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Abstract

This thesis introduces advanced nanophotonic integrated devices aimed at improving minia-
turized, cost-effective multi-gas detection and on-chip spectroscopic systems. Traditional spec-
troscopic techniques often require bulky optical components and multiple detectors, limiting
their scalability for multi-gas sensing. The proposed integrated duplexers and triplexers enable
switching between lasers to detect multiple gases using a single system. The work focuses on
the design and optimization of broadband angled multimode interference duplexers, directional
coupler-based duplexers, and cascaded directional coupler-based triplexers for combining
spectroscopically relevant wavelengths in the near-infrared region. The target gases include
ammonia, methane, and carbon dioxide. Through comprehensive simulations and experimental
investigations, the proposed on-chip designs demonstrate superior performance compared to
existing solutions and have a unique advantage in terms of smaller footprint and improved
coupling efficiency. DC-based duplexer has been successfully integrated with laser and GRIN
lens components, resulting in a ready-to-use module for multi-gas sensing applications.

A semi-integrated photonic sensing system is presented, exploiting on-chip waveguides
with Quartz Enhanced Photoacoustic spectroscopy and Light induced thermoelastic spectros-
copy (LITES). Side-polished optical fibers are explored to enhance light-matter interaction
path when detecting water vapor and methane gases using LITES method. To further improve
integration of integrated nanophotonic devices with spectroscopic devices and to enhance light-
matter interaction, a novel wave confinement approach is introduced using high-contrast grat-
ing hollow core waveguides. These waveguides feature a reflective surface that maintains high
transmission while allowing gas flow through the sidewalls, making them particularly suitable
for gas spectroscopic applications. They are specifically optimized for methane sensing at a
wavelength of 3.27 um. The final goal of this thesis is to develop a complete system that inte-
grates a multiplexer with integrated lasers and high-efficiency interaction pathways, such as
hollow core waveguides, into a spectroscopic device. This compact and integration-friendly
design holds great promises for enabling the development of portable, high-precision, and real-
time multi-gas sensing devices for applications from industrial, agricultural to environmental

monitoring.
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Introduction

Introduction to Photonic Integrated Circuits

Photonic integrated circuits (PICs) are compact optical devices that combine lasers, modula-
tors, detectors, and waveguides into a single chip. They find applications in several fields, in-
cluding biomedical imaging, optical communication, and sensing. This thesis focuses on both
theoretical and experimental solutions using PICs for enhancing gas spectroscopy. The demand
for compact, efficient, and highly sensitive gas spectroscopy systems has driven research to-
ward advanced photonic integrated devices with improved functionalities. The introduction
section provides an overview of photonic integrated circuits (PICs), discussing their advantages
and recent advancements in the field. It examines existing gas sensing technologies, highlight-
ing their limitations and drawbacks, which form the foundation for this research. Additionally,
the Introduction outlines the scope of the thesis, detailing its objectives and contributions, and
explains the organization of each chapter.

Recent progress in PICs is the result of mature microfabrication methods such as comple-
mentary metal-oxide-semiconductor (CMOS) technology, advances in semiconductor lasers,
improved understanding of optical devices, and the precision of simulation and design tools.
The integration of lasers and complex optical operations onto a single solid microchip presents
a significant commercial opportunity, offering cost-effective, ultra-fast, and compact alterna-
tives to traditional systems. Silicon (Si) has emerged as a dominant choice due to its large-scale
production and natural abundance. The platform offers a substantial refractive index contrast,
enabling efficient optical confinement within compact device footprints. Silicon-on-insulator
(SOI) platforms are explored for applications involving waveguiding and show great potential
for subwavelength structures. This suitability arises from the minimum feature size achievable
during fabrication, which enables the precise and efficient development of complex photonic
structures.

Among silicon-based platforms, silicon nitride (Si3zN4) has gained significant attention due
to its unique material properties. In this thesis, Si3N4 stands out due to its high-volume produc-
tion capability and low propagation losses (potentially 1.4 dB/m), wide transparency window
(0.25-3.5 um), which is achieved through precise control of material deposition ratios, low
thermo-optic coefficient (~1075/°C), nonlinear coefficient (2.1x107'¥ m? W), high power han-
dling capability (>100W), and potential for 3D integration [1], [2], [3]. Moreover, when com-

paring bend and propagation losses among various materials, such as silicon (Si) and indium
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phosphide (InP), Si3Ny offers significant advantages [4]. These features make SizN4 devices

highly attractive for enabling miniaturized systems with high performance and scalability.

Gas Spectroscopy Systems
Recent progress in semiconductor lasers has enabled a broad range of applications in gas sens-
ing and spectroscopy, enabling the miniaturization of optical gas sensors by integrating laser
sources on-chip. Optical gas sensors are used to detect greenhouse gases and air pollutants by
measuring the unique absorption spectra of the target molecules usually located in the mid-IR
range. The near-infrared (NIR) wavelength range is also suitable for the detection and quanti-
fication of key gas molecules, which can be effectively analyzed using various spectroscopic
techniques [5], [6], [7]. Various gas analyzers are commercially available, utilizing spectro-
scopic techniques such as photothermal, photoacoustic, tunable diode laser absorption spec-
troscopy (TDLAS), cavity ringdown, thermal FTIR, and comb spectroscopy [8], [9], [10].
TDLAS is a cost-effective and real-time gas detection method but is limited by its requirement
for long path lengths which causes precision and stability issues. Photoacoustic-based gas ab-
sorption techniques, such as Quartz Enhanced Photoacoustic Spectroscopy (QEPAS), unlock
real-time in-situ measurements with response time shorter than < 1 s and offer high gas speci-
ficity. They are capable of part-per-quadrillion (ppq) detection sensitivity [8,9]. This technique
utilizes a mid-IR source and a Quartz Tuning Fork (QTF) as a transducer, known for its stability
and precision, and is independent of wavelength. QTFs are well known for enabling precise
oscillation in clocks and watches. The QTF responses are wavelength-independent, enabling
the detection of a broad range of gases using lasers emitting across the spectrum, from ultravi-
olet (UV) to terahertz (THz). The near-infrared (NIR) wavelength band is also suitable for
detecting and quantifying key gases, as it provides strong absorption features associated with
molecular vibrational transitions. A QTF consists of two cantilever bars (prongs) connected at
a shared base. The fundamental mode of vibration occurs at a frequency in the range of 8-32
kHz. The mechanical vibration/stress leads to a displacement of internal charge carriers within
the crystal structure of quartz. This stress distorts the atomic lattice, displacing positive and
negative charges and creating polarization. This polarization generates an electric potential
(voltage) across the surface of the material, which is the piezo electric conversion. If electrodes
are placed on the material, this potential drives a weak electric current when the circuit is
closed.

A key feature of QEPAS involves a laser beam modulated at half the resonance frequency of

the QTF, which is directed and focused between the prongs of the QTF, as shown in Figure 1.


https://www.mdpi.com/2304-6732/12/3/192#B8-photonics-12-00192
https://www.mdpi.com/2304-6732/12/3/192#B9-photonics-12-00192

3|Page Introduction

When a molecule absorbs energy from light at the absorption wavelength specific to the gas
molecules, it transitions to an excited energy state. As the molecule relaxes back to its ground
state through non-radiative processes, it causes localized heating, which results in local pres-
sure changes. This periodic localized effect leads to the generation of photoacoustic waves,
with the same frequency as the modulated source. The high-Quality Factor (Q-Factor) of the
QTF efficiently transforms acoustic waves, produced by the non-radiative relaxation of the
target gas upon absorbing radiation, into an electric signal through the piezoelectric properties

of quartz.

Figure 1:QEPAS laser- to-QTF configuration.

These signals are weak and must be amplified by a transimpedance amplifier. The strength of
these photoacoustic signals is expressed as
Photoacoustic Signal o< P - a - (Q-Factor) - €

Here, P represents the incident optical power, a the absorption coefficient of gases and ¢ the
conversion efficiency of optical power to sound directly associated with gas concentration.
Notably, the QEPAS technique can detect a dynamic range of concentrations ranging from
parts-per-trillion (ppt) levels up to a few percent concentration levels. This approach eliminates
the need for an optical detector and gas cell, as the QTF itself serves as the detector. In QEPAS
systems, the only way to induce QTF vibration is via the photoacoustic effect, which generates
sound waves using an acoustic source positioned between the two QTF prongs, thereby excit-
ing a piezo-electric active mode.

Another recently introduced advanced sensing technique, developed by Ma et al. in 2018 is
Light-induced thermoelastic spectroscopy (LITES). LITES employs QTFs as photodetectors
for gas sensing, exploiting a typical Tunable Diode Laser Absorption Spectroscopy (TDLAS)
configuration [11], [12], [13], [14]. The basic idea behind this novel approach is that the light
energy is absorbed by the gas molecules before the light reaches the QTF. The prong base of a
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custom QTF consists of three layers: a 250 A gold layer, a 50 A chromium layer, and a 250
um thick quartz layer. The QTF features a gold layer on the back side that helps with back
reflection and laser beam diffusion, while the front surface of this area is left uncoated, permit-
ting laser transmission and enhanced absorption through the quartz. When the modulated light
beam at the characteristic absorption wavelength passes through the chamber, its energy is
absorbed by the gas molecules and subsequently released, causing localized heating at the sur-
face of the QTF. It is important to direct the laser beam toward the base of the QTF, where it
induces high strain, as shown in Figure. 2. This interaction generates photothermal heating as
the quartz absorbs the light, resulting in thermo-elastic conversion. As a result, the QTF prongs
undergo elastic deformation and vibrate. These mechanical vibrations are transformed into a

piezoelectric signal.

Interaction path length ™
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Figure 2: LITES Configuration, showing the integrated path length before the light reaches
the QTF. The zoomed-in view highlights the material distribution layers and the precise posi-
tion where the laser is focused to induce strain.
This feature sets LITES apart from the QEPAS technique by avoiding the need to put QTF

in the sensing environment, making it suitable for not contact and distanced gas detection.

