Slovak University of Technology in Bratislava
Faculty of Electrical Engineering and
Information Technology

Ing. Martin Ziman

Dissertation Thesis Abstract

Advanced 3D photonic devices

to obtain the Academic Title of Philisophiae doctor (PhD.)
in the doctorate degree study programme: Electronics and Photonics

in the field of study: Electrotechnics
Form of Study: Full-time

Place and Date: Bratislava 5.6.2024






Dissertation Thesis has been prepared at the Institute of Electronics and
Photonics, Faculty of Electrical Engineering and Information Technology,
Slovak University of Technology in Bratislava.

Submitter: Ing. Martin Ziman
Institute of Electronics and Photonics
Faculty of Electrical Engineering and Information Technology
Slovak University of Technology in Bratislava
Tlkovicova 3, 81219 Bratislava

Supervisor: doc. Ing. Anton Kuzma, PhD.
Institute of Electronics and Photonics
Faculty of Electrical Engineering and Information Technology
Slovak University of Technology in Bratislava
Tlkovicova 3, 81219 Bratislava

Readers:  prof. Mgr. Ivan Martinéek, PhD.
Department of Physics
Faculty of Electrical Engineering and Information Technology
University of Zilina
Univerzitna 1, 010 26 Zilina

doc. Ing. Jozef Novék, DrSc.
Institute of Electrical Engineering
Slovak Academy of Sciences
Dubravska cesta 9, 841 04 Bratislava

Dissertation Thesis Defense will be held on 5.6.2024 at 9:00 a.m.
at Faculty of Electrical Engineering and Information Technology, Slovak University of Technology in
Bratislava, Ilkovicova 3, 81219 Bratislava

Prof. Ing. Vladimir Kutis, PhD.
Dean of FEI of STU
Tlkovicova 3, 812 19 Bratislava



Contents

INEFOAUCTION ..o 4
G0aIS OF ThE TNESIS.....ceeeeeecece e 5
1 Design and Optimisation of a Power Splitter Based on a 3D MMI Coupler............ 6
1.1. SIMUIALION MOUEIS ..o 6
1.2. Simulations of Optimal Dimensions and Spectral Characteristics................... 7
1.3. Fabrication and CharaCterisation .............cocucervveoneiineieneeeeseeseesee s 8
1.4. Nonuniform Outcoupling INVESTIGatioN.............cccverireiniincesesese e 9
2 Optimisation of a Fabry-Pérot Interferometer-based Sensor...........c.ccccoverirecrnnne. 13
2.1. Working Principle of @ 3D FPI SENSON ........ccoeiiiinieiiescneesee e 13
2.2. INItial MEASUIEMENES ...ttt 15
2.3. SIMUIALION MOEIS ... 16
2.4, Possible Optimisations of the FPI ..........cccccceoiviiinniniinieccesee e 18
2.5. FPI Environment Change RESPONSE ........cccoveirviiriieriiiii e 23
3 Photonic Devices Utilising Plasmonic Effects ..o 26
3.1 Polymer-based Photonic-plasmonic DeVice ............ccocevereneinininini e 26
3.2. SiON-based Photonic-plasmonic DeVICE...........cocevrvireiiniinse e 29
CONCIUSIONS ...t 33
RESUME ...ttt b et bbbttt b ettt n s 36
RETEIENCES ... s 40

Zoznam publikacne]j CiNNOSt AULOTA ...c.vcviiiiiiiiiii e 43






Introduction

The integration of photonic devices on a single chip also poses a problem, as different
material platforms excel in different functions of a supposed integrated chip. The mature
CMOS processes are bound to silicon-based materials, which can be used for light
propagation, modulation, and also photodetection (with the introduction of germanium).
However, one essential function of photonics remains out of the domain of Si-based
materials - light excitation. The approaches to overcome this shortcoming used today
include the use of external sources with on-chip coupling elements (edge and grating
couplers), as well as various forms of heterogeneous and hybrid integration. The product of
heterogenous integration is similar to that of a functionally complete monolithically
integrated chip. Hybrid integration aims to prepare the light generation die beforehand and
bond it with the passive chip using wire bonds (more recently vertical vias [1]) in the
packaging stage. The approaches mentioned above require a great deal of flexibility in
various stages of PIC manufacturing using conventional top-down processes [2].

Novel polymeric materials show promise in terms of much-needed interconnections
by enabling the use of additive fabrication techniques such as Direct Laser Writing (DLW)
and stereolithography (SLA) [3]. The fibre-to-chip interconnects in the form of sockets and
microlenses that can be directly fabricated on the fibre and chip edges are within the realm
of possibilities unlocked by the novel additive fabrication techniques. This lends polymer-
based photonic devices to various sensing applications using fibre probes and on-chip
microfluidic structures [4, 5].

Combining photonic devices with plasmonic-based structures further aids in
enhancing the capabilities of existing devices. The difference between the size and speed
of photonic and electronic devices could also be bridged by plasmonics. Plasmonics deals
with generating, transmitting, and processing signals at optical wavelengths using the
physical characteristics of metallic surfaces and metallic nanoparticles. Plasmon-based
couplers and electro-optic modulators provide an efficient way of signal conversion
between the electric and photonic parts of a hybrid system. In addition, plasmonics has
already been found to be applicable in biosensing and spectroscopy.

This work focuses on the design and optimisation of 3D polymer-based photonic
devices for light coupling, splitting, and environmental sensing. The devices described in
this work are made of IP-Dip photoresist and designed explicitly for DLW fabrication. The
polymeric devices were prepared by the team at the University of Zilina. Further, the work
elaborates on the possibility of integrating plasmonic structures into polymeric devices and
SiON-based photonic devices for sensing applications.



Goals of the thesis

1. Toobtain knowledge in the field of design of 3D photonic structures and photonic
devices with the use of plasmonic effects for sensing, lab-on-fibre (lab-on-chip)
purposes.

2. To determine the optimisation of 3D photonic structures based on polymer
materials related to the existing technological limits and redefine the simulation
models in terms of obtained characteristics.

3. Todesign 3D photonic devices using polymer material base such as power splitter
Or sensor.

4. Toanalyse the prepared structures using available methods such as optical power,
spectroscopy or microscopy methods.



1 Design and Optimisation of a Power Splitter
Based on a 3D MMI Coupler

Multi-mode interference (MMI) coupler offers an alternative solution to the typical
directional coupler while maintaining output power balance, low loss, and high fabrication
tolerance. The MMI coupler solidified its place in photonic integrated circuits (PICs)
because of its versatility and favourable characteristics. The applications of MMI coupler
cover a wide range, starting with basic power splitting [6-8], switching [9, 10], polarisation
dividing [11], multiplexing [12, 13], sensing [14], and more recently it has even been used
in PICs for machine learning [15].

Most MMI devices mentioned above were based on conventional semiconductor
material platforms bound by the available fabrication methods. As a result, their design
process has not changed significantly since the review published by Soldano and Pennings
in 1995 [16].

The following section presents the design and optimisation of two MMI-based power
splitters prepared using the DLW method. The subsequent simulation investigation of the
deviations from the designed function of the structures is also presented.

1.1. Simulation Models

The base structure of an MMI coupler is a multi-mode waveguide that supports many
propagating modes, usually with a single-mode waveguide at the input and an appropriate
number of single-mode output waveguides at the end. The beam propagation method
(BPM) is a suitable tool for simulating such devices because of the absence of abrupt
changes in the direction of propagating light.

Conventional MMI couplers used for splitting comprise the input waveguide, the
MMI section, and the output waveguides to outcouple the split signal. Factors limiting the
design of an MMI include the refractive indices of the core materials (nf) and the cladding
materials (nc) and the operational wavelength of the device (4,). In the material platform
used, the values are nf = 1.53 (Nanoscribe IP-Dip) [17] and nc = 1 (air). The input light is
the mode supported by a single-mode fibre (SMF) attached to the prepared MMI coupler.
In the case of two output modes at the MMI output, the width should be ~18 um (2 times
the input mode field diameter), and in three, it should be ~27 um. The characteristic beat
length of the coupler (L,;) can be obtained from Equation (1.1), where W stands for the
width of the MMI coupler [16].
N 4n W2
32,

Considering the design requirements and fabrication limitations, two MMI
splitters were designed and fabricated, one with four interference maxima at the output (1x4
splitter) and one with nine interference maxima (1x9 splitter). Different simulation models
were created for each MMI splitter, with power monitors throughout the structure (Fig. 1.1).
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Fig. 1.1: Schematic of the layout of the BPM power monitor for each splitter model with four power
monitors for 1x4 and nine monitors for 1x9 power splitter.

1.2. Simulations of Optimal Dimensions
and Spectral Characteristics

First, the width of the MMI (W) was determined considering the design limitations. The
widths of the couplers were 18 um and 26 um. The optimal beat length values were then
simulated to be L, = 162 um in the case of the 1x4 splitter and L, = 225 um in the case of
the 1x9 splitter. In the case of the 1x4 splitter, the outputs were symmetrical throughout the
structure. In the 1x9 splitter, the interference distributes the power from the central monitor
to the remaining ones.

