due to the passivation process being in the optimisation stage
during this thesis's writing, all of the sensor structures were not passivated, bringing a risk
of analyte interacting with the waveguide even outside of the sensing area. Therefore,
only a small amount of liquid with suitable viscosity could have been used to ensure it
remained in the sensing area. This constraint, however, affects the repeatability of
the sensing due to the different viscosities of different analytes affecting the droplet
diameter and interaction length with the sensor. Thus, only its basic functionality was
tested using demineralised water and observing the formation of the characteristic
spectral dip. This result shows promise towards future optimisation and usability of this

sensor.
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Main results of the thesis

1. New knowledge was obtained to identify the most suitable methods for simulation and

optimisation of specific photonic structures for sensor applications.

2. Two iterations of an auxiliary circuit for photonic sensor characterisation and
integration into PIC were designed and optimised, while photolithography masks were

created for consequent fabrication and characterisation.

3. Multi-mode waveguide-based SPR sensor was designed and optimised. It is sensitive to
an extensive range of analytes while maintaining outstanding sensitivity, transmission

efficiency and Figure of Merit.

4, Single-mode waveguide-based SPR sensor was designed and optimised. It covers a wide
range of liquid analytes while being relatively robust. It brings a relatively big sensing
area compared to commonly used waveguide-based sensors. Lower sensitivity and
transmission efficiency in comparison with multi-mode sensors is offset by easier

integrability into PIC due to its single-mode nature.

5. IP-Dip-based NSOM probe was designed and investigated. The results were correlated

with measurements showing promise towards tip-of-fibre applications.

6. Multi-mode waveguide-based SPR sensor and its auxiliary circuit were characterised by

topographical and optical methods. The results provided feedback to the fabrication

process and proved the sensing capabilities of the proposed design.
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Resumé

Jednym z najbeznejsich vyuZiti fotonickych prvkov su senzorické aplikacie, ktoré su
schopné na baze zmien vlastnosti Ziarenia detegovat rdzne parametre ako zloZenie
materidlu, index lomu, hribka, ale aj mnoho dalSich. Vela pozornosti v tomto odvetvi
pritahuje najméa vyuZitie povrchovej plazmonickej rezonancie (SPR), ktorda bola
predmetom velkého mnoiZstva teoretickych, ako aj praktickych studii pocas poslednych
20 rokov. Jednou z jej najdolezitejsich vlastnosti si schopnost poskytnit v redlnom case
meranie roznych fyzikalnych, chemickych a biologickych kvantit a zosilnenie spektralnej
odozvy v uZ existujucej fotonickej aplikacii. VyuZitie povrchovych plazmaénov je zdkladom
velkého mnoiZstva senzorickych aplikacii ako napriklad Kretschmann-ove a Otto-ve
konfiguracie, vlaknové senzory, ale aj vinovodné senzory, ktoré ponukaju moznost
integracie do zloZitejSich fotonickych obvodov. Prave navrh, vyroba a meranie
vinovodnych senzorov skombinované s plazmonickymi vrstvami boli hlavhym predmetom
tejto dizertacnej prace.

Prica sa v uvodnej Casti zaoberd prave principom fungovania rdznych typov
vinovodov, pouZivanym materidlovym platformam a principom naviazania optického
Ziarenia z vlakien do vinovodov. Tieto poznatky ndsledne tvoria zdklad navrhu vsetkych
fotonickych prvkov v praci. Pre Ucely tejto prace bol zvoleny material SiON (oxynitrid
kremika), ktory vdaka svojej CMOS kompatibilite a nastavitelnému indexu lomu ponuka
cenovo dostupné a $iroko-uplatnitelné riesenie pre réznorodé fotonické aplikacie. Dalsou
z jeho vyhod je jeho priehladnost vo viditelnom spektre optického Ziarenia, ktoré je
najvyuzivanejSie pri bio-senzoroch. Je to platforma srelativne nizkymi hodnotami
kontrastu indexov lomu, preto su pre nu charakteristické pomerne nizke materidlové
straty, aj ked' za cenu zloZitejsieho optického naviazania Ziarenia.