Scope of the Thesis

To accurately assess the level of pollution in the surrounding air, measurements must be taken
at every location. This necessitates the use of air quality sensors that are low-cost, compact,
easily deployable in large numbers, suitable for automation-friendly mass production, and ca-
pable of detecting multiple harmful gases in real time. Over the years, many QEPAS and LITES
studies have targeted different chemical species across a broad range of spectroscopically rel-
evant wavelengths. Through these efforts, sensitivities ranging from a few parts per trillion to
parts per million by volume have been achieved, making QEPAS and LITES an excellent

choice for applications requiring high sensitivity and small-volume detection. Despite these
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advantages, QEPAS and LITES still face significant challenges, including trade-offs among
size, weight, sensitivity, selectivity, sensor lifetime, calibration requirements, and performance
in harsh environments. Traditional configurations often rely on bulky free-space optical setups
with lasers and collimating lenses, which are prone to misalignment over time, thereby reduc-
ing device lifespan. Portability remains a key challenge, especially for wide area sensing in
agricultural or remote environments. Addressing these issues through lightweight, compact,
and cost-effective designs is crucial, particularly for applications such as unmanned-aerial-ve-
hicle-based environmental monitoring.

Another limitation of these devices is that they are designed for single-gas detection, as each
analyte requires a dedicated source and detector. These challenges stem the absence of highly
efficient optical multiplexers and from the difficulty of selecting materials capable of covering
a broad spectral range while matching the absorption features of each gas molecule. By ad-
dressing these technological barriers, this research seeks solutions aligned with the objectives
of the European project H2020-1CT-37-2020 “Photonic Accurate and Portable Sensor Systems
Exploiting Photo-Acoustic and Photo-Thermal Based Spectroscopy for Real Time Outdoor Air
Pollution Monitoring- PASSEPARTOUT” no. 101016956, (https://www.passepartout-
h2020.eu/). The PASSEPARTOUT project aims to develop portable, cost-effective smart sen-
sors for real-time gas detection for environmental pollution monitoring, bridging the gap be-
tween low-cost, low-performance sensors and highly sensitive but bulky equipment. This re-
search contributes to PASSEPARTOUT by exploring and implementing ultra-wideband cou-
plers for spectrally “distant” wavelengths (~600 nm range) for multi-gas sensing applications.
The PIC devices were fabricated in collaboration with the Tyndall National Institute in Ireland.
Si3Ns-based duplexers or triplexers, which can combine two or three spectroscopically relevant
wavelengths, offer portable and compact solutions for multi-gas sensing applications. They
enable the detection of key gases such as ammonia (NHs), methane (CHa4), and carbon dioxide
(CO2), with absorption lines at 1530 nm, 1654 nm, and 2003 nm, respectively. By rapidly
switching optical sources, the duplexer or triplexer can facilitate the detection of multiple gases
with high temporal resolution. Techniques that can benefit from this duplexer/triplexer include
TDLAS, QEPAS, LITES, and various other spectroscopic methods. This thesis specifically
focuses on their advantages for multigas detection using QEPAS.

A significant challenge in QEPAS and LITES is the lack of compact and robust integrated
devices, and the need for efficient light-matter interaction mechanisms. On the one hand, ad-
vancements in near-IR distributed feedback (DFB) butterfly-packaged fiber-coupled laser di-

odes, tuned to the absorption wavelengths of gas molecules, have significantly improved gas
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sensing and spectroscopy. One promising approach to achieving a compact, cost-effective, and
highly robust integrated solution for enhancing QEPAS and LITES techniques employs tapered
lensed fibers (TLF) and side polished fibers (SPF). A TLF serves as an efficient light-focusing
mechanism, enabling evanescent field sensing in QEPAS and providing an interaction path for
small-volume detection in LITES. The system has been demonstrated with water vapor mole-
cules, exhibiting an absorption wavelength of 1395 nm, achieving high sensitivity and stability.
They serve as an effective interaction pathway, enabling long-distance sensing and facilitating
straightforward integration into various systems. The designs proposed later in this thesis ex-
ploit SPF technology, which is specifically tailored for detecting methane and water vapor.
Methane exhibits a strong absorption peak at 1654 nm, while water vapor absorbs prominently
at 1395 nm. Several steps toward the full integration of the QTF-based sensing system with
PICs have been evaluated, particularly the photonic-chips/QTF interface. The focus has been
on simplifying the integration of laser sources and sensors, paving the way for more efficient
and compact gas sensing solutions.

A promising solution for enhancing integration possibilities and enabling low-cost auto-
mated assembly, without relying on lenses or fibers, is the use of integrated chip-scale Hol-
low-Core Waveguides (HCWs). An HCW allows light to travel through air, which serves as
the waveguide core and is surrounded by highly reflecting surfaces. Integrated chip-scale sys-
tems based on silicon V grooves coated with metals, distributed Bragg reflectors and anti-res-
onant reflection layers have been reported but suffer from high optical losses due to poor re-
flection, the challenges of multi-layer fabrication and the complexities of integration with the
QTF. This thesis introduces a straightforward, effective design concept for a novel ultra-low-
loss single-mode subwavelength high-contrast grating (HCG) HCW. The key innovation is that
gases or fluids can flow directly into the waveguide through side openings, greatly improving
real-time gas interaction. An HCW guides optical beams through the air via multiple reflections
at cladding mirrors, achieved through constructive interference of grating harmonics in a sub-
wavelength periodic structure. The proposed design uses silicon (Si) on a silicon dioxide
(Si0y) platform, which provides high index contrast. The Si-based grating system offers sig-
nificant advantages, such as a simpler and single-etching fabrication process, which reduces
complexity and manufacturing costs. The designs proposed in this study are specifically tai-
lored for detecting methane, which exhibits a strong absorption peak at 3270 nm. Numerical
simulations demonstrate the optical performance of HCWs and show how light can be effi-

ciently guided through various coupler configurations using these sidewall-less waveguides.
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The integration of laser-based multiplexers and compact coupling with the QTF is outlined
as future work in this thesis. A complete sensing device incorporating integrated laser sources
at 1530 nm and 1653.7 nm for methane detection has been developed and is ready for use.
Further research will examine the characterization of the fabricated metasurfaces and the align-
ment methodologies required for optimization. One proposed alignment technique involves
using an HCG-based metasurface with high-finesse Fabry-Perot (FP) cavity to enhance gas-
sensing performance. FP structures will also be investigated for their potential to improve
QEPAS signal enhancement in real-world applications.

This thesis is organized with the ultimate goal of developing a complete system that inte-
grates a multiplexer, integrated lasers, and high-efficiency interaction pathways, such as HCG
HCWs, into a spectroscopic device. It is organized as follows:

Chapter 1: This chapter elaborates on numerical simulation methods, such as Beam Prop-
agation Method (BPM) and the Rigorous Coupled-Wave Analysis (RCWA), used for the de-
sign of PICs. It then outlines a step-by-step procedure for various fabrication techniques and
provides an overview of QTF electrical characterization followed by QEPAS and LITES de-
tection schemes.

Chapter 2: Recent advances in multiplexers are reviewed, and basic theory of angled Mul-
timode Interference couplers (MMI) and Directional couplers (DCs) are briefly presented. It
includes the designs of angled MMI and DC as duplexers, with both numerical and experi-
mental results. Additionally, the design and experimental outcomes of a triplexer utilizing a
DC are presented.

Chapter 3: This chapter introduces SPF as a refractive index sensor utilizing evanescent
field interaction is presented, followed by its application in detecting water vapor and methane
using LITES. This chapter also covers the integration of TLF for QEPAS and demonstrates the
proof of concept of semi-integrated PIC chips with a QTF for both QEPAS and LITES meth-
odologies.

Chapter 4: Chapter 4 presents HCG-HCWs, which simultaneously guide light and enable
enhanced light-matter interaction and integration capabilities, focusing on their application to
LITES gas-sensing techniques. This chapter includes the theory and design of various HCWs
optimized for operation at 1550 nm and 3270 nm, targeted for ammonia and methane detection,
respectively.

Chapter 5: This chapter presents the future work and the conclusion of this thesis. It covers

the development of ready-to-use laser-integrated duplexer chips and their testing with QEPAS.
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The characterization and alignment setup for HCW is demonstrated. Preliminary characteriza-
tion results validate RCWA results with FTIR, and the design concept of a high-finesse FP

cavity is presented.



Chapter 1- Methodological Framework

In this chapter, the methodologies employed for the design, fabrication, and characterization
of the optical devices developed in this work are explained. The numerical simulation methods
include the Beam Propagation Method (BPM) and Rigorous Coupled-Wave Analysis
(RCWA). BPM is used to perform coupled-mode analysis for duplexer and triplexer design,
evaluate commercial laser output modes, calculate the effective modes of side-polished fibers,
and design of HCG-HCW. RCWA is used to design high-contrast subwavelength gratings on
the silicon-on-insulator platform. A key step in PIC fabrication is lithography, a process that
defines complex patterns on substrates with nanoscale precision. This thesis makes use of two
widely used techniques: electron-beam lithography (EBL) and stepper lithography, each offer-
ing distinct advantages. Precise patterning is critical, with EBL being utilized for the fabrica-
tion of SizN4 based duplexers and triplexers, and photolithography for high-contrast silicon-
based grating elements. EBL is highly effective for creating precise nanostructures, achieving
exceptionally small feature sizes. For example, EBL is utilized to fabricate Si3N4 structures
with a resolution of 0.25 um, leveraging its smaller exposure area. Conversely, stepper is used
for silicon HCG with a feature size of 0.6 pm. This technique is ideal for large-area exposures,
offering benefits such as single etching, faster processing times, and cost-efficient fabrication.
Together, these lithography methods form the foundation of PIC manufacturing, enabling the
integration of optical components such as waveguides, gratings, and resonators onto a single
chip.