To further verify the function of the MMI splitters, output modal field
distributions (Fig. 1.2) were analysed at the end of the MMI. The interference images retain
the shape of the input modal field, and the total insertion losses for all outputs do not exceed
-0.75 dB for both designed couplers.
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Fig. 1.2: Output modal field distribution at the end of the MMI splitters:
1x4 MMI (left); 1x9 MMI (right).

For a more complex analysis, the spectral characteristics of the splitters (Fig. 1.3)
were simulated. These characteristics show that both splitters fulfil their intended function
beyond the wavelength of A = 1550 nm for which they were designed.
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Fig. 1.3: Spectral characteristics as simulated by BPM, red lines signify a loss of -3 dB versus the
maximum output value, and the green line indicates the point where the output maxima retain a
correct distribution and sufficient separation: 1x4 splitter (left); 1x9 splitter (right).

1.3. Fabrication and Characterisation

For the 1x4 MMI splitter fabrication, IP-Dip photoresist was used in a single-step process
based on DLW using TPA. The commercial Nanoscribe Photonic Professional GT laser
lithography system based on DLW was the crucial technology for the fabrication of the
MMI splitter. The IP-Dip photoresist was used in immersion laser lithography (DILL)
mode, where the lens was immersed in a liquid photoresist. Fig. 1.4 shows an SEM image
of the prepared 1x4 MMI splitter.

Fig. 1.4: SEM image of the fabricated 1x4 MMI splitter with square-profile tapered input waveguide
and supporting structure. The inset image shows the detail of the output side of the splitter.

Characterisation of the modal distribution across the output part was done using
a highly resolved near-field scanning optical microscope (NSOM). The near-field
distribution near the output was measured in transmission mode. The measured
distributions in Fig. 1.5 closely resembled the distributions acquired by simulations. More
details about the fabrication and NSOM measurements of the 1x4 MMI splitter are available
in our previous work [18].



Fig. 1.5: 3D interpretation of a near-field distribution of the 1x4 MMI (left)
and of the 1x9 MMI (right).

The size of 1x9 MMI is outside the range of the maximum area measurable by NSOM, so
one of the maxima is not present in the measured intensity distribution. Even in the cropped
image, one can see that the 1x9 MMI splitter fulfils its function; the number of peaks and
their separation are visible. The measured shape and intensity distribution reflect the
simulated results.

1.4. Nonuniform Outcoupling Investigation

Both fabricated splitters show a bias towards one of the structure's corners, which was not
present in the simulated characteristics. Three different possible causes for this
phenomenon were identified: the off-centre position of the input fibre in relation to the input
waveguide, the shift of the input modal field in the input fibre itself due to the bending of
the fibre in the measurement setup, and the axial misalignment of input fibre in relation to
the splitter structure. All of these probable causes were investigated using BPM simulations.

The position of the input waveguide in conventional MMI splitters is fixed in the
centre of the multi-mode waveguide. Attaching the designed 3D splitters to the end of the
optical fibre poses new challenges in the alignment of the input and the fibre. For
simulations, the input fibre was diagonally off-centred from the central axis of the multi-
mode waveguide (Fig. 1.6).

Fig. 1.6: Schematic of the off-centre input fibre with the direction shown by the red arrow.

The influence of the fibre offset on the optical power of the MMI without input taper can
be seen in Fig. 1.7. In a 1x4 splitter, the lowest output crosses the half-power mark (-3 dB
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compared to the same output without offset) at an offset value of 1.7 um. In the case of a
1x9 splitter, this occurs at 2.4 pm.
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Fig. 1.7: Power distribution at the end of the MMI couplers against varying offsets of the input fibre:
1x4 MMI (left); 1x9 MMI (right).

Modal field distributions of both splitters with the maximum allowed fibre offset
are shown in Fig. 1.8. The output modal field positions are shifted, and their shapes show

some degree of distortion.
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Fig. 1.8: Output modal field distributions at the end of the splitters with off-centred fibre. The black

dot denotes the central axis of the MMI, and the black cross denotes the central axis of the input
fibre: 1x4 splitter with an offset of 1.7 um (left); 1x9 splitter with an offset of 2.4 um (right).
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The NSOM measurements of prepared structures show uneven splitting to the
extent that should not be possible with alignment achieved by using a support structure with
a fibre socket. Furthermore, the input tapers were prepared in a single fabrication step,
reducing any possibility of misalignment. Therefore, the offset input fibre is not the leading
cause of the observed distortion.

Another probable cause is the bending of the input mode. The bending can result
in distortion of the modal field, which could lead to altered splitter function. Since the
DLW-prepared input taper is generally straight and relatively short for any bending to
occur, the origin could only be the fibre bend. BPM simulation results (Fig. 1.9) show modal
distortion at bend radii around 4 mm. At bend radii >8 mm, the distortion of the modal
field does not occur to a degree that would lead to the measured shift in output maxima of
prepared MMI couplers. The maximum shift is negligible even at radii lower than 4 mm.
Thus, it can be concluded that the bending of the input fibre does not contribute significantly
to the observed distortion of the output maxima.

10
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Fig. 1.9: Maximum offset of the mode in relation to the simulated bend radius (left); Simulated Ey
mode profiles of SMF-28 fibre with bend radii of 2 mm, 4 mm, 8 mm (right).

The last probable cause investigated was the axial misalignment of the fibre to the prepared
structure. The attached structures show a deviation from the central axis of the SMF (Fig.
1.10). This deviation could be caused by the imperfect attachment of the fibre or by the
deformation of the prepared structure compared to the design.

Fig. 1.10: Attached MM splitter with supporting structures; the red line shows the central axis of the
input fibre, and the green line shows the central axis of the MMI splitter [19].

The ageing of the polymer could also cause shrinkage and, thus, undesired deformation of
the structure. Regardless of the cause, the effect of light propagating through a structure
that is not perfectly straight could result in non-uniform outcoupling. The simulations of
this case were done by offsetting the end of the MMI coupler from its start along the X and
Y axes (Fig. 1.11). Increasing offset results in increasing nonuniformity of output fields.
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Fig. 1.11: Power distribution at the end of the MMI couplers against varying offsets of the input
fibre: 1x4 MMI (left); 1x9 MMI (right).

The output mode field distributions at an offset of 2 um show similar nonuniformity
observed in NSOM measurements (Fig. 1.12). The shape of the output field is retained with
11



minimal distortion, while the maxima values decrease towards one of the corners of the
MMI coupler in both 1x4 and 1x9 splitters.
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Fig. 1.12: Output modal field distributions at the end of the MMI couplers
at an offset of 2 um: 1x4 MMI (left); 1x9 MMI (right).

Based on the presented simulation results, the most probable cause of output
nonuniformity is the deviation of the DLW printed structure axis from the fibre axis. The
most likely cause is the imperfect attachment of the fibre. This could be remedied by adding
a longer input taper or a sufficiently long straight waveguide section of IP-Dip after the
fibre termination point. Both proposed solutions require additional fabrication steps due to
the height limitation of the available technology.
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2 Optimisation of a Fabry-Pérot Interferometer-based Sensor

Demand for miniaturisation of sensors and requirements for electromagnetic interference
(EM) immunity make a case for an optical sensing element such as the Fabry-Pérot
interferometer (FPI). These devices have been used to detect a number of physical
quantities such as temperature, magnetic field, and pressure [20]. FPIs have also served as
mechanical displacement and gas presence sensors [21]. Integrating an FPI with an optical
fibre by placing it on a fibre tip to form a lab-on-fibre sensor has been a topic of recent
research [22, 23]. Novel fabrication methods and materials, such as polymer direct laser
writing (DLW), have to be used to prepare these devices, but the versatility of this approach
outweighs its increased complexity in the case of experimental structures.

The object of the investigation described in this chapter was a 3D Fabry-Pérot resonator
structure prepared by DLW at the tip of a single-mode fibre. The original design set the air
resonator to 38.75 um and was fabricated using the Nanoscribe Photonic GT system. The
structure was made of IP-dip polymer with a refractive index value of n=1.53 (at
A=1550 nm). The cladding and the resonator cavity consisted of air with n=1. The
prepared device can be divided into three sections along the Z-axis (Fig. 2.1).

Fibre
@ 125 um

Section 1 Section 2 Section 3
15 pm 38.75 pm 27 pm

Fig. 2.1: Schematic of the DLW prepared device: IP-Dip (blue), input fibre (green).

The goals of the investigation were to use obtained measurement data of prepared
FPIs to create a simulation model that would replicate the behaviour of actual structures
and then utilise it in optimising the geometry of the original design and in the testing of
different data interpretation methods.