Nasledne su v praci popisané zdakladné fyzikalne principy budenia a vyuzitia
povrchovych plazménov, akymi je napriklad ramanovska spektroskopia, alebo vyssie
spomenuté vinovodné senzory vyuZivajuce povrchovu plazmonickd rezonanciu. Pre tento
typ senzorov je popisany strucny prehlad sicasného stavu problematiky, ktory tvori zaklad

navrhu senzorov v tejto praci.
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Pre doplnenie vsetkych teoretickych poznatkov potrebnych k vytvoreniu
najvhodnejsich simulaénych modelov st predstavené simulacné metddy pouZzité v tejto
praci. Pre vykonavanie simuldcii bol v praci pouzivany softvérovy nastroj RSoft Component
Design Suite, ktory integruje viaceré numerické metddy vyuzitelné pre dany typ prvku ¢i
aplikacie.

V ramci Casti prace venujuicej sa numerickym simulaciam boli navrhnuté 3 rézne typy
senzorickych Struktar. Prvou bola multi-mddova vinovodna senzorickd Struktdra
vyuZivajuca SPR. Hlavnym cielom tohto navrhu bolo poskytnuit integrovatelnu senzorickud
Struktdrd, vhodnu pre velky rozsah indexov lomov analytov, ktora bude mat citlivost
porovnatelnu s jedno-mddovymi vinovodnymi senzormi, avSak ponukne SirSiu senzorickd
spektralnu oblast a potencionalne vyssie prenosové Urovne. Bola preskimana jej
optimalna hrubka, dizka senzorickej oblasti a hrubka kovovej-plazmonickej vrstvy, pricom
vysledky ukazali, Ze potencialne dosiahnutelna citlivost senzorickej $truktury je viac ako
3000 nm/RIU, zatial ¢o hodnota FoM (z anglického Figure of Merit) ziskana zo simulacii
bola viac ako 200 RIU-L. Tato hodnota sa zhoduje s beZne pouzivanymi senzormi indexu
lomu na béze vinovodu a SPR z hladiska citlivosti a dokonca ich prekonava v hodnote FoM
[36, 37]. Druha senzoricka Struktura zaloZend na jedno-mddovom vinovode vyuzivajica
SPR bola nésledne preskimana pre rovnaké parametre. Avsak narozdiel od predoslého
pripadu, kde bola kovova vrstva v priamom kontakte s vinovodnym jadrom, bola v tomto
pripade kovova vrstva oddelend od vinovodného jadra precizne zvolenou hrubkou
pasivatnej vrstvy. Tato zmena v konfiguracii umozfiuje vyrazné predizenie senzorickej
Zasti vinovodu. V tejto praci navrhnutd Gprava dovoluje dizku senzorickej East upravit
v zavislosti od Specifikacii konkrétnej aplikacie, v rozsahu od niekolkych mikrometrov az
po viac ako jeden milimeter. Vysledky simulacii ukazuju, Ze jej jednoduchsia
integrovatelnost v porovnani s multi-mddovou vinovodnou Struktdrou je vyvazena
relativne nizSou citlivostou. Po optimalizacii sa potencialna citlivost senzora zvysila na
1800 nm/RIU s FoM 150 RIU, ¢o aj ked' sa ukazalo byt nizsie ako v pripade senzora
zaloZzeného na multi-mdédovom vinovode, sa dokdZe sa vyrovnat beine pouzivanym

senzorom v literature [36, 37].
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Pre oba senzory boli navrhnuté pomocné obvody pozostdvajlce z navazovacich
Struktur, ohybov a multi-mdédovych interferencnych deli¢cov umoziujucich jednoduchsie
meranie a charakterizaciu danych senzorov. Boli vytvorené dve iteracie pomocného
obvodu. Prva iterdacia bola zamerana len na multi-mdédovy vinovodny SPR senzor, kde pre
naviazanie optického Ziarenia z vlakna do vinovodu bola navrhnuta navdzovacia mriezka
s presne ur¢enymi parametrami. Druha iteracia bola vytvorend s ohladom na pouzitelnost
pre oba vinovodné SPR senzory, kde navadzovanie z vldkna do vinovodu bude vykonavané
skrz leStend hranu vzorky. Nasledne boli vytvorené dve fotolitografické masky
umoznujuce vyrobu a charakterizaciu vSetkych navrhnutych zariadeni a struktur.