Additionally, the characterization of duplexers, triplexers, spirals, rings, and Fabry-Perot
devices is performed using the end-fire method, which is configured differently for each appli-
cation. The specific configurations are explained alongside the results in their respective sec-
tions. The end-fire method involves launching light into the input of the sample devices and
collecting it from the output using free-space optics. Moreover, the QEPAS and LITES detec-
tion configurations, as well as the electrical characterization of the QTF for determining reso-

nance frequency and Q-Factor, are detailed.
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1.1 Numerical Methods in Electromagnetics

1.1.1 Beam Propagation Method

The Beam Propagation Method (BPM) is widely utilized in computational dynamics for de-
signing photonic integrated circuits, such as multimode interference couplers, bent wave-
guides, DCs, and fiber optics [15], [16]. The BPM utilizes an approximation technique to sim-
ulate slowly varying optical waveguides. It is based on the assumption that the envelope of a
forward-traveling wave pulse changes gradually in time and space compared to its period or
wavelength. When a wave propagates along a waveguide over a long distance, much greater
than the wavelength, rigorous numerical simulations become computationally expensive. BPM
addresses this challenge by employing approximate differential equations, whose solutions are
focused on the spatial propagation direction, rather than evolution over time. The basic ap-
proach is the formulation of the problem in terms of the scalar field (i.e. neglecting polarization
effects) and paraxiality (i.e. propagation restricted to a narrow range of angles) approxima-
tions[17]. Initially, BPM requires two key pieces of information: the refractive index distribu-
tion, n (x, y, z), and the input wave field, u (x, y, z =0). Additionally, a specific spatial domain
must be defined with the transverse grid sizes, Ax and 4y, and longitudinal step size, 4z.

The theoretical foundation of BPM originates from the wave equation, the well-known

Helmbholtz equation in a three-dimensional space:

0%E , 0%E
0x%2 = 0y?

+62—E+k2(x,y,z)E=0 (1.1)
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where £ is the spatial dependent wavenumber, i.e. k (x, y, z) = kon (x, y, z), with k, being
the free space wavenumber. Here the scalar slowly varying electric field is given by

E(x,y,z) = u(x,y,z)e /F? (1.2)

where £ is the propagation constant representing the average phase variation of the field E.
In typical guided-wave problems, the most rapid variation in the field u arises from the phase
variation due to propagation along the guiding axis. Assuming that this axis is predominant
along the z-direction, it is beneficial to factor out this rapid variation by introducing a so-called
slowly varying field. By substituting the expression in (1.1) of the rapidly varying phase into

the Helmholtz equation, the following equation is derived for governing the behaviour of the

slowly varying field:

Q% gipdu 0w O%u g2 g2
oz T 2B, = +ay2+(k B u (1.3)

0x2
At this point, the above equation is completely equivalent to the exact Helmholtz equation,

except that it is expressed in terms of .
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It is now assumed that the variation of u with z is sufficiently slow, allowing us to neglect
the Equation (1.4). This assumption is known as the Slowly Varying Envelope Approximation
(SVEA) and is also referred to as paraxial or parabolic approximations. With this assumption,
and after slight rearrangement, the equation derived earlier simplifies under SVEA to become

the fundamental Beam Propagation Method (BPM) equation in three dimensions (3D):

.,0u  d%u  0%u
2][;5:@4-6—3/24-(](2—32)11 (1.5)

Several numerical methods are used to solve the basic BPM equations, the Fast Fourier
Transform Beam Propagation Method (FFT-BPM), and the Finite-Difference Beam Propaga-
tion Method (FD-BPM) are the most prominent. FD-BPM is generally preferred over FFT-
BPM due to its simplicity, higher accuracy, and improved efficiency. The Crank-Nicolson
scheme is further utilized to solve any stability issues in the equations [18], [19]. In FD-BPM,
the optical field is represented along the propagation direction z (longitudinal direction) at dis-
crete points in the transverse plane (x, y). The field at the next z-plane is derived from the field
at the previous z-plane. For the 2D case, the finite-difference discretization equation can be
expressed as follows, and this process is then repeated iteratively to compute the field through-
out the entire structure.
ut -yl 1 Uy —2uituly

R = e s (k= B (1.6)
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In this formulation, u]* represents the field at the i-¢h transverse grid point and the n-th lon-
gitudinal plane, while Ax and 4z denote the grid sizes in the transverse and longitudinal direc-
tions, respectively.

The inherent limitations of the basic BPM approach, such as restrictions on angular propa-
gation and one-way assumptions, have been addressed through advanced implementations.
These include wide-angle BPM algorithms, which enable simulations of larger angular ranges,
and bi-directional BPM algorithms, which account for wave propagation in both forward and
backward directions. The BPM was initially based on the Fourier Transform algorithm. Later,
it was extended to finite-difference-based BPM schemes (FD-BPM) and finite-element BPM
(FE-BPM), and many others. FE-BPM methods extend its capabilities by supporting wide-
angle propagation, full-vectorial analysis, back-propagation and reflection evaluations, polari-
zation effects, and the incorporation of transparent boundary conditions. Additionally, BPM
can model anisotropic and nonlinear materials, enhancing its functionality. As the BPM is an

approximation method of the guided wave equation and doesn’t account for scattering and
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back-propagating light, makes BPM computationally faster as compared to other methods like
Finite-Difference Time-Domain (FDTD) methods, without compromising the accuracy of re-
sults.

In this work, simulations were conducted using a commercial BPM package from RSoft,
called BeamPROP, which offers robust tools for advanced analyses, used for parameterizing
and estimating the optimum results using FD-BPM [15], [19]. Transparent boundary conditions
(TBC) are placed appropriately, which completes the system of equations since the poor choice
of boundary condition can lead to artificial reflection of incident light reversing into the com-
putational domain. The semi-vector approach is used for high accuracy and rapid computation.
Also, the popular and most accurate Pade approximation method is used for wide-angle BPM
to reduce paraxial limitations [16]. For angles lower than 10 degrees, the Pade order (0,1) is
used. In most cases, BeamPROP has optimum results while the effort is considered on choosing
the appropriate grid size in the numerical simulation region from the convergence test perfor-

mance.

1.1.2 Rigorous Coupled Wave Analysis

The Rigorous Coupled Wave Analysis (RCWA) is a well-established technique based on the
full vectorial solution of Maxwell’s equations, which was first introduced in the mid-1980s
[20], [21]. RCWA is also known as the Fourier Modal Method, Transfer Matrix Method with
a plane wave basis. It is primarily applied to solve the scattering problems of periodic struc-
tures[22]. In the RCWA method, Maxwell’s equations are solved in the Fourier domain, where
fields are represented as a sum of coupled waves, and the periodic dielectric function of the
structure is expressed as Fourier harmonics[23]. By factoring out an assumed time harmonic

factor exp[—iwt] Maxwell’s equations can be expressed in the frequency domain in 1D as:
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The above equations can be expressed in terms of the transverse fields by eliminating the
dependencies on E- and H-. The medium is characterized by a diagonal index tensor concerning

principal axes with diagonal elements ¢ ,, x. The resulting equations are written as.
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For scattering problems, the goal is to determine the reflected and transmitted light waves
arising from the incident field. Solving Equation (1.8) directly in the spatial domain with ap-
propriate boundary conditions is computationally intensive. Bloch's theorem is applied to ex-
pand both the above equations and the boundary conditions. To ensure accuracy and computa-
tional efficiency, the higher-order terms are eliminated, reducing the infinitely large number of
terms. To solve period grating structure, the equations must be decomposed into simple build-
ing blocks, each consisting of a vertically homogeneous region, i.e. a region with values of ¢ ,,
x which are independent of z. After applying Bloch’s Theorem, the equation can be written for

E; as,
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Using the above formulations, the equation is reduced to an eigenvalue problem of the form:

Ax=/x (1.10)

Operator A4 arises from the discretization and matrix formulation of these differential Equa-
tions (1.8). Specifically, “4” encapsulates the coefficients and operators form, including terms
involving w, &-and up as well as derivatives 0/0x and 0/0y. When the periodic structure is in-
troduced (using Bloch theorem), the field components are expanded into a Fourier series (1.9).
This transforms the continuous operator equations into a matrix eigenvalue problem. Here,
a x,m,p,q are the Fourier coefficients for the electric field components E. respectively. Similarly,
b x, m, p,q are the Fourier coefficients for the magnetic field components H., respectively. Ex-
pression (1.8) is then solved using transmission-line methods. Total reflectance and total trans-
mittance can also be derived, along with the spatial field distribution.

This thesis utilized a commercial software package called RSoft's DiffractMOD to study

various diffractive optical structures. This software is a RCWA-based solver that can address
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scattering problems for complex periodic structures with both dielectrics and metals, and ma-
terials can be lossy and dispersive. DiffractMOD applies to a broad class of devices including

diffraction gratings, polarization-sensitive devices, solar cells, and more.

1.2 PIC Fabrication Method

Fabrication of passive photonic integrated circuits involves several steps[24], [25]. Figure 1.1
illustrates the complete fabrication process of EBL used for the fabrication process of wave-
guides, and multiplexers, as it offers a high-resolution patterning technique used to fabricate
extremely small structures, often at the nanoscale (sub-10 nm) resolution. A silicon wafer (525
um thick) is cleaned and polished to ensure a smooth and uniform surface. A thin layer of
silicon dioxide (Si02) having a 2.2-micron thickness is grown on the surface of the wafer
through a thermal oxidation process. A layer of Si3Ny is deposited onto the oxide layer using a
low-pressure chemical vapor deposition (PECVD) process. The thickness of the Si13N4 layer is
300 nm, which serves as the core waveguide layer. The detailed description of waveguiding
will be provided in section 2.2. The wafer is further cleaned in Acetone and Isopropyl alcohol
(IPA) and spin-coated with a 450 nm thick layer of ZEP 520A resist onto the Si3Ny layer,
followed by baking. The devices were patterned using EBL at an acceleration voltage of 100
kV, where a highly focused electron beam scans across a resist-coated substrate, modifying its
solubility. EBL represents a type of maskless lithography, which removes the necessity for a
physical mask to outline the final design. Rather, the intended patterns are created with spe-
cialized software, and then directly imprinted onto the resist through the meticulous control of
an electron beam as it traverses the surface of the sample. EBL offers exceptional resolution at
the nanometre scale, as the wavelength of the high-energy electrons is significantly smaller
than that of ultraviolet (UV) photons.