The University of Zilina provided the IP-Dip structures used in the measurements.
The measurements of temperature and pressure responses were provided by
VSB - Technical University of Ostrava.

2.1. Working Principle of a 3D FPI Sensor

To create a better picture of potential optimisation avenues, one needs to understand the
basic working principle and the figure of merits of the device in question. In its simplest
form, the investigated FPI consists of two parallel mirrors within which light undergoes
multiple reflections. The
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At each 2m phase change between mirrors, resonance occurs, which results in an
interference maximum in the spectrum. The separation between two adjacent maxima can
be expressed in terms of wavelength as [24]:

A3 A

2nL cos 6 + A, 2nLcos®

A

AA is the free spectral range (FSR) of the FPI (Fig. 2.2), which determines the usable range
of the structure, as overlapping the maxima introduces ambiguity in the measurement.
The thing to note from the equation is that the FSR is inversely proportional to the optical
cavity length nL.

08
08
07+

06

1 NHM i
0.5
4 / FreqSpect{al Ringe
/
03+ ’/ 1
—
m=1

02

Transmittance

°

m m+1 m+2
Frequency (units of ¢/2d cos 0)

Fig. 2.2: Transmittance spectrum of an FPl with FSR and FWHM and resonant peak position
highlighted [25].

The resolution of the interferometer is given by the FWHM of the interference
maxima, which is dependent on the reflectivity of the mirrors. This parameter is called the
finesse of the resonator F.

_ ™R 2.2)

1-R

The FWHM of resonance peaks is proportional to the finesse and is expressed as:
The sensing capabilities of the FPI take form in the spectrum shift with respect to

the environmental conditions. The relation between the spectral shift of the structure and
the change in environment temperature is given by:

(23)

Ay 4 (dnL_I_dL)
ar ~ 2m+1i\ar"Tar")

where dn/dT is the thermo-optic coefficient of the cavity medium and dL/dT is the thermal
expansion coefficient of the material [26].

Several devices, such as the investigated FPI, have been prepared to this day. The
most relevant examples of these devices are the single solid polymer resonator and dual
air-polymer resonator structures realised by Smith et al. [27]. The configuration of the dual
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resonator devices is most similar to that in the investigated structures, where a thick 1P-Dip
layer forms the second mirror and an additional solid IP-Dip resonator. Smith et al. state
that the dual resonator device provides an open cavity for analyte measurements while
simultaneously using the second solid IP-Dip cavity spectrum as a reference. They stated
that calculating the effects in the polymer cavity and subtracting them from the whole
structure would provide a clearer picture of the effects in the open cavity. A detailed
description of the methods used to analyse separate resonators is not provided.

2.2. Initial Measurements

The IP-Dip FPI samples provided by the University of Zilina were characterised by
microscopy and spectral measurements under room conditions. The goal of the microscopy
was mainly to verify the length of the air cavity of the resonator and to show any deviations
from the provided design. The spectral measurements then served as the basis for the
simulation and verification of the simulated characteristics.

Microscopy measurements were performed with an optical microscope (Keyence
VHX7000) and SEM (Zeiss LEO 1550). The cylindrical shape of the structures proved to
be challenging to capture correctly. The shallow depth of field in the optical microscope
and the partial translucency of IP-Dip made it impossible to capture the whole structure in
focus within one exposure. The positioning of the sample also posed a challenge compared
to planar structures due to the rotation of the sample in relation to the viewpoint.

The optical microscope images show the 3-layer structure of the FPI (Fig. 2.3).
IP-Dip is clearly distinguished from the SMF by the yellow colour. The distance
measurements of the sections and the fibre agree with the expected dimensions.

Fig. 2.3: FPI (Sample 14) with the cavity opening visible and dimension measurements.

The sample had to be covered with a thin gold layer for the SEM imaging to ensure proper
discharge, as the polymer conductivity was low. Thus, the SEM imaging was destructive to
the sample. This could be avoided by using a better vacuum or a different SEM, none of
which was available at the time. SEM images (Fig. 2.4) show the same general structure of
the FPI. The better resolution of the SEM provides a clear image of the striations caused by
DLW technology. The average dimensions of each section obtained by measurement were
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14.93 pm (Section 1), 38.17 um (Section 2), 26.59 pm (Section 3), and 79.88 um (Total
length).
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Fig. 2.4: SEM images of FPI (Sample 15) with dimension measurements.

After microscopy, the available samples were measured in terms of insertion losses in the
spectral window of 1460-1580 nm (Fig. 2.5). The results agreed with the expected spectral
characteristics obtained from the literature. In all cases, the double peaks of the two
resonators were present.
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Fig. 2.5: Measured reflectance of selected DLW-prepared samples.

Initial measurements and microscopy images formed a valuable basis for
subsequent model formulation and confirmed that the overall structure and material
characteristics are mostly retained in all samples.

2.3. Simulation Models

Three different methods were used to verify the reflectance of the prepared device: Transfer
Matrix Method (TMM), Rigorous Coupled-Wave Analysis (RCWA), and Finite-difference
Time-domain method (FDTD). The first aim was to set up a model to replicate the
reflectance measurements as accurately as possible and identify deviations of the simulated
characteristics from the measurements.

The semi-analytical method RCWA utilises the 2D model, the boundaries of
which are periodic on the X-axis. This method still does not consider the sidewalls of the
structure, but its nature enables the shaping of the material interfaces while being less
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computationally demanding than FDTD. The schematics of the different models are
depicted in Fig. 2.6.
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Fig. 2.6: Schematics of the simulation models: a 1D model for TMM; Periodic boundary model
for RCWA (left); Model with included sidewalls and scattering structure for FDTD (right).

The model dimensions were defined according to values in Fig. 2.1. The
refractive index of IP-Dip was set to 1.53, as its value does not change significantly in the
simulated spectral region (1480 — 1640 nm). The resulting reflectance characteristics are
similar to the measured ones for each method (Fig. 2.7).
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Fig. 2.7: Comparison of the simulation methods used (left); Comparison between measured
reflectance and RCWA simulation (right).

The main object of focus, the spectral peak position, is retained between the
simulation and the measurements. This observation suggests that the reflections from the
sidewalls of the structure do not contribute to the overall function of the device in a
significant manner and that the measured structure resonator lengths did not deviate from
the provided figures considerably (at most by degree of 102 um).
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2.4. Possible Optimisations of the FPI

Taking into account computational requirements and the accuracy of the simulation against
the measured reflectance of the device, RCWA was chosen for further simulations of
different air resonator lengths and analyte refractive index changes. RCWA simulations
were realised for dual and single-resonator FPI designs. The single resonator design was
achieved by setting the Section 3 length to 0.75 um, thus reducing its influence on the
spectral response of the whole FPI. Further simulations show a linear peak position change
in the case of resonator deformation in both single- and dual-resonator designs (Fig. 2.8).
The values representing the phase shift of 27 for both simulated structures are ~0.8 Aum in
the case of the resonator length deformation. A notable change in the peak position shift
can be observed between the two designs. The single resonator structure shows values of
peak shift that are twice higher than the original design.
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Fig. 2.8: Simulated spectral characteristics of resonator length change for the original design (left)

and the 0.75 pum resonator design (right).

The overall sensitivity values for both simulated parameter changes reflect the
reduced peak shift between the single-resonator and original designs (Fig. 2.9). The
decreased sensitivity and distortion of the spectral peak positions are caused by the
influence of the second resonator in the original design.
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Fig. 2.9: Peak position and sensitivity characteristics in response to changes in resonator length

for the original design (left); and the 0.75 um resonator design (right).
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The first subject of optimisation was the second resonator itself. The additional
resonance occurs between the polymer-air interfaces of the 3 section of the prepared
structure. The refractive index of IP-Dip cannot be adjusted using the available fabrication
method (DiLL). Due to this, the reflectivity of mirrors is considered constant at a value of
4.39 % (obtained by Fresnel equations).

The DiLL process facilitated by Nanoscribe Professional GT has limits in the
resolution and range of the print. The resolution limit is given by the laser focus spot size,
0.2 um in the XY plane and 0.6 um in the Z axis. The range limitation concerns the Z-axis,
where a maximum of 300 um is achievable in a single step. The mechanical integrity of the
layer also limits the minimum thickness of the realisable layer. With technology limitations
in mind, different thicknesses of the layers were investigated.

Setting the central wavelength as A, = 1560 nm, which represents the middle of
the measured spectrum, the FSR values of 44 = 30.781 nm in the case of the air resonator
and AA = 28.910 nm in the case of the IP-dip resonator are obtained (Fig. 2.10, left). In the
original design, the resonators are joined together, and measuring them separately is
impossible. Dividing the simulation domain into two parts, the reflectance of each resonator
can be analysed in terms of FSR. The resulting spectra for each separate resonator are
depicted in Fig. 2.10, left. By multiplying the separate resonator characteristics, one obtains
a characteristic with peak positions and shapes remarkably similar to the original structure
(Fig. 2.10, right). This confirms the intermodulation between the two resonators.
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Fig. 2.10: Reflectance spectra of each resonator (left); whole structure and multiplication of two
separate resonators (right).