V spolupréci so Zilinskou Univerzitou boli taktie? navrhnuté a optimalizované sondy
NSOM (z anglického near-field scanning microscopy) pre aplikaciu na baze polyméru IP-Dip
pokrytého tenkou vrstvou zlata, pricom ich vyroba a charakterizacia bola vykonana
vyskumnym timom na spomenute] partnerskej institucii. Vysledkom vySetrovania boli
optimalne parametre pre vyrobu tychto sond.

Tretia ¢ast prace predstavuje metdédy a zariadenia dostupné na UEF FEI spolu
s technologickym procesom vyroby navrhnutych Struktar. Kazdy krok je popisany aj s jeho
moznymi vyhodami a nevyhodami. Tato kapitola si kladie za ciel poskytnut Citatelovi Gplny
obraz o vsetkych krokoch vyroby senzorickych Struktur, od navrhu cez vyrobu ai po
charakterizaciu.

Posledna Cast prace sa zameriava na analyzu topologickej aj optickej charakterizacie
niektorych navrhnutych Struktdr. Ako prva bola popisand analyza topologickej
charakterizacia multimédového vinovodného SPR senzora a jeho navadzovacej mriezky
pomocou niekolkych dostupnych metdd. Vysledky ukazali dve nedokonalosti vo vyrobnom
procese. Prvou je nedostatoéna hibka leptania mriezky a vinovodu, ktora sa lahko upravi
zvySenim casu leptania. Vysledky tiez ukazali nadmerné vyleptanie, ktorého vysledkom
boli mensie rozmery vyslednej Struktury. Nadmerné vyleptanie bolo pravdepodobne
spdsobené podleptanim kovovej masky pocas priameho prenosu vzoru pri mokrej metddy
leptania kovovej vrstvy. Druhou moznou pri¢inou mohla byt difrakcia, ktora vznikla na
samotnej fotolitografickej maske mriezky. Aj ked to nezniZi funkénost navrhovaného

senzora, vyrazne to znizi Uc¢innost navrhovanej navizovacej mriezky, kedze faktor plnenia
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je posunuty z navrhovanych 50 % na menej ako 20 %. Na zéklade topografickych merani
bol simulacny model mriezky upraveny a jej nové charakteristiky zistené. Simulac¢né aj
charakterizacné vysledky potom ukazali, Ze ucinnost je prilis nizka na pouZitie
v navrhovanej aplikdcii. Preto bol senzor opticky charakterizovany aj pomocou metddy
priameho naviazania cez leStenu hranu vzorky, kde bola mriezka z oboch stran senzoru
odstranena. Pripravené senzorické Struktury boli nezapasivované, Co prindsa riziko
interakcie analytu s vinovodom aj mimo oblasti snimania. Z tohto dévodu bolo mozné
pouZit iba malé mnozstvo kvapaliny s vhodnou viskozitou, aby sa zabezpecilo, Ze analyt
ostane len v senzorickej oblasti. Toto obmedzenie vsak ovplyviiuje reprodukovatelnost
a porovnatelnost merani, kedZe rozdielne viskozity analytov ovplyvriuju priemer kvapky
adizku interakcie so senzorom. Preto bola testovanad iba jeho zikladna funkcia,
kde pomocou demineralizovanej vody bol sledovany vyskyt charakteristického
spektralneho prepadu. Vysledné namerané spektrum ukazuje prepad intenzity vo
viditelnej oblasti Ziarenia, ¢o potvrdzuje citlivost senzoru na tekutiny s indexom lomu
n=1.33. Nasledné porovnanie so simulacnymi vysledkami naznacuje potenciondinu

pouZitelnost senzora v buducich aplikaciach.
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