The sample is later developed in n-amyl acetate solution for 90 seconds and rinsed with
IPA. Further dry etching, an anisotropic etching process that uses a combination of chemical
reactions and ion bombardment to etch materials, is performed. In this process, the patterns are
transferred onto the PECVD Si3Ny layer in a vacuum chamber by performing an inductively
coupled plasma (ICP) etch step with O2: CHFs chemistry in a 4:21 ratio. The reactive species
in the plasma chemically interact with the exposed material, while the ions strike the wafer,
physically removing the reaction products. The resulting etch rate is approximately 90 nm/min.
Finally, any residual resist was removed using a bath of 1165 remover for 30 minutes and an
O: plasma de-ashing step. Following the inspection of the Scanning electron microscopic im-

age, a 1 pm-thick SiO; layer was deposited using PECVD.
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Figure 1.1: Fabrication process flow of Si3N4 on SiO2 platform

EBL is not ideal for large-area exposure due to its high cost. In contact photolithography,
involves placing the photomask in direct contact with the wafer, which is simpler and faster
but generally offers lower resolution and can risk damaging the mask or wafer due to physical
contact. Instead, mask stepper photolithography is employed to fabricate meta surfaces with a
minimum feature size of 0.6 um. In stepper photolithography, a projection-based technique is
used to reduce the image of the photomask and is projected onto the wafer in small sections
(steps), allowing for high-resolution patterning and better alignment accuracy. This is a single
step etching process, used to create 2.5 x 2.5 mm metasurfaces, each designed to operate at a
wavelength of 3270 nm. The photolithography process consists of several stages. The sample
is exposed to ultraviolet (UV) light through a photomask, which is typically sourced from com-
mercial mask manufacturers. Light-sensitive polymers known as photoresists play a critical
role in pattern transfer [26]. Extreme Ultraviolet (EUV) lithography poses unique challenges,
as EUV light is strongly absorbed by most materials, necessitating the use of reflective optics.
A typical EUV lithography system uses at least three mirrors in the illumination optics and six
in the projection optics. Due to the multiple reflections required, the system’s total reflectivity
is significantly lower, about 100 times less, than that of a single mirror. Enhancing the reflec-
tivity of each mirror can improve overall system efficiency by several times, leading to higher
spatial resolution, increased EUV intensity, and faster processing. These improvements also

contribute to reduced production costs by shortening exposure times.
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1.3 Free-Space Optical Characterization

The fabricated sample (multiplexer) underwent optical characterization using end-fire meas-
urement setup, as shown in Figure 1. 2. The sample is positioned on a combined rotational-
linear stage. Individual alignment procedures for each wavelength are carried out, using the
Yenista Optics tunable laser source (TLS), for 1530 nm, and a diode laser from Eblana Pho-
tonics for 1653.7 nm. The light generated is fed to an aspheric collimating lens (10X) through
optical fiber and a polarizing beam-splitter (PBS) is used to filter out the TM components. At
this stage, the light is coupled to the device using a 60x focusing lens. A symmetrical arrange-
ment is carried out to collect output. This procedure is performed from both the left and right
directions to achieve inline alignment. The alignment is achieved by maximizing the output

power, using a Thorlabs power meter.
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Figure 1. 2: End fire characterization setup for duplexer.

Following the alignment process, the TLS is replaced with an amplified spontaneous emis-
sion source (ASE) broadband light source (from Amonics ALS), while the diode laser is sub-
stituted with an super luminescent source from Amonics ASLD, to track the performance trend

of the device in wide wavelength range.

Figure 1. 3: (a) Laboratory arrangement of view end fire setup (b) Zoomed-in view of sample

insertion.

For multiplexers, it is important to find the optimal device that provides the maximum cou-

pled output power for each target wavelength. The resulting transmittance spectrum for each
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port is separately collected using a Yenista Optics Optical Spectrum Analyzer (OSA). The la-
boratory setup of end fire method is shown in Figure 1. 3. A similar end-fire measurement
setup 1s shown in Figure 1. 4, replacing the objective lens using lensed fiber. Lensed fiber helps
for easy alignment and reduces the free space optical loss in the characterization of fabricated
samples. Each device port was measured separately. The light source was focused on input
ports and the output was collected using lensed fibers. Two different lensed fibers were used
during characterization: the first, made from SMF-28, for input wavelengths of 1530 nm and

1653.7 nm, while the second covered the wavelength of 2003 nm.
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Figure 1. 4: Two different Triplexer characterization setups by switching between dotted con-

Photodiode Oscilloscope

nectors.

In the second configuration, dedicated to the characterization of target wavelength 2003 nm,
the sample was initially aligned with a 1630 nm TLS source, to which the IR camera is rela-
tively sensitive. This IR camera was employed to ensure precise alignment between the tri-
plexer sample’s input/output and the lensed fiber, which is fundamental to these measurements.
The TLS was then replaced with a 2 um diode laser. The wavelength and power of the laser
are controlled by the laser driver. The sample was tested using a lensed fiber suitable for the 2
pum range and the output beam was collected using another 2 um compatible lensed fiber. The

output was measured using a photodiode connected to an oscilloscope.

1.3 Laser Modulation and Detection Techniques

QEPAS and LITES gas spectroscopic techniques employ diode lasers, QTF and other elec-
tronic devices for the detection and quantification of various gas molecules. The lasers are
externally modulated at half frequency (fo/2) corresponding to the resonance frequency of the
QTF. The frequency of the laser light is modulated using a periodic function, typically a sine
wave [27]. This sine wave is applied to the laser current driver (CD) via a sinusoidal external
dither, inducing variations in the laser's emission wavelength. This method is known as Wave-

length Modulation (WM) and has the primary advantage of minimizing the impact of noise
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within the detection bandwidth on trace-gas measurements. Each harmonic of the analytical
WM signal can be detected coherently with phase-sensitive detection electronics, such as a
lock-in amplifier. However, the detection band should be high enough to limit the 1/f laser
noise[28]. To eliminate the need for manually tuning the laser current to generate spectro-
graphic data, an additional ramp signal is applied to the current driver. This ramp enables very
high-resolution linear scanning of the laser current, which is proportional to sweeping the laser
wavelength across the gas absorption line.

The interaction between the chemical species and the modulated light leads to the generation
of acoustic waves in QEPAS and localized heating effect in LITES, at respective modulation
frequency and harmonics of QTF. Each harmonic of the analytical WM signal can be detected
coherently with phase-sensitive detection electronics, such as a lock-in amplifier. However, the
detection band should be high enough to limit the 1/f laser noise[28]. When integrating the
WM technique with QEPAS or LITES, the laser light is modulated at half of the QTF resonance
frequency, denoted as (fo/2). In this way, a double intersection of the absorption line is obtained
for a frequency scan. This approach, also called 2f-WMS detection, is preferred for several
reasons. First, when the lock-in amplifier captures the amplitude variation at the chosen har-
monic of the modulation frequency, it enables the extraction of the signal envelope. Next, due
to the nonlinearity of the absorption coefficient at the central frequency, higher harmonics are
generated in 1f signal profile, which deviates from a true first derivative of the absorption line
shape.

Ideally, only the laser's wavelength should be modulated, but in practice, the laser's intensity
is also modulated. This unintended modulation of intensity is called Residual Amplitude Mod-
ulation (RAM) [29]. However, RAM introduces a first-derivative component into the 2f signal,
which distorts the 2f signal. To accurately measure gas concentrations, it's crucial to minimize
or account for the distortions caused by RAM. For this reason, the laser wavelength modulation
depth, and light intensity modulation, must be optimized at each gas pressure to obtain the
highest 2f- signal. In some cases, the detection phase can be adjusted to minimize the impact

of RAM.

1.3.1 QTF Electrical Characterization

This section introduces the methodologies for determining the natural frequency of QTFs, the
instrumentation used for these measurements, and the calculation of the Q-Factor. QTFs serve
as the core sensing technology in QEPAS and LITES techniques. Their widespread adoption

is attributed to their precision, compact size, stability, and the unique piezoelectric properties
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of quartz. Quartz exhibits a piezoelectric effect, allowing mechanical stress to generate an elec-
trical signal and, conversely, an electric signal to induce mechanical vibrations. Structurally, a
QTF consists of two prongs with a T-shaped base (as illustrated in Figure 1). In general, the
QTF prongs used in gas sensing are approximately 20 mm in length, 1.4 mm in width, and 0.8
mm in thickness, with a separation gap of I mm between them. The Q-Factor is determined by
the physical structural parameters of the QTF. Each QTF possesses a natural resonant fre-
quency at which it vibrates with maximum amplitude, a critical parameter in gas sensing ap-
plications. The natural frequency of a QTF is intrinsically determined by its structural param-
eters, such as length, width, thickness, and separation gap between the prongs. These parame-
ters influence the mass and stiffness of QTF, which in turn define its vibrational characteristics
[30], [31]. A higher Q-Factor indicates lower energy loss and sharper resonance peaks, which
are important for high-sensitivity gas detection. Electrical characterizations of the QTF, which
uses the inverse piezoelectric effect, are conducted at various stages of assembly to ensure the
spectrometer is constructed with optimal precision and performance.