The intermodulation of the resonators cannot be avoided, but its effects depend on the
second resonator's length and, thus, its FSR. The ratio of FSR of individual resonators in
the original design results in a halving of the FSR of the whole structure, which halves its
sensitivity.

If the FSR of the second resonator is increased to values much greater (by
decreasing its length) than the measured spectral range, it is possible to fit the reflectance
pattern of the air resonator across the broad maximum of the thin IP-Dip resonator.
However, the thickness of such a resonator (significantly below the used wavelength) is not
readily achievable using the available technology. A compromise thickness of 5.4 um,
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which is mechanically sounder, provides a spectral window between 1550 - 1610 nm (Fig.
2.11, left). Another way to reduce the second resonator influence would be to decrease its
FSR (by increasing its length) to a degree where a large number of peaks fit under one peak
of the air resonator (Fig. 2.11, right). Separating the two resonators, FSR makes it possible
to filter out the long resonator's higher frequency signal and obtain the air resonator's peak
positions.
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Fig. 2.11: Spectral responses with two optimised IP-dip resonator lengths

Another option to reduce the influence of the IP-dip resonator would be to minimise
reflection from the last interface. This can be achieved by scattering the propagating light
using small structures that optically break up the interface between the polymer and the air.
A similar approach was used in the FPI structure prepared by Goraus et al. [28].

The simulation model used was realised using 2D FDTD. The model consisted of
the FPI and an array of triangular/trapezoidal objects forming the scattering structure. The
parameters FDTD tested were the objects' base width and the angle of the sidewalls (Fig.
2.12). The tip width was fixed to 0.2 pm, the minimum size achievable by the DiLL process.

02pm

Base Width

Fig. 2.12: A single period of the scattering structure (right).

The results of the 5.4 um resonator with scattering structure (Fig. 2.13) agree with
the experimental results of Goraus et al. [28]. The presence of the second resonator causes
the deformed peak in the measured spectra. A similar peak is present in the 5.4 u m IP-dip
resonator simulation, but its position is shifted towards higher wavelengths. This suggests
a slight mismatch in the length of the actual resonator compared to the simulation. The
added length of the scattering structure probably causes the mismatch. Considering all the
parameters and effects described in this chapter, the prepared FDTD model reflects the FPI
as a whole accurately and verifies the function of the scattering structure as a means to
eliminate the reflection from the last interface.

20



1.0

0.5 1
08

) |
0.6

04

Reflected Power (-)
o
bH
Signal (A.U.)

02
0.1

0.0

0.0 T T T T T T ™
1520 1600 1680 1760 1480 1520 1560 1600

Wavelength (nm) Wavelength (nm)
Fig. 2.13: Broader spectral response of the 5.4 um IP-Dip resonator with a deformed peak at
~1710 nm (left); Spectral response of a similar IP-Dip FPI prepared and measured by Goraus et
al. [28] with the deformed peak at ~1550 nm (right).

The reflectivity value of the IP-Dip—air interface (4.39 %) makes for a low-
finesse FP resonator. Such resonators' power transfer characteristics (transmittance,
reflectance) approach the shape of a sine wave with the resonator's FSR being equal to the
approximated sine wave period in a sufficiently narrow spectral range. If the FFT is used
on the measured spectral window, the approximated sine wave manifests as a peak in the
resulting frequency spectrum.

For demonstration, Fig. 2.14 depicts the spatial frequency spectrum of the FPI
original design and the 246 pm IP-dip resonator design obtained from the RCWA
simulation results. Both spectra show two pronounced peaks that correspond to each of the
two resonators. Both air resonator peaks are at a frequency of 0.03136 nm, which
translates to a period of T =31.88 nm, which is close to the FSR value A4 =30.875 nm
obtained from the reflectance spectrum. What manifests as the second peak in the case of a
27 um resonator is most likely the higher amplitude of the second harmonic frequency of
the whole structure.

—— 246 pm IP-dip resonator
—— 27 um |P-dip resonator

0.084
- Al rescnalor peaks

1P-Dip resonator peaks
A

Amplitude (A.U.)

00 01 02 03 04 05
Spatial frequency (nm™")

Fig. 2.14: FFT spectra of two dual resonator FPI structures

Since the resolution of a spatial frequency spectrum is given by the range of the signal in

the radiation spectrum, the peaks in Fig. 2.14 do not precisely reflect the FSR values of the

resonators. However, tracking the phase shift at the spatial frequency of the air resonator is

possible. The phase value changes both with the air cavity RI value change and with the

resonator length change (Fig. 2.15). In the case of the 0.75 um resonator, the change is

linear. Linearity is retained in the optimised 5.4 um IP-dip resonator design. In the original
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design, the change is linear up to 65° then the FPI shows a steeper drop up to 270°. This is
most likely caused by the similar FSR values of the individual resonators in conjunction
with a short reflectance measurement, resulting in wide FFT bins. The phase change of 360°
corresponds to the peak shift over one FSR in each simulated FPI.
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Fig. 2.15: Phase change against varying air cavity length values (left) and varying air cavity
refractive index values (right).

Assuming that the refractive index of air does not change during the initial
measurement, the simulation models were used to approximate the values of air cavity
length. The dimensions of the other sections were defined as designed. The resulting values
are primarily within 0.3 pm compared to the measured values. In the case of sample no. 9,
the difference is 0.5 um. This points to the significance of the air cavity resonator in the
overall spectrum shape.

Since the material used also exhibits a thermo-optic effect of — 2.6 x 10-4/K (at

1550 nm), the change in its refractive index influences its spectrum. The phase change
according to the changing material refractive index was also simulated. The tested values
were chosen assuming an IP-Dip refractive index value of 1.53 at room temperature.
After the simulation and analysis of spectra using the dimensions of each sample in Table
3.1, the refractive index values for each sample were obtained with respect to the phase.
Each sample (except for No. 14) showed phase values corresponding to ~1.528, equivalent
to an ambient temperature of 27.7°C (assuming RI of 1.53 at 20 °C).

Overall, this approach enables spectral separation of the measured data and thus
enables evaluation of each used resonator separately, provided that the measured spectrum
is broad enough to resolve their respective peaks.
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2.5. FPI Environment Change Response

The simulations described so far were based on FPI measurements at room conditions
described at the beginning of this chapter. These FPI structures were prepared with the aim
of sensory applications. Thus, spectral characterisation according to environmental changes
was realised by the team at VSB Ostrava. The tested environmental conditions in this work
are the temperature change, ranging from 5 °C to 50 °C with a step of 5 °C, and the air
pressure change, ranging from ~0 bar to 5 bar with a step of 0.5 bar.

The measured spectra were analysed in terms of peak position and spatial
frequency. The phase and peak position values were then compared against the phase values
obtained from the RCWA simulation to obtain the air resonator lengths of the measured
structures. The temperature change spectra (Fig. 2.16, left) are consistent with the initial
measurements presented at the beginning of this chapter (Fig. 2.5). Some degree of noise is
present in all measurements, mainly in the upper part of the characteristics. All of the
samples show a red shift with increasing environment temperature. All samples also show
movement at peak levels, consistent with previously observed intermodulation between the
two resonators. The peak position shift and spatial frequency phase values were obtained
from a series of measurements for each sample (Fig. 2.16, right). The phase values obtained
generally follow the peak position values. The similarity of characteristic shape shows that
the sine wave approximation of the air resonator closely resembles its measured spectral
shape.
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Fig. 2.16: Temperature change spectral measurements of FPI sample V3 (left); Peak position and
phase shift against temperature (right).

Spatial frequency analysis provides information about the resonator length more
readily than the peak position. When the phase values of each sample are compared, it is
apparent that each sample differs slightly (Fig. 2.17, left). In all the samples, the phase value
decreases with an increase in temperature. The thermo-optic effect present in IP-Dip
suggests an opposite trend: the phase value should also increase with increasing
temperature. Since this is not observable in the measurements provided, the results point to
thermal expansion being the main contributor in this design of an FPI.
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Fig. 2.17: Phase values of each sample against temperature (left); Simulated resonator length and
measured temperature values of FPI sample V3 against obtained phase values (right).

The simulation of different resonator lengths and a detailed view of the phase values
obtained from measurements are presented in Fig. 2.17 (right). The decrease in phase values
with increasing temperature is present in all samples. The decreasing trend is most likely
due to the shrinking air cavity length with increased temperature. The measured
characteristics show a degree of nonlinearity, which is not present in the simulated results,
with the nonlinearity of samples. These nonlinearities could be attributed to the thermo-
optic effect of IP-Dip.

The pressure change spectra in Fig. 2.18 (left) show that the pressure change does
not introduce unexpected peak position shifts in a single sample. A detailed view of the
peak position shift and phase shift shows the linear characteristics of sample V3 (Fig. 2.18,
right). The pressure change characteristics show a higher degree of linearity than
temperature measurements.

5%10*

Sample V3] 1536.0 Sample V3| 45

40 1536.2

ks

1536.4 \\ lo ©

@

ts 2

| 1536.6 \%{x £

| | | y F-10

§ |  orer + 5 bar S0 b 1536.8 [=t— Peak Position \3%& [ 15
1x10 —— 0.5 bar 20bar  —— 3.5 bar |—=0—Phase

1.0 bar 2.6 bar 4.0 bar 15370 20

1620 1?;-10 1560 1580 0 1 2 3 4
Wavelength (nm) Pressure (bar)

3x10*

Reflectance (A.U.}

2x10*

Peak Position (nm)

Fig. 2.18: Pressure change spectral measurements of FPI sample V3 (left); Peak position and
phase shift against temperature (right).
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The simulation of different resonator lengths and a detailed view of the phase
values obtained from measurements along with simulation of different resonator lengths
are presented in Fig. 2.19. The decrease in phase values points to air resonator elongation.
The pressure change curve follows the simulation of the resonator length more closely than
in the case of a temperature change. This indicates a closer relationship between the
pressure and the optical air resonator length.
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Fig. 2.19: Phase values of each sample against pressure (left); Simulated resonator length and
measured temperature values of FPI sample V3 against obtained phase values (right).
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3 Photonic Devices Utilising Plasmonic Effects

This chapter presents two material platforms (IP-Dip and silicon oxynitride) and evaluates
their viability in supporting a plasmon-enabling metal layer regarding refractive index
compatibility and surface roughness requirements. The surface roughness was represented
by AFM-acquired roughness profiles of respective materials in various stages of fabrication
processes.

3.1. Polymer-based Photonic-plasmonic Device

The angular dependence of the SPP limits the design of a photonic device. The design
process mainly focuses on achieving the incident angle needed to excite the plasmon within
the constraints of available technology, provided the material platform supports SPP
formation and propagation at the material interface layer. Polymers that enable novel
fabrication methods, such as DLW, alleviate some of these constraints while exacerbating
others. The following chapter focuses on plasmonic photonic sensing structures based on
IP-Dip. Its viability in terms of refractive index matching and surface roughness is
evaluated using simulation methods.

The IP-Dip structure serves as a base for the SPR-based fibre probe. The device
was optimised for use with a wavelength of A = 785 nm. Simulations were carried out using
the FUllWAVE simulation tool in the RsoftCAD suite. The simulation models used were
inspired by the work of P.S. Menon et al. [29]. The simulations aimed to investigate the
behaviour of IP-Dip in relation to the thickness of the gold layer, to find the optimal angle
value for SPR to occur, and to simulate the response of the optimised structures to changes
in the values of the analyte's refractive index.

Due to how FullWAVE handles the light source's rotation, two simulation models
were created. One has a rotating interface between the two dielectrics (used in angular
interrogation), and the other has a fixed interface, a rotating light source, and a rotating

monitor (used in wavelength interrogation).
/ -
v
AT
Ratsiing
sRemier

Fig. 3.1: Models used for FDTD simulations: model with a rotating interface on the left, model
with a rotating source and monitor on the right.
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The grid size was set to 10 nm in the entire simulation domain to achieve at least four grid
points at the gold interface layer. This approach should provide greater accuracy. Since the
Yee cell grid required for FDTD simulation does not support non-uniform element sizes,
the whole simulation domain is defined with a relatively small 10 nm step. This increases
the computational demands of the simulations.

In the first step, a range of gold thin film thicknesses was simulated, obtaining
angular interrogation characteristics. The dielectric medium used in the simulations was air
with a refractive index value of n = 1. The material used as a prism is IP-Dip with n = 1.53.
The thin film thickness was varied from 30 nm up to 90 nm. The angle sweep range was set
from 35° to 50°. The angular interrogation results show dips in normalised power values
with minima at around 43.2°, as shown in Fig. 3.2 (left). The thickness of the layer affects
the overall transmitted power outside the SPR region and the minimum power transmitted
in the SPR region due to the reduced reflection of the thinner gold layers. Higher values of
thickness result in a higher amount of light reflected, less pronounced dips in the transmitted
power, and a smaller range of angles where the decrease of power takes place. Next, using
the optimal values determined by angular interrogation, spectral characteristics were
simulated for a range of analyte refractive indices (1.0 — 1.005) (Fig. 3.2, right). The change
in the minimum position in the spectra was observed according to the change in the analyte
refractive index. The gold layer thickness was set to 40 nm because this value showed the
lowest power throughput in the SPR region.

Normalized Pawer (-)
Nommalized Pawer (-}

Angle () Wiavelength (um)

Fig. 3.2: SPR response curves for various thicknesses of the gold layer against changing the
incident angle (left); Spectral characteristics of a range of analytes (right).

The results thus far show minima positions shifting toward longer wavelengths
with increasing refractive index values. The overall power coupled into the surface plasmon
decreases with an increasing refractive index value. Simulations show an average
wavelength sensitivity of ~3500 nm/RIU. Overall, FDTD simulations show that SPP
excitation is possible with air-based analytes.

The DLW fabrication process results in striations in the surface caused by
scanning the laser during the 2PP of the voxels. The simulations aimed to evaluate the effect
of the resulting roughness on the excitation and propagation of SPP. A FEM-based
approach was used in the subsequent simulations due to the limitations of FUullWAVE
FDTD implementation, namely the angled plane wave excitation handling, non-rectilinear
gridding absence, and high computational demands. The FEM-based simulations used
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COMSOL Multiphysics, which supports advanced gridding (Fig. 3.3, left) and simple
geometry import. This enables a better representation of a rough surface in the simulation
by using more elements in the region of interest, cutting computation demands down. The
surface roughness model used was based on the work of Frei W. [30], depicted in (Fig. 3.3,
right). The values monitored using the model are Reflectance (R), Transmittance (T),
Absorptance (A), and their total.

Fig. 3.3: Nonuniform FEM grid generated by COMSOL Multiphysics (left); The computational
domain of the model used for the simulation of the surface roughness effect (right).

The parametric curves representing the striated surface of the developed IP-Dip
layer come from an article by Smith et al. [31]. The article provides three cross-sections
obtained from AFM measurements (Fig. 3.4). The authors state that the roughness of the
surface is approximately 60 nm with a peak-to-valley difference averaging 120 nm.
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Fig. 3.4: Three cross sections across the surface of the IP-Dip film measured by AFM [27].

First, the ideal case of a surface with zero roughness was simulated using fixed
refractive values for both water (1.33) and IP-Dip (1.53). The gold was modelled from data
by Johnson and Cristy [32]. The model's angular characteristics show the SPR dip at 70.1°.
This angle value was then used for spectral simulations (Fig. 3.5, left|). The transmittance
of the interface is zero in the region of interest. The coupling to the SPP represented by the
absorbance characteristic is around 90%. Afterward, the AFM cross-section was
introduced, and the spectral characteristics were simulated again (Fig. 3.5, right). The SPR
dip is broadened and less pronounced than the ideal, increasing from ~10% of the power
reflected to ~25%. The rest of the monitored values (R, A) show a more significant
deviation from the ideal. The absorbance value reduction is mainly due to the lower
confinement of the SPP, which is either not coupled to the interface at all or lost during
propagation.
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Fig. 3.5: Spectral characteristics of the ideally smooth interface (left); Spectral Characteristics of
cross-section No. 2 (right).

The ideal interface simulation results showed that IP-Dip should be a viable candidate for
SPP sensing for air and water-based analytes in the visible part of the optical spectrum.
However, the used simulation models may skew the obtained results to be closer to the ideal
characteristics as the approximations in dimensionality, and the metal layer uniformity are
not representative of the actual structure. Further research in angled IP-Dip surfaces and
thin layer deposition is needed to assess the viability of this approach accurately. As the
means needed to realise this kind of research were not available to the author at the time of
writing this thesis, the question of viability is beyond the scope of this study.