For example, the electrical characterization of the QTFs involved is explained for two dif-
ferently manufactured QTFs, referred to as QTF; and QTF,. These characterizations involve
applying a modulated electric field to induce mechanical vibrations and analyzing the resulting
electrical signals to validate the QTF's functionality. The electrical characterization of the QTF
was conducted under controlled environmental conditions, maintaining a constant temperature
of 24.5°C, a relative humidity of 68% and continuously modulating the electrical voltage, via
a sinusoidal voltage signal. This modulation generates piezoelectric charges, which are col-
lected by gold contacts on the QTF prongs. The QTF output signal was amplified using a tran-
simpedance amplifier stage with a feedback resistance of 10 MQ and is connected to a lock-in
amplifier (models from Anfatec and Zurich Instruments) to filter and demodulate the piezoe-
lectric currents generated by the QTF. Before this, an amplitude modulation optimization was
performed. A sinusoidal signal with an amplitude of 240 mVpp and an offset of 2 V, generated
by an Arbitrary Function Generator (WFG), was input to the preamplifier having feedback
resistor (Rf = 10MQ), and subsequently fed into a lock-in amplifier for reference signal. This
Lock in signal is scanned over a narrow frequency range, aiming to extract their respective
resonance curves. The lock-in integration time was set to 100 ms, and the demodulated signals
were acquired using a DAQ with an acquisition time of 300 ms. These signals were then dis-
played on a PC as a voltage signal through a NI LabVIEW interface. Alternatively, when using
Zurich Instruments' lock-in amplifier, the device was directly connected to the PC. The sche-

matic of the electric characterization setup of the QTF is depicted in Figure 1.5 (a).
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The electrical response of the QTFs as a function of frequency, along with the corresponding
Lorentzian fits, is presented in Figure 1.5. The QTF response was evaluated across a range of
frequencies, with signal amplitudes measured at the resonance frequency (f). The Full Width
at Half Maximum (FWHM) was derived by fitting the experimental data to a Lorentzian model.
QTF, having resonance frequency f1 = 8.12462 kHz with a calculated Q-factor of 11390, from
resonance curve Figure 1.5 (b). Similarly, QTF>, having resonance frequency f> = 12.4527 kHz

with a calculated Q-factor of 14823, from resonance curve Figure 1.5 (¢).
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Figure 1.5: (a) Schematic of electric characterization setup of the QTF. Resonance curve as a
function of frequency for the electrical characterization of (a) QTF; and (b) QTF-.

These high Q-Factor values signify minimal energy loss and sharp resonance peaks, which
are critical for achieving high sensitivity in measurement applications. The QEPAS and LITES
experimental setups are explained in their respective sections of the thesis. The QTF charac-
terization framework, explained in Chapter 3, for sensing applications involving gases like me-
thane and water vapor. QTF electrical characterization for natural frequency is continuously
recorded during measurements performed across various characterization setups and experi-
mental conditions. The two commonly used lithography techniques for PIC fabrication EB and
stepper-based photolithography are employed multiple times throughout different phases of the
research. The fabricated samples undergo optical characterization using an end-fire setup,
which is modified as needed based on the research application. This setup is further modified

to facilitate chip-to-QTF integration.



Chapter 2- Advanced PICs for Multi-Gas
Sensing

Chapter 2 presents the design, fabrication, and characterization of compact, low-loss, broad-
band duplexers and triplexers operating in the near-infrared (NIR) region. The focus is on
achieving high selectivity and coupling efficiency at spectroscopically relevant wavelengths.
These devices utilize an angled Multimode Interference (MMI) coupler and a Directional Cou-
pler (DC), both optimized for operation within the NIR range. The chapter also reviews the
theoretical foundations of MMI and DC structures. Additionally, the input waveguide design
strategy is described, with particular emphasis on wavelengths corresponding to key gas ab-
sorption lines: 1530 nm for ammonia (Anm3), 1653.7 nm for methane (Acwx4), and 2003 nm for

carbon dioxide (Aco2).

2.1 Introduction

The ever-growing demand for real-time, low-loss multi-gas sensors has accelerated the de-
velopment of optical couplers capable of combining two (duplexers), three (triplexers), or more
spectroscopically relevant wavelengths. By rapidly switching between optical sources, inte-
grated multiplexers enable the detection of multiple gases with high temporal resolution. In-
stead of deploying separate detector systems for each target gas, an on-chip laser paired with a
QEPAS sensor can detect multiple gases in real time. This approach yields a lightweight, com-
pact, and highly sensitive sensing system ideal for applications such as agricultural or environ-
mental monitoring. It is worth stressing that the absorption lines of interest are separated by
more than >600 nm, posing challenges for the design of the combiner. A Vernier effect-based
quantum cascade laser (QCL) system employing QEPAS has been demonstrated for the detec-
tion of Carbon Monoxide (CO), Nitrous Oxide (N20), and Carbon Dioxide (CO>), with absorp-
tion peaks at 4708 nm, 4520 nm, and 4457 nm, respectively [32]. However, this system exhibits
limited spectral selectivity, and free-space optical configurations are prone to misalignment of
mirrors and lenses. Additionally, these devices also face trade-offs among size, weight, sensi-
tivity, selectivity, lifetime, calibration, and operation in harsh environments. Portability re-
mains a key challenge, especially for wide area sensing in agricultural or remote settings. Ad-

dressing these issues through lightweight, compact, and cost-effective designs remains crucial.
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Optical fiber-based solutions on the one hand offer benefits in terms of compactness and light-
weight designs. On the other hand, challenges are still faced related to material selection, the
need for collimators, dispersion, nonlinearity, absorption losses due to interactions with optical
phonons, inherent fragility, and complicated deployment in harsh environments [33], [34],
[35], [36].

Numerous combiner designs have been proposed to address wide spectral separation. One
approach relies on MMI couplers such as straight, angled, butterfly, or cascaded MMI couplers
[37], [38]. Other solutions are based on Y-junction couplers, Mach-Zehnder interferometer
couplers, and symmetric or asymmetric DCs [39], [40].

The proposed duplexer/triplexer performance was optimized by selecting a suitable refrac-
tive index of the guiding region and coupler geometry. A Si3N4 platform was chosen for its
broad bandwidth and lower propagation loss. Coupling efficiencies were evaluated across var-
ious mode profiles, including the fundamental, higher-order modes, as well as commercial di-
ode-laser mode profiles. The key parameter is the output power from the multiplexer, which
determines sensitivity and selectivity in target gas detection. This lightweight technology can
be integrated into unmanned aerial vehicles for wide-area gas sensing. This novel passive cou-
pler system represents a breakthrough in real-time, lightweight, compact sensors for agricul-
tural field monitoring, breath analysis, hydrocarbon monitoring, leak detection, and hotspot

monitoring.

2.2 Design Strategies for Input Waveguide

The multiplexer device configurations are realized based on the Si3N4 on silicon dioxide (Si02)
platform. It is important to consider the future integration and packaging possibilities for sen-
sors and micro lasers. Commercially available distributed feedback lasers from NanoPLUS
(Germany), are the preferred choice for spectroscopy. The output mode profiles of DFBs based
on InP, emitting at wavelengths of 1654 nm and 2003 nm respectively, are utilized for numer-
ical analysis to optimize the input waveguide dimensions. Optimizing the input waveguide
dimensions is essential for achieving maximum coupling efficiency of the laser power from
the selected lasers. This involves tailoring the waveguide dimensions to closely match the mode
profiles of the lasers, ensuring efficient light transfer and minimal power loss [38], [41]. Figure
2.1 illustrates the micro-lasers and their characteristics: (a) shows an image of the micro-lasers,
and (b) presents the simulated output mode profiles. The coupler design was performed using
the 3D FD-BPM (BeamPROP simulation tool, provided by RSoft) [15], [16]. The computa-

tional mesh grid resolution of the simulation domain was optimized along the three spatial axes
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of X =100 nm, Y= 100 nm, and Z= 50 nm. The Sellmeier equation is utilized to account for
material dispersion. Specifically, Philipp 1973 for SizN4 [42] and Malitson 1965 for silicon
dioxide [43].

Bt

On chip lasers

(c)

Figure 2.1: (a) commercial diode micro lasers (b) The simulated output mode profile of diode
laser (c) the schematic of laser to on-chip waveguide integration
Extinction coefficients (k values) were approximated as being zero in this process, which is
reasonable, given the published loss values for SizNs. To provide a comprehensive evaluation
of the dielectric characteristics, various assessment methods for comparison are presented. Fig-
ure 2.2 illustrates the refractive index as a function of wavelength for Si3N4 and silicon dioxide,
determined using three methods: the Sellmeier equation, the RSoft material library, and ellip-

sometry measurements.
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Figure 2.2: Refractive index changes for Si3Ny4 and silicon dioxide against wavelength

The width of the input waveguide (#;) and thickness (¢) from Figure 2.1(c) are optimized to
maximize with respective laser mode coupling to the input waveguide dimension. The mode
profile is optimized to W; =3 um and =300 nm for wavelengths of interest 1530 nm, 1654 nm
and 2003 nm. The optimal value was found to be 77%, 75 %, and 80%, respectively. Various
cladding materials such as air, PMMA, Si0O-, and SU-8 were also investigated. Figure 2.3 (a)

and (b) illustrate the transmittance variation with cladding thickness for various material at
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1530 nm and 1653.7 nm, respectively. The transmittance is recorded on a scale from 0 to 1,
corresponding to a percentage range, representing the fraction of light passing through the
waveguide. Due to ease in attaining uniformity in cladding thickness and flat response in trans-
mittance for varying cladding thickness, SiO2 cladding is selected with a thickness of 1 um for
both wavelengths, as it facilitates integration on the same platform. The cladding thickness
equal to 1 um gives optical power transmittance equal to 92%, 93%, and 80% for input wave-

lengths equal to 1530 nm, 1653.7 nm, and 2003 nm, respectively.
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Figure 2.3: Transmittance for various cladding thicknesses at (a) 1530 nm and (b) 1653.7 nm.