3.2. SiON-based Photonic-plasmonic Device

At this date, the Institute of Electronics and Photonics at the Faculty of Electrical
Engineering and Information Technology of the Slovak University of Technology in
Bratislava (UEF FEI STU) has sufficient facilities to carry out research in the silicon
oxynitride (SiON) material platform. A detailed study of the surface and material
characteristics of SION was performed using the knowledge and capabilities present. The
goal of this study was to experimentally prove the capabilities of the prepared SiON films
to support the formation and propagation of SPP. The further goal is modelling the structure
based on fabrication parameters and the design of plasmonic-photonic sensing devices such
as a previously proposed SPR-based multi-mode waveguide sensor [33]. The following
chapters present an overview of the available SiON fabrication process and surface
roughness simulation models based on tested experimentally prepared thin films. This
section discusses the technological processes employed in the fabrication of optical
waveguides, focusing on the processes used in ongoing SiON research at UEF FEI STU.
Generally, the fabrication process can be divided into three stages: thin-film
deposition, photolithography, and etching. These are the steps that are present in most
silicon waveguide fabrication processes. After the core layer is fabricated, the cladding
layer is deposited on top if specified. The metallisation process is added because of the
plasma etching technique, where metallic mask material plays a crucial role in the final
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product. The complete fabrication process of the SION waveguide realised at UEF FEI
comprises these steps:

1. Deposition of SiO2

2. Deposition of the SiON optical waveguide core layer
2. Metallisation

3. Photolithography

4. Wet etching of the metal layer

5. Plasma etching of the SiON l;ayer

6. Deposition of the SiOx cladding layer

The roughness of the SION films was evaluated against three different process
parameters. NHs flow rate during deposition, duration of deposition. All of the layers were
deposited onto Si substrates. The layer roughness was measured using AFM, and the
thickness was verified by SEM imaging. The surface profiles of the AFM were measured
within two ranges (5x5 pum and 10x10 um) and evaluated in a number of statistical
quantities, namely average roughness (Ra), mean square roughness (Rrms), maximum
height (Hmax). 5x5 pm measurements were used to acquire cross-sections representing the
surface within the simulation domain.

First, four different flow rates of NHs (from 5 to 20 sccm) were tested. The
deposition duration for this set of samples was 10 min. The thickness of the deposited layer
for all samples in this set was measured to be ~750 nm. The different durations of deposition
were then tested for two sets of samples with flow rates of NHz of 5 and 20 sccm. The
durations tested ranged from 10 to 17.5 minutes with a step of 2.5 minutes. None of the
samples varies significantly in roughness enough to suggest that the tested deposition
parameters introduce significant changes in surface topology. The highest roughness values
were measured in the sample with a deposition time of 17.5 min and an NHs flow rate of 5
sccm. The AFM images, out of which the statistical quantities were obtained, did not show
any standout features between the samples. Similarly to IP-dip, three cross-sections were
obtained from the measurement and used to simulate SPP excitation in the Kretschmann
configuration. The refractive index of the SiON layers was assumed to be 1.55 in the visible
range based on past ellipsometric measurements [34].

The simulation results show the presence of an SPR dip at 68.4° and 625 nm in
the perfectly smooth interface. Introducing the AFM cross sections into the simulation
shows a slight shift towards 69° in angle and 630 nm in wavelength (Fig. 3.6). The shapes
of both characteristics remain mostly unchanged, with slight deformation and minor local
power deviations, both in comparison to each cross-section and to the ideally smooth
surface. The transmittance values are increased as expected based on previous simulations
of IP-Dip roughness. However, the overall lower surface roughness of the tested profiles
aids in keeping the absorbance and reflectance levels much closer to the levels of a smooth
surface.
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Fig. 3.6: Angular (left) and spectral characteristics (right) of the monitored values
(cross-section No. 1).

The same surface roughness analysis and simulation approach were used to
evaluate a set of SiON thin film samples that underwent ICP-RIE etching. The etching
durations tested were 3, 6, and 12 minutes. The etched samples were not covered by a mask
during the ICP-RIE process. The roughness values are increased after etching in all samples.
The sample that underwent 12 min. etching yielded the highest measured values, where
average roughness increased to 9.861 nm. Although the shorter etching durations increased
the surface roughness, the statistical values varied only slightly from the samples before the
etching. The simulation results showed that the SPR angle did not vary significantly from
the ideally smooth surface and stayed around 68.8°. The reflectance values in the spectral
simulations did not stray from the smooth measurements, and the SPR dip stayed at
~625 nm, similar to the smooth simulation. The influence of the roughness can be primarily
observed in the absorbance and reflectance values in the region of interest. The 12 min.
sample showed 25% transmittance values on average. This suggests a diminished coupling
into the plasmon. The absorbance value confirms this. Higher transmittance values show a
decreased efficiency of the rough surfaces, which diminishes further with the additional
etching duration. Although the increased roughness does not affect the reflectance
simulation values, the impaired coupling into the SPP would most likely result in reduced
sensor performance. The reduced performance would most likely manifest itself as a
reduced sensitivity to the refractive change of the analyte since a lower amount of light
would be able to interact with the analyte.
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Fig. 3.7: Averaged spectral simulations of the rough surface with etch duration variation.
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The possibility of tuning the refractive index of the SION core layer and its optical
properties in the visible part of the spectrum shows promise for its use in water-based
analyte sensing. This is also apparent from the initial smooth-surface simulations of the
material.

The PECVD deposition parameters investigated in this chapter included NHs flow
rate and deposition duration. According to the simulation results, neither parameter
influenced the SPP formation and propagation in a manner that would prohibit the intended
function. The statistical quantities of average and RMS surface roughness remained at
~5 nmin each tested sample. This thin film structure without additional shaping can be used
in ellipsometry using the Kretschmann configuration of the SPP coupling. The SiON layer
with a gold layer thickness of 32 nm was tested in this manner at UEF FEI STU [34]. The
ellipsometric incidence angle of 87° translates to 67.7° at the SiON-water interface. The
wavelength used for ellipsometry was 645 nm. Simulating the experimentally tested
configuration using the FEM model, the SPR resonance occurs at 66.6°. This slight
difference between the measurement and simulation could be attributed to an unknown
refractive index of the immersion oil or a deviation in the expected refractive index of the
SiON layer. Nevertheless, the experiment confirms the formation of SPP on the SiON layer
formed using the PECVD process used at UEF FEI STU.

The ICP-RIE etching simulation results showed higher transmission values for
the sample with the highest etching duration tested (12 min.). This suggests that longer ICP-
RIE etching results in a higher degree of surface roughness, which is detrimental to SPP
formation and propagation.

Even if the simulation approximations (2D, ideal gold layer uniformity) are
considered, the SiON thin films still show higher viability for SPP-based applications than
the previously investigated IP-Dip platform. The lower surface roughness of the SiON films
was achieved by different deposition and shaping methods, thanks to their material
properties. Increased core layer roughness after the complete process of waveguide
fabrication could affect the effectiveness of a supposed waveguide-based SPP sensor.
Additional process investigations were beyond the scope of this work and will most likely
be investigated in the future.
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Conclusions

This work focused on the design and optimisation of 3D polymer-based photonic devices
for light coupling, splitting, and environmental sensing and the possibility of integrating the
plasmonic structure into two material platforms.

The work presents the process of designing and optimising two 3D MMI splitters
made from IP-Dip polymer and fabricated using the DLW technique. Two designs were
proposed, one with a 1x4 splitting ratio and the other with a 1x9 splitting ration. The design
process satisfied the technological limitations, mainly the maximum length of 300 um
achievable in a single fabrication step. The BPM simulation showed minimal insertion loss
and a wideband operation window for both designed MMI splitters. The designed structures
were subsequently fabricated and characterised by the team from the University of Zilina.
The NSOM measured power distribution at the output of each MMI showed that the power
distribution was mainly retained with a bias toward one corner of the MMI. Investigation
of possible reasons for this nonuniformity showed that axial misalignment of the structure
against the fibre is the most likely culprit of this undesired phenomenon. The proposed
solution for this predicament is a longer input waveguide to stabilise the propagating mode.
An additional fabrication step would be needed to realise this optimisation, thus requiring
further research beyond this work's scope.

Further, the work presents the analysis, simulation, and optimisation of 3D
Fabry-Pérot interferometers at the tip of a single-mode fibre. The initial measurements
showed that the structures' dimensions were in line with the design specifications provided
by the University of Zilina. The further spectral measurements showed reflectance
characteristics typical of dual-resonator devices, where intermodulation of the resonators
caused an additional set of spectral peaks. Several simulation models were prepared based
on the initial measurements, with the RCWA model being the most suitable for accuracy
and computational demands. Subsequent simulations showed that the presence of the
second resonator results in a reduced overall sensitivity of the device to environmental
changes. The proposed optimisations included adjustments to the length of the second
resonator and an introduction of a scattering structure at the end of the device. Both
optimisations reduced the second resonator's contribution, thus reducing the undesired
intermodulation. Another approach explored in this chapter was the interpretation of the
spectral results using FFT. The so-called spatial spectrum provided information on changes
within the device through changing phase values. The spatial spectrum interpretation was
used to evaluate the environmental change characteristics obtained by the VSB Ostrava
team. The results showed that the phase values closely followed the peak shift values.
Furthermore, the results indicate that material expansion significantly affects the overall
spectral shift introduced by the temperature and pressure change. In the case of temperature
variation, the measurements' lower linearity suggests another influence besides the change
in optical length. This change was attributed to the thermo-optic effect of IP-Dip.