The electric field profile of the computed fundamental modes of the waveguide cross-sec-
tion for wavelengths equal to 1530 nm is shown in Figure 2.4. The effective refractive index
(nepy) of the fundamental mode (M00) for wavelengths equal to 1530 nm, 1653.7 nm, 1684, and
2003 nm are 1.649, 1.627, 1.621 and 1.535, respectively. It is important to point out that the
input waveguide can also support higher order modes MO1, which have ney of 1.499, 1.448,
and 1.38, respectively. However, for the higher wavelength 2003 nm, the higher order mode is
not supported. The corresponding mode profiles have been used to investigate the device's
performance.
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Figure 2.4: Computed fundamental mode profile for 1530 nm at Wi=3 pm and t = 300 nm,
with 1 pm SiO2 cladding thickness.
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Higher-order modes can significantly impact waveguide transmittance by causing modal
interference, and crosstalk [44]. To account for the distribution of modes within the waveguide,
both behaviours of fundamental mode and higher order mode are investigated when launching

the laser mode profile.
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Figure 2.5: S-bend loss of Si3N4 waveguide (a) Bend angle as a function of wavelength, insight
bend radius at a fixed angle of 14 degrees. Laser to chip in integration (b) as a function of the
gap between the source and waveguide (c) titling the angle of input waveguide.

For the futuristic integration of multiple diode lasers die at the input waveguides, a minimum
separation of 300 um is required. Furthermore, the coupling loss between the laser and the
waveguide at different angles are analyzed. Figure 2.5 (a) illustrates the losses caused by the
presence of an air gap between the laser and the chip. Ongoing research aims to minimize or
eliminate this gap to enhance integration. Additionally, Figure 2.5 (b) shows the loss resulting
from angular deviations between the chip and the source. These deviations can be expected due

to imperfections in the chip-cleaving process.
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2.3 Compact Angled Multimode Interference Duplexers

Multimode Interference (MMI) can perform various optical functions such as splitting, com-
bining, and routing optical signals [45], [46]. These devices are becoming increasingly im-
portant in integrated photonics due to their compact size, low loss, and ease of fabrication. .
They are relatively insensitive to polarization, making them highly suitable for optoelectronic
integration [47]. MMI couplers can be classified in several ways, including by their structure
and the interference mechanism they employ. Some of these classifications include symmetric,
general, angled, butterfly, and cascaded MMI couplers [48]. Several studies have demonstrated
the effectiveness of MMI-based wavelength demultiplexers. Devices operating at
1310/1490/1550 nm have shown practical applicability [47], [49]. while others support fiber to
home applications by combining 980, 1310, 1490, and 1550 nm wavelengths with insertion
losses between 0.52 and 1.54 dB and good channel isolation [50]. An InP-based asymmetric
multi-section MMI splitter efficiently separates 1.31 and 1.55 um wavelengths with reduced
device length [51]. A 1x4 SizNs demultiplexer operating in the C-band (1530-1560 nm)
achieves insertion losses of 1.986-2.351 dB and low crosstalk [52]. Silica-based 2x2 MMI
couplers exhibit low insertion losses (<0.4 dB), minimal imbalance, and low polarization sen-
sitivity [58]. A wavelength-independent directional coupler on SOI with MMI structures sup-
ports broadband operation (1525-1625 nm) with ~0.8 dB excess loss [53], while silicon nan-
owire-based couplers maintain <1.55 dB loss across 1.49-1.59 um [54]. Cascaded MMI cou-
plers, such as 1x4 demultiplexers made from 1x2 sections, enable complex functionality but
may increase losses compared to single-stage designs [50].

In contrast, Angled MMI couplers offer more versatility in terms of features and coupling
efficiency compared to straight MMI couplers. The angled MMI was first proposed by Y. Hu
et al. and shows excellent characteristics in terms of low loss, compactness, superior fabrication
tolerances, and the capability to filter out higher-order modes [39]. Angled-MMI-based wave-
length splitters designed for Si3N4 applications in fluorescence sensing demonstrate remarkable
performance in visible light [55]. The diplexer, operating at 665 nm and 705 nm, achieves
insertion losses below 1.7 dB per channel and crosstalk under -24 dB. The triplexer adds a 638
nm channel with slightly higher insertion losses below 2.5 dB per channel and crosstalk below
-17 dB. A more compact alternative that provides both efficient optical power output and the
simultaneous integration of various desired wavelengths is the angled MMI approach. The per-

formance of angled MMI couplers is sensitive to geometrical parameters, such as angles and
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spacing between waveguides. The lengths of angled MMI devices are determined based on the
wavelengths and the ng.

A compact, low-loss 2 x 1 angled-multi-mode-interference-based duplexer is proposed as an
optical component for integrating several wavelengths with high coupling efficiency. The self-
imaging principle in multimode waveguides is exploited to combine two target wavelengths,
corresponding to distinctive absorption lines of important trace gases. The devices’ perfor-
mance has been numerically enhanced by engineering the geometrical parameters, offering
trade-offs in coupling efficiency ratios. The proposed designs are used as versatile duplexers
for detecting gas combinations such as ammonia-methane, ammonia-ethane, and ammonia-
carbon dioxide, enabling customization for specific sensing applications. The device is opti-
mized for three different cases, namely, to combine the following wavelength pairs: (i) Avz3 and

Acna, (it) Anmz and Acams, (iii) Anms and Acoz.

2.3.1 Theoretical Principles of MMI and Angled MMI
The principle of self-imaging was first described by H.F. Talbot in 1836, using coherent illu-

mination on periodic objects [56]. Later, in 1995, L. B. Soldano expanded on this concept,
providing a theoretical explanation of self-imaging in both symmetric and asymmetric MMIs.
MMI devices can accommodate a high number of modes, that are differentiated in terms of
their different phase velocities. When a single mode is injected into the multimodal region from
an input port, the crossing of the discontinuity at the combiner inlet allows it to spatially dis-
perse, resulting in the excitation of all available modes (while the total power is conserved).
These modes then interfere with their reflections from the multimodal region boundaries. Due
to the self-imaging principle in the presence of modal dispersion, the injected mode is then
regenerated along the propagation direction at positions whose distance from the injection point
is an integer multiple of the beating length (L) [57].

Symmetric and general MMI couplers are the most basic type of MMI couplers, these typi-
cally feature multiple access waveguides at their input () and output (M) for launching and
collecting light, commonly referred to as N x M MMI couplers. Starting from the dispersion
equation for a waveguide with a np, an injected wavelength (49), and a supported mode number

(v), the propagation constant, £3,,, can be expressed as:

v+
4ﬂoneﬁW¢ﬁ

By = kongy = 2.1)
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The effective width MMI is approximated to the width of the MMI waveguide ( Wumi), for
high-contrast waveguides. Thus, the L, is defined for the least of the two lowest-order modes

for symmetric MMI,

" _ nEﬁ"erlmi
L = Bo—B1 2o (2:2)

These images are symmetrically located along the lateral axis with equal spacing. For the

general MMI, the beat length is calculated by

4n W2 i
Ly = f;—o (2.3)

Figure 2.6 shows the simulation results for symmetric MMI, showing multiple self-imaging
positions for a Wy, of 10 um at an input wavelength of 1o = 1530 nm. From Eq. 2.3 the calcu-
lated beat length for straight MMI is L= 110 um. For the same configuration, when launching

from the non-symmetric position as case of general MMI, the L. is 430 um.
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Figure 2.6: Electric filed profile for injecting fundamental mode with pathway monitor (a) Sym-
metric MMI (b) General MMI and (c) higher order mode injection in general MMI.

Figure 2.6 (b) illustrates, demonstrates the effects of higher-order modes, which act as a
filtering effect at the output when optimized for fundamental mode operation. The monitor
used in simulation corresponds to the field of launch mode. This comes from the fundamental
depends on L, with mode number. A specific operational mechanism in MMI devices exploits

the self-imaging principle to achieve power splitting and combining functions.
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The operation of angled MMI devices is built upon the fundamental principles of general
MMI while introducing angular modifications to enhance functionality. A single mode is in-
jected into the multimodal region and regenerated at the output. Due to the presence of 3 an-
gled, side coupled adjacent input waveguide (WG:), the multimode region causes discontinuity
in the symmetry. To target the regenerated position of WG/ at higher wavelengths, the position
of WG: is adjusted. The change in wavelength is directly proportional to gap between the wave-
guide, ie inversely proportional to effective length of MMI (Lyumi wG2)). A schematic of Angled
MMI configuration is presented in Figure 2.7. By differentiating Equation (2.4) and by consid-
ering the tilted angle in the multimode region, the minimum channel spacing (AAmin) of the

angled MMI device can be expressed as:

Figure 2.7: Sketch of the Angled MMI configuration representing the theoretical parameters.
Mg > L0 (Fin)’ (2.4
Aneppsinf \ W

where g is the minimum separation between the adjacent input waveguides, Wi, is the width of
the input waveguide and f is the angle between the input waveguides and the multimode wave-
guide[58]. The introduction of an angled MMI waveguide adds versatility to the device, allow-
ing for finer wavelength separation, as characterized by the minimum channel spacing (44min).
These adaptations make angled MMI devices an effective solution for compact, high-perfor-

mance optical systems requiring precise wavelength multiplexing and minimal crosstalk.

2.3.2 Proposed Structure and Numerical Result
The design configuration of angled MMI includes an input section consisting of two waveguide
ports, in which two signals of different wavelengths are injected. These ports (labeled as “A”

and “B”) are then connected to the coupler, whose function is to combine the two signals while
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maximizing their transmittance. The proposed angled MMI -based duplexer, whose sketch is
shown in Figure 2.8, exploits Si3sN4 guiding elements placed on top of a silicon dioxide (SiO-)
substrate. The device is composed of three cascaded parts: an input section, a combiner (labeled
as “core”), and an output section. The input section consists of two waveguide ports WG, and
WG separated by a gap g, allowing the injection of two signals of different wavelengths,
namely Anz3 and 4;, into the system. The 4; will assume the value of wavelengths Acua, Acoms,
and Aco2, depending on the duplexer configuration, with a different value of g for each namely
g1, g2 and g3, as depicted in Fig. 2.8). It is worth noting that the position of WG/ is to be
considered fixed (its right edge fits into the combiner at the lower right corner of the latter).
Conversely, the position of WG:, uniquely identified by the gap g, is a function of the specific
wavelength to be combined with Ayys and will be a subject of optimization (for this reason,

WG is depicted with evanescent colors in Figure 2.8).