The work also explored the viability of IP-Dip and SiON materials to support
surface plasmon formation and propagation. The introduction of surface roughness showed
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higher transmittance values and lower plasmon confinement. The roughness is a product of
the DLW fabrication method specific to IP-Dip and cannot be avoided. This and the lack
of means to procure samples needed for further investigation ruled out the IP-Dip material
platform as a suitable candidate for a possible plasmonic-photonic device. The SiON
material platform was also investigated regarding SPP compatibility since the technological
process was available at UEF FEI STU at the time of writing. The samples acquired after
the PECVD deposition step and ICP-RIE etching were measured using AFM to acquire
surface roughness profiles for simulations. The tested parameters did not increase surface
roughness in a way that would significantly influence SPP formation. The SiON thin film
samples were also experimentally tested using ellipsometry, which confirmed the accuracy
of simulation models. This makes the SiON platform suitable for Kretschmann
configuration measurements. Further research into the effects of surface roughness on SPP
formation was beyond the scope of this work. However, investigating the roughness after
the metal mask removal step would benefit an accurate viability evaluation of SPP-
supporting channel waveguide devices, the research topic of choice at UEF FEI STU.
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Main Contributions of Dissertation Thesis
Related to Defined Objectives

1. The extent of existing research was reviewed, and the knowledge obtained was
applied to further the understanding of polymer-based photonic and plasmonic-
based devices in terms of design and simulation.

2. The limits of each used fabrication method were identified, and the limitations
were accounted for in the simulation model formulation. In the case of 3D MMI
splitters, the simulations showed a need for a single-step process. In 3D
Fabry-Pérot interferometer—based sensors, the device's dimensions were
modified according to the limitations of the DLW process. The surface
characteristics obtained from measurements for plasmonic-photonic device
evaluation provided further insight into the SiON fabrication process at UEF FEI
STU.

3. Two 3D MMI splitter devices were designed and optimised for the desired
splitting ratios, and available characterisation means. Their function was verified
experimentally. Further optimisations of the devices were proposed to eliminate
the undesired effects observed in measurements. 3D Fabry-Pérot interferometer-
based sensors were characterised by available means. The acquired measurement
results provided data for appropriate simulation model formulation. The
simulation models provided further insight into the phenomena taking place and
showed possible avenues of optimisation, for which new designs were proposed.
A result interpretation method that allowed investigation of multi-resonator
structures was implemented, resulting in new knowledge on the device's
behaviour in the presence of environmental changes.

4. Two material platforms were evaluated regarding plasmonic structure
integration. A simulation model that enables surface roughness modelling was
created. One of these platforms proved to be a promising candidate for
plasmonic-photonic devices.

5. The devices mentioned above and their simulation models were formulated based
on extensive measurements of their spatial dimensions, surface roughness,
spectral, and power characteristics. These measurements were realised using
numerous methods such as spectrometry, SEM microscopy, optical microscopy,
and AFM microscopy.
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Resumé

Integracia celofotonického spracovania dat nardZa na limity v ramci materidlovych
zékladov. Najviac rozsirené fotonické Cipy na baze kremiku nie su zo svojej fyzikalnej
podstaty (nepriamy polovodi&) schopné spinat’ funkciu zdroja Ziarenia. Tato nevyhoda je v
st¢asnosti rieSena réznymi formami hybridnej a heterogénnej integréacie inych materialov
na kremikovy Cip. Takato forma integracie je limitovand konvencnou substraktivnou
technoldgiou vytvarania vzorov. V porovnani siou umoZfiuju polymérne materialy
vyuzitie aditivnych metdd ako priame laserové popisovanie (direct laser writing, DLW).
Takato aditivna metdda vyrazne zvysuje flexibilitu navrhu, najméa vd’aka moznosti lepSieho
vyuzitia treticho priestorového rozmeru. Dalou perspektivnou oblastou z hradiska
moznosti spolo¢nej integracie je plazmonika. Kombinaciou fotonickych prvkov
s plazmonickymi StruktGrami je mozné zlep$it’ vlastnosti v rdmci naviazania a snimania
fyzikalnych vplyvov. Kombinovanie plazmonickych $truktar s fotonikou tiez do istej miery
zmierfiuje hlavni nevyhodu plazmoniky, ktorou je vysoky utlm pri Sireni.

Této praca sa zameriava na navrh a optimalizaciu 3D polymérnych fotonickych
Struktir pripravenych pomocou DLW tlace. Polymérne Struktury boli pripravené
v spolupraci so Zilinskou univerzitou v Ziline. Prica sa tieZ venuje vySetreniu
materialovych platforiem z hl'adiska moznej integracie plazmonickych Struktur.

Cast’ prace je venovana navrhu aoptimalizacii dvoch 3D deli¢ov vykonu
vytvorenych z materidlu IP-Dip pomocou technoldgie DLW. Deliaci princip vyuZivany pri
oboch delicoch je multimodovy interferencny ¢len (multimode interference coupler, MMI).
Navrh spocival v simulacii spravnych geometrickych parametrov MMI &lenov pre
zabezpecenie zelanych deliacich pomerov (1x4 a 1x9). Vstupom do deli¢a bol méd jedno-
maédového optického vlakna (single mode fibre, SMF) s priemerom ~9 um. Pre ucely
navrhu bol vytvoreny 3D simulaény model vyuzivajici metddu Siriaceho sa laca (Beam
Propagation Method, BPM). Pred MMI ¢len bol v oboch deli¢och umiestneny postupne
zuzujtci sa vstupny vinovod. Vinovod mal na vstupe priemer 10 pm (o 1 pm viac ako
priemer vstupného médu ziarenia), kvoli citlivosti MMI na presné umiestnenie vstupného
ziarenia. Z rovnakého doévodu musel byt vstupny vinovod vytvoreny v jednom
technologickom kroku. Tla¢ MMI a vstupného vinovodu v dvoch krokoch a ich nésledné
spojenie by mohlo viest’ k nedokonalému prechodu medzi vstupnym vinovodom a MMI,
¢o by zmenilo povahu §irenia ziarenia v MMI ¢lene a malo za nasledok nepredvidatelny
tvar vystupného modového pola. V ramci jedného kroku DLW tlace je mozné vytvorit
maximalne 300 um materialu v osi Z. Tento limit teda uréil maximalnu dizku celého deli¢a
vykonu pre oba deliace pomery. Optimalne dizky MMI &lenov pre spravny deliaci pomer
boli 162 um v pripade deli¢a 1x4 a 225 pm v pripade deli¢a 1x9. Nasledne boli vykonané
spektralne simulacie oboch delidov v rozsahu vinovych dizok vyuzivanych pre opticku
komunikéciu. Spravna funkcia deli¢ov bola zachovana po hranicu 1400 nm a v pripade
delica 1x4 az po 1120 nm. Priprava Struktir a ich nasledna charakterizacia pomocou NSOM
(angl. near-field scanning microscopy) bola realizovana Zilinskou univerzitou v Ziline.

K navrhnutym deli¢om bola pridana podporna $truktara s vlaknovou zasuvkou. Vysledky
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merania rozlozenia vystupného vykonu ukazali tvar pola, ktoré bolo vo velkej miere
zhodné so simulaciami, a tiez nizke hodnoty vloznych strat. Urovne jednotlivych obrazov
vystupného pol'a vykazovali sklon voéi jednému z rohov MMI v oboch meranych delic¢och.
Nasledne boli identifikované tri mozné pri€iny tejto neziadicej odchylky: nadmerny ohyb
vstupného vlakna, posun médu na vstupe MMI ¢lena a nespravne axialne zarovnanie delica
voci stredovej osi vlakna. Kazda znich bola simula¢ne modelovana pomocou BPM.
Posledna vySetrovana pricina (nespravne axialne zarovnanie vlakna) mohla byt spdsobena
bud’ deformaciou celej Struktiry, alebo nepresnym uhlom cela vlakna voci vstupu delica po
zasunuti do vlaknovej zasuvky. Simulécie nespravneho axidlneho zarovnania vlakna
ukazali podobny sklon vykonovej charakteristiky ako bol merany. Snimka z optického
mikroskopu tiez potvrdila miernu odchylku stredovej osi vldkna od stredovej osi delica.
Z tychto dovodov bolo za najpravdepodobne;jsiu pri¢inu sklonu vykonovej charakteristiky
delicov urcené nespravne axialne zarovnanie vlakna voci delicu.