Superstrate

‘\\$)UTPUT

CORE

Si0:
Figure 2.8: Schematic diagram of angled MMI duplexer

These waveguides are then prolonged and connected to the multimode waveguide region,
where Lc is the length and Wc is the width. This multimode region is tilted on the substrate
plane forming an angle f with respect to the direction of the input and output waveguides.
Within this section, interference will result in a landscape of electromagnetic field maxima and
minima that is determined by geometric parameters as well as spectral parameters and the guid-
ing properties of the structures involved. The MMI structure allows the “long side” of the core
region to be exploited as the insertion point of WG:. The asymmetry of the structure will depend
on the choice of g, which, in turn, will affect the overall transmittance. Finally, an output section

consists of a single waveguide WG,, having width W,= W;, whose position mirrors WG; with
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respect to the center of the core region and the x- and y- directions, where the maximum light
intensity is expected according to the self-image principle.

The simulations were performed using the FD-BPM (BeamPROP simulation tool, provided
by RSoft). After performing a convergence test, the mesh grid resolution was set to 50 nm, 10
nm, and 100 nm, along the x, y, and z directions, respectively. The material dispersion relation
is introduced in simulations to account for the wavelength dependence of the refractive index
and effectively manage loss and dispersion effects [59]. The presence of higher-order modes
in the output waveguide system harms the performance of the duplexer-based sensor. Higher
order modes lead to increased spatial mode dispersion, decreased self-imaging fidelity, and
higher crosstalk [60]. MMI couplers excel in suppressing higher-order modes available in the
input waveguides, thereby alleviating the performance limitations seen in comparison to alter-
native coupling methods. When £ = 0 (i.e., “symmetric” MMI case), no common self-focusing
positions of the two waveguides can be found for each target pair of wavelengths. Therefore,
from this point on, as the situation where 3 > 0 is considered. Having fixed Wi, W,, ¢, and f.,
the performance of the proposed duplexer was optimized by investigating the effects of varying
L, We, B, and g on the total transmittance 7,. Figure 2. 9 shows 75 as a function of L. with W,
equal to 10 um, for different values of g. When WG, and WG: are individually excited at wave-
lengths Ayms (dotted lines) and A; = Acma (solid lines), respectively - this allows us to identify 7,
depending on the excited waveguide. In particular, 7, is calculated for different values of g (0.5
pm, 1 pm, 1.5 pm and 2 pum). In general, a bell-shaped trend of 7, with varying L.1is observed.
When WG; is solely excited at Avms, the change in gap value modulates the transmittance in-
tensity, although the absolute maximum is obtained for almost the same values of L¢ (i.e., in
Figure 2. 9 the distribution of the dashed curves does not shift significantly along L. axis),
indicating that the beating length remains relatively stable with respect to g. Conversely, when
WG:is solely excited at Acma, changing g has only a minor effect on the maximum transmittance
intensity. Nonetheless, the beating length exhibits significant variation, spanning a range of
approximately 10 microns (i.e., in Figure 2. 9 the distribution of the solid curves shifts toward
longer L. for increasing g). For a fixed value of the gap and each different value of L, it is
possible to identify a distinct combination of wavelength coupling ratios (i.e., 7, for pairs of
the same color) can be identified. Ideally, the duplexer must maximize output power 7, for
both the target wavelengths, while keeping the device footprint as small as possible. Therefore,
to discriminate the best combination of parameters, a figure of merit (FOM) was defined as 7o
(Anmz) x T, (Acua)/(100W¢). Table 2.1 summarizes some of the best configurations in terms of

FOM for the proposed duplexer, obtained in the investigated parametric space.
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Figure 2. 9: Transmittance 7, as a function of L¢ for different values of g at fixed W¢= 10 um
when WG; and WG are individually excited at Anzs (dotted lines) and Acma (solid lines), respec-
tively.

Specifically, in Table 2. 1, the best configuration obtained in terms of FOM maximization
is the one labeled "case 1". For the latter, a value of g equal to 1.56 um is deemed sufficient to
prevent evanescent mode coupling between the two input waveguides [61]. The components
of the output transmittance 7, obtained for Ayy3 and Acws, are equal to 86% and 88%, respec-

tively.

Table 2. 1: Optimized output transmittance results

Case We p g Lc To at To at Acyy FOM
[pm]  [°]  [pm]  [pm] Anms [%]
[%]
1 10 4 1.56 458 86 88 7.57
2 10 4 1.16 460 70 95 6.65
3 10 5 1.86 460 82 75 6.15
4 9 4 1.28 374 80.5 80 7.15
5 11 4 1.88 547 88% 88% 7.04

To further shed light on the behavior of the device, the transmittance has been studied by
varying the angle of the core region. In particular, Figure 2.10 shows 7, as a function of L. for
increasing discrete values of § (equal to 3, 4, 5, and 6, degrees respectively), when W., L. and
g are set as in “case 1” (see Table 2. 1) and when WG, and WG: are individually excited at
Anmz (dotted lines) and 4; = Acus (solid lines), respectively. The vertical line in Figure 2.10
represents the L. = 458 um at which maximum 7, obtained using a figure of merit i.e., at f =
4, when wavelengths launched in their respective waveguides. The configuration referred to as
"case 1" presents an excellent compromise in terms of both transmittance and compactness.

For this configuration, using the mode profiles of commercially available diode laser as the

input excitation leads to 7, values of 71% and 77% for wavelengths of 1530 nm and 1653.7
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nm, respectively. In addition, when launching higher order modes (MO01), 7, reduces to 0.5%
and 9% for the same wavelengths, respectively, demonstrating a good high-order mode rejec-

tion behavior. Therefore, values of W., L., and S were set to 10 pm, 458 um, and 4°, respec-

tively.
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Figure 2.10: Transmittance 7, as a function of Lc, for different values of f, when WG, and WG
are individually excited at wavelengths 1530 nm (dotted lines) and 1653.7 nm (solid lines), re-
spectively.

These geometric parameters of the core region are then used to test the operation of the
duplexer in the presence of other desired wavelength combinations (i.e., Anm3 - Ac2us and Anms-
Aco2). For each of these combinations, the corresponding gap value is optimized, that maxim-
izes the output transmittance. It is worth noting that the required distance g increases with
increasing wavelength separation between the two input sources. Table 2.2 summarizes the

numerical results obtained for the three different wavelength pairs of interest.

Table 2. 2: Values of transmittances obtained for three different pairs of excitation wavelengths when the

distance between the input waveguides g is optimized.

Duplexer g [pm] T, for computed T, for laser mode pro- T, for higher order
mode launching at file launching at mode launching at
[%] (%] [%]
WG, WG, WG, WG, WG, WG,
s & Acmn - g1 =1.56 86 88 68 75.5 0.5 9
vz & Aczws 82 =12.03 82 88.5 65.5 77 0 3
s & Acoz g3=9.8 43 84.5 30 60 30 0

Figure 2.11 illustrates the amplitude of the electric field as a function of the x and y axis.
The distribution of the propagating light in the proposed device is at z = ¢./2 = 0.15 um. These

maps provide valuable insights into the self-focusing principle and demonstrate how the gap
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between the two waveguides influences the focusing effect for different input waveguides tar-

geting specific wavelengths.
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Figure 2.11: Electric field distributions as a function of the x and y coordinates at az=0.15 nm.
The sole WG; is fed with the fundamental mode at Anz3 (a) at g; = 1.56 pm (c) g2 =2.03 pm and
(e) at gz =9.8 um. When WG is fed with the fundamental mode at (b) Acra, at g; = 1.56 um (d)
Aczus at g2 =2.03 pm and (f) Acoz at g3 =9.8 um.

Figure 2.12 represents the transmission as a function of the wavelength within the spectra
range between 1.450 um and 2.150 um, for the three configurations reported in Table 2.2. In
particular, the blue color corresponds to the 7, for Avm3 injected in WG, and red, gray, and green
color for wavelengths Acra, Ac2ms, and Acoz respectively injected in WG: for corresponding du-

plexers. The vertical line corresponds to the 7, at target wavelengths.
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Figure 2.12: Range of wavelength launched at Port A and Port B of the angled MMI.

2.3.3 Optical Characterization and Experimental Results

The angled multimode interference duplexers, discussed in the previous section, have been
fabricated using EBL and dry etching, discussed in section 1.2. To optimize the fabrication
process and transmission capabilities, various device configurations were utilized. The details

of the fabricated angled MMI duplexer samples can be seen in Figure 2.13.
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Figure 2.13: Fabricated angled MMI duplexer sample under (a) microscopic imaging. SEM im-
age (zoom) (b) between input and multimode waveguide (c) between multimode waveguide and
output.

The fabricated sample (multiplexer) underwent optical characterization using an end-fire
measurement setup, explained in section 1.3. Each device port was optically measured sepa-
rately. The aligned process for the optical characterization is performed using a single wave-
length laser for WG, (1530 nm) and a TLS for WG> (1653.7 nm) - a Yenista Optics TLS and
an Eblana laser diode respectively. After the alignment process, the TLS was replaced with an
Amonics ALS broadband light source and single wavelength laser - with an Amonics ASLD
super luminescent source. The output spectrum is collected into a Thorlabs power meter and

an OSA from Yenista Optics.
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Figure 2.14: Numerical results for a range of wavelength excited at (a) WG for varying Lc and
(b) WG for varying g. Smoothed normalized transmittance characterization results for a range

of wavelength excited at (¢) WG; for varying Lc and (d) WG for varying g.
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Figure 2.14 presents the simulation and characterization results of the angled MMI coupler
for varying gaps between the L. while launching at input port WG, as well as the gap effects
when launching at WG». The characterization results are represented as the normalized trans-
mission spectra of the angled MMI duplexer device, relative to a straight waveguide with a
width of 3 um and a height of 300 nm, matching the dimensions of the input waveguide of the
duplexer. The spectra cover a broad range of wavelengths, with vertical boxes marking the
target wavelengths Anm3 and Acpa.