Dal3ia &ast’ prace sa zamerala na optimalizaciu a vy3etrovanie fyzikalnych dejov
v ramci pripravenych 3D senzorov na béaze Fabry-Pérotovho interferometra (FPI). Tieto
senzory boli vytvorené z polyméru IP-Dip pomocou DLW a pozostavali z troch sekcii.
Pomocou pociatoénych merani v podobe optickej a elektronovej mikroskopie (scanning
electron microscopy, SEM) boli overené rozmery dostupnych FP1 vzoriek. Tieto Spektralne
merania vloZnych strat v infraervenej Casti spektra pri izbovej teplote ukazali pritomnost’
dvoch sérii interferenénych maxim. Kazda séria zodpovedala odozve jedného z dvoch
rezonatorov pritomnych v §truktire FPI su¢iastky. Prvy rezonator bol tvoreny vzduchovou
dutinou medzi dvoma sekciami IP-Dip polyméru, druhym rezonatorom bola vrstva IP-Dip,
ktora sluzila pre odraz od konca vySetrovanej Struktiry. Na zaklade vysSie spomenutych
merani boli navrhnuté tri simulacné modely pre tri simula¢né metody. Pre d’alSie simulécie
bola zvolena metdda rigorézna analyza viazanych vin (Rigorous Coupled-Wave Analysis,
RCWA) pre relativne nizke vypoctové naroky. Simulované spektralne charakteristiky pri
zmene vybranych parametrov (index lomu vzduchovej dutiny, dizka vzduchovej dutiny)
poskytli maximalny meratel'ny rozsah a hodnoty senzitivity merania danych parametrov.
Senzitivita povodného ndvrhu senzora bola vo vysledkoch simulacii poloviéna v porovnani
S idealnou S$truktirou. Simuladciou jednotlivych rezonatorov bola nasledne potvrdena
vzajomna interferencia medzi dvoma rezonatormi v pévodnom navrh FPI senzora. Na
zéklade predoslych simulacii boli vytvorené navrhy optimalizovanych senzorov s cielom
odstranenia neziaduceho vplyvu polymérneho rezonatora. Prva optimalizacia spocivala v
redukcii dizky polymérneho rezonatora na 54 um, &o vytvorilo spektralne okno
s minimalizovanym neZiaducim vplyvom v okoli vinovej dizky 1580 nm. Dalsou
navrhnutou optimalizaciou bolo umiestnenie periodickej Struktury na koniec senzora, ktora
by zabezpecila utlm spétného odrazu od posledného rozhrania $truktiry. Podobné riesenie
bolo aj experimentéalne overené v dostupnej literatGre. Pri spracovani vysledkov merani
a simulécii bolo uplatnené dodato¢né spracovanie pomocou algoritmu rychlej Fourierovej
transformacie (Fast Fourier Transform, FFT). Tento pristup umoznil kvantifikovat’ zmeny
v meranych charakteristikach na zaklade hodn6t fazového posunu Vysledky simulovanych
zmien parametrov senzorov ukazali linedrnu zmenu hodnét fazového posunu
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v optimalizovanom senzore s kratkym polymérnym rezonatorom. V pripade pdvodného
ndvrhu zmena fazy nebola lineérna z dovodu blizkosti rezonanénych frekvencii dvoch
pritomnych rezonatorov. Napriek tomu bolo pri kazdom testovanom navrhu mozné priradit’
hodnoty fazy k hodnotam simulovanych parametrov. Nasledne boli pomocou popisaného
postupu uréené hodnoty dizky vzduchovej dutiny, ktoré zodpovedali nameranym hodnotam
v ramci moznej chyby. Na zaklade meranych rozmerov pripravenych senzorov boli tiez
ur¢ené priblizné hodnoty indexu lomu materialu IP-Dip vyplyvajlce z termo-optického
koeficientu. Sugastou kapitoly su tieZ spracované merania zmien tlaku a teploty okolitého
prostredia realizované v spolupraci s Vysokou $kolou baniskou — Technickd univerzita
Ostrava. Vzorky pouZité pri meraniach pochadzali z inej série ako vzorky z po&iatoénych
merani na UEF FEI STU. Zo spektralnych charakteristik boli nadobudnuté hodnoty pozicii
interferenénych maxim a hodnoty FFT fazovych posunov. Hodnoty fdzovych posunov boli
porovnané s vysledkami simulacii. Tymto postupom boli odéitané dizky vzduchovych
dutin kazdej vzorky. Fazové posuny korelovali so simuldciami zmeny dizky. Odchylky od
simulovanych charakteristik v pripade zmeny teploty boli pripisané k vplyvu
termo-optického efektu. Celkovo metdda interpretéacie vysledkov pomocou hodnoty FFT
fazovych posunov umoznila prepojenie simulovanych charakteristik s meranymi.

Prica sa tiez zaoberala prepojenim plazmonickych S$truktar s dvoma
materidlovymi zakladmi. Prvym testovanym materidlovym zakladom bol polymér IP-Dip
pripraveny pomocou DLW tlac¢e. Druhym testovanym materialom bol oxynitrid kremika
(SION), pripraveny pomocou technologického procesu dostupného na UEF FEI STU.
V pripade polyméru bol najprv vytvoreny model vyuZzivajuci metodu FDTD. Pomocou
tohto modelu bola verifikovana kompatibilita materialu IP-Dip s plynnymi analytmi. Model
potvrdil vybudenie povrchového plazménu (Surface Plasmon Polariton, SPP) pri vinovej
dizke 720 nm a uhle dopadu 43,6. Nasledne bol vytvoreny model pre metodu koneénych
prvkov (Finite Element Method, FEM), ktory umoznil implementaciu drsného povrchu
ziskaného pomocou mikroskopie atdmovych sil (Atomic Force Microscopy, AFM). Krivky
reprezentujlce povrch polyméru IP-Dip pochadzali z dostupnej literatary. Testovany analyt
bol vtomto pripade zmeneny na vodny roztok a excitaina vinova dizka na 632 nm.
Vysledky simulacii drsnych povrchov IP-Dip vykazovali zvy$ené hodnoty transmitancie
a utlm optického vykonu naviazaného do plazmoénu. Plazmonickd rezonancia bola
Vv charakteristikach napriek tomu zretel'na, aj ked’ v znac¢ne skreslenej forme. Je potrebné
dodat, ze aproximacie pouzité vo FEM modeli (2D simulécia a dokonale rovnomerna zlata
vrstva) s najviacsou pravdepodobnost'ou kladne prispeli k Sireniu povrchového plazménu
v simula¢nej doméne. Realizacia prvku s potrebnym incidenénym uhlom 70° by zrejme tiez
zvyraznila zvinenie povrchu charakteristické pre DLW tlag. Kvoli nedostupnosti potrebnej
technologie bol dal’si vyskum tykajuci sa hybridného fotonicky-plazmonického prvku
mimo rozsah tejto prace. Ako dal’si materidlovy zéklad bol testovany SiON, najma vd’aka
dostupnosti technolégie a vysokej Grovni jeho doterajsieho vyskumu na UEF FEI
STU. Tenké vrstvy SiON boli merané pomocou AFM v dvoch fazach zavedeného
technologického procesu fabrikécie vinovodnych struktar. Prva séria AFM merani bola
realizovana po pociato¢nej depozicii tenkych vrstiev pomocou plazmatického nanasania
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odparovanim (Plasma-enhanced Chemical Vapour Deposition, PECVD). Ziadny
z testovanych parametrov sa vo vyraznej miere neprejavil v zmene Statistickych veli¢in
drsnosti, ktoré dosahovali priemrnt drsnost. Excitatnd vlnova dizka sa vo vietkych
simulaciach vyrazne nevzdialila od hodnoty 630 nm. Hodnota rezonanéného uhla bola
68,4°. Druha séria AFM merani bola realizovana po leptani prostrednictvom technolégie
reaktivneho iénového leptania (Inductively Coupled Plasma — Reactive lon Etching,
ICP-RIE). Testované vzorky boli vystavené roznym ¢asom leptania. Oproti vzorkam po
kroku PECVD sa priemerna drsnost’ materialu zvysila o 1 nm (Casy leptania 3 a 6 min.).
Vicsia odchylka v ramci drsnosti nastala pri ¢ase leptania 12 min. kde hodnota priemernej
drsnosti vzrastla na ~10 nm. Povrch s touto zvySenou mierou drsnosti vykazoval zvysené
hodnoty transmitancie v simulovanych charakteristikach. Vsetky testované série vzoriek
umoztiovali v simulécii vybudenie SPP a jeho Sirenie s miniméalnou odchylkou vo¢i idedlne
hladkému povrchu. Tenké vrstvy SiON bez d’alSicho tvarovania boli tiez pouZzité pri
experimentalnom vybudeni SPP v Kretschmannovej konfigurécii pomocou elipsometrie.
Simuldcie tychto 3truktir tenkych vrstiev vykazovali uhol a vinovi dizku exciticie
s minimalnou odchylkou vo¢i experimentalne ur¢enym hodnotdm. Toto do istej miery
potvrdzuje schopnost pouzitého FEM modelu verne simulovat’ pritomné plazmonické javy.
Pre pouzitie SiON vrstiev vo vinovodnych senzoroch s vyuzitim plazmonickych efektov je
potrebné vykonat’ merania drsnosti povrchov a simulécie ich vplyvu na SPP v ostatnych
krokoch technologického procesu. Tieto merania budu predmetom d’alSieho vyskumu.
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