From the simulation results, a 2 um increase in L. causes a blue shift in the spectrum by 8
nm for the wavelength excited at WG;. Similarly, for a gap increment of 0.5 pm, the spec-
trum shifts by 14 nm. This trend is consistently observed in the characterization results. The
results demonstrate a favorable trade-off in coupling efficiency (CE) concerning variations in
the geometric parameters Lc and g. The agreement between simulation and characterization
results is strong. The device with a L. of 458 um and a g value of 1.5 pm exhibits the best
performance, achieving CE values of 74% and 80% for wavelengths of 1530 nm and 1654
nm, respectively.

The wider spectrum exhibits normalization noise, attributed to the critical and fundamental
alignment required in the end-fire method and the precision of the sample’s facet cleaving. For
further clarity in the transmittance, in Figure 2.15, the transmission spectra, obtained using a
broadband ASE laser, are normalized relative to the source, covering a wide range of wave-
lengths. The vertical line in the figures indicates the target wavelengths Anzz and Acws. This
normalization process facilitates accurate and meaningful comparisons across different sam-

ples and experimental conditions.
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Figure 2.15: Experimental results for launching a range wavelength (a) at WG1 (b) at WG2.
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As well Table 2.3, shows CE normalized with respect to the straight waveguides. Consider-
ing the FOM in CE, Sample 6 and Sample 8§ emerge as the most promising, exhibiting CE
values of 74%: 80%, and 59.5%: 71.5%, respectively. The characterizations result of these
selected samples is shown in Figure 2.15 (a) and (b). Sample 6 adopted the same device con-
figuration as the optimized angled MMI duplexer designed with a L. value of 458 um and g
=1.56 pm while Sample 8 has a L. value of 460 um and g =1 um (see Table 2.3). These char-
acterizations of the fabricated angled MMI device prove its consistent performance and selec-
tivity. These findings indicate that the designed device exhibits an optimal performance within

a spectral range of approximately 10 nm centered around these specific wavelengths.

Table 2. 3: The normalized transmittance of the duplexer configurations.

Sample Lc g CE at Ay CE atAc
[pm] [pm] [%] [%]
1 1 58 66.5
2 456 1.5 61 62
3 2 60 39.2
4 1 54.4 70
5 1.5 63 57
458
6 1.56 74 80
7 2 60 40
8 1 59.5 71.5
9 460 1.5 53.5 55
10 2 75.8 52.6

A series of devices fabricated for varying parameters of g and L., exhibiting a favorable
trade-off in CE. Notably, these results demonstrate a satisfactory agreement with the corre-
sponding simulations. A duplexer at 1530 nm and 1684 nm was also tested. The 1684nm wave-
length is at the limit of that provided by the super luminescent diode and the signal to noise
ratio was low and the estimated transmission is 63% and 32% for samples 6, respectively. The
CE and the ability to achieve precise trade-offs in geometric parameters offer promising pro-
spects for enhancing performance and adaptability. This can be utilized for customized appli-

cations in multi-gas sensing and telecommunication fields, serving as an ideal beam combiner.
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2.4 Highly Efficient and Selective DC Duplexer

The design and fabrication of a compact, low-loss, broadband DC based duplexer operating in
the near-infrared (NIR) region are demonstrated. DCs are commonly used as important passive
optical devices in integrated silicon photonics devices such as power splitters, mirroring reso-
nators, and Mach-Zehnder interferometers. The DC stands out as particularly promising due to
advantages, such as a compact device footprint, high reliability, and the potential low loss cou-
pling. Additionally, DC offers numerous benefits, including low fabrication tolerance, minimal
insertion loss, the capacity to handle multiple channels, and compatibility with other multiplex-
ing devices. A wavelength-independent directional coupler (WIDC) fabricated on a silicon-on-
insulator (SOI) platform with a 220 nm device exhibited a 3-dB coupling length of approxi-
mately 5 pm over a wavelength range of 1525 nm to 1625 nm. This WIDC design was suc-
cessfully implemented in various applications, including power splitters, Mach-Zehnder inter-
ferometers, and all-pass micro ring resonators [53]. Another study demonstrated a broadband
DC specifically designed for signal power tapping on a 3 um SOI platform. This device, oper-
ating in the wavelength range of 1470 nm to 1630 nm, achieved a CE ratio of 94% for 1550
nm int the primary waveguide and 4 % at through port (serves for monitoring purposes) [62].
The design incorporated an arc-shaped waveguide in the coupling region to enhance spectral
stability and minimize transmission losses.

Researchers also explored broadband curved DCs on SOI platforms with silicon layer thick-
nesses of 220 nm. By combining curved and straight waveguide sections, these couplers
achieved a =1 dB bandwidth of 88 nm centered at 1565 nm. Further, broadband operation, an
ultra-broadband 2 x 2 adiabatic 3 dB coupler was realized using subwavelength-grating-as-
sisted strip waveguides on an SOI platform. This coupler exhibited even power splitting with
an imbalance of less than 0.3 dB and average excess losses below 0.11 dB over a measured
wavelength range of 185 nm, limited by the available tunable laser [63]. A design employed a
Mach-Zehnder directional coupler (MZDC) configuration with carefully engineered curved
structures in the coupled regions to minimize polarization dependence and achieve a flattened
wavelength response [64], [65]. Tapered, asymmetrical, or curved DCs can allow a mild re-
duction in device footprint, but at the price of a lower manufacturing error tolerance, high
modal dispersion due to phase mismatch, or low coupling efficiency [66], [67], [68]. Table 2.4

displays the performance comparison with wavelength multiplexers previously reported.
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Table 2. 4: Performance comparison with previously reported wavelength multiplexers.

Ref Structure Wavelength Method Insertion loss
[nm] [dB]

[69] DC 1310 - 1550 Simulation 0.27 and 0.08

[70] MMI 1550 - 2000 Experimental 0.14 and 1.2

[71] SWG DC 1550 - 2000 Simulation 0.14 and 0.80

[72] TMI 1310 - 1550 Experimental 1

[51] SWG MMI 1310 - 1550 Simulation <0.24

[73] SWG MMI 1310 - 1550 Simulation 0.09 dB and 0.08

dB

[74] ADC 1310-1490-  Experimental ~ 0.98 dB, 0.69 dB

1550 and 0.76 dB

2.4.1 Evanescent Field Coupling

The interaction of evanescent fields between closely spaced waveguides is a fundamental
concept in integrated photonics, enabling the development of various optical components like
DG, filters, and modulators. The theory behind this interaction hinges on the understanding of
electromagnetic waves, waveguides, and the nature of evanescent fields. An evanescent field
is a spatially decaying electromagnetic field that exists outside the core region of a waveguide
[61]. When a guided mode propagates within a waveguide, a portion of its energy is confined
to the core, while another portion extends beyond the core in the form of an evanescent field.
This field decays exponentially with distance from the core.

The extent of the overlap is quantified by an overlap integral, which calculates the fraction
of the incident field. Coupled Mode Theory (CMT) provides a mathematical framework to
analyze the interaction between modes in coupled waveguides [75]. CMT assumes that the
individual waveguide mode profiles remain relatively unchanged in the presence of each other.
This simplification allows us to describe the evolution of the mode amplitudes using a set of
coupled first-order differential equations. For identical, phase-matched waveguides, two dis-
tinct super modes emerge, the symmetric super mode (fundamental mode of coupled wave-
guide) has a higher effective index compared to the individual waveguides. The antisymmetric
super mode (the first mode of coupled waveguide), this mode has a lower effective index com-
pared to the individual waveguides. The difference in propagation constants between the sym-
metric and antisymmetric super modes gives rise to modal dispersion.

This dispersion causes the coupled signal to spread out as it propagates, impacting the per-
formance of devices. Figure 2.16 illustrates two single-mode waveguides with field amplitudes,
E; (x, y, z) and Ex(x, y, z), propagating along the y-direction with propagation constants f; and
p> For efficient power transfer, the two interacting modes must have the same propagation

constant, i.e. the phase matching condition given by:
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B =B, =0 2.6)
neff =neff; = neff, 2.7

This ensures that the waves remain in phase as they propagate, allowing for constructive
interference and sustained energy transfer. When the gap (g) is small enough for the evanescent
tails of the guided modes to overlap. Thus, the system supports two lowest-order super-modes
(symmetric and antisymmetric), are shown in Figure 2.16 (b) and (c). These super modes arise

as linear combinations of the uncoupled waveguide modes, having a propagation constant.

2mng

Ba = (2.8)
2nnds

Bas =2 (2.9)

Since nef > ne™, both modes travel different velocities, hence their relative phase differ-
ence is ¢ = (Bas - fa) v, which defines the fraction of power coupled from one waveguide to

another evanescently at a distance of z. If the coupling coefficient (k) is known,

le,Be = PBo+k and Bus=P,—k (2.10)
Thus, Bgs — B = 2k = ZElis—ras) 2.11)
le, L. =~ = A (2.12)

2k 2(negrs—Teras)

|74

¥

(b)

(c)

Figure 2.16: (a) Schematic of closely spaced coupled waveguide system. (b) Symmetric Super
mode (fundamental mode of coupled waveguide) (c) antisymmetric Super mode (first mode of
coupled waveguide).
For example, the calculated effective index of symmetric and anti-symmetric modes of
waveguide based on SizN4, having a thickness of 300 nm and 3 um width of waveguide on

SiO» platform of 2.2 um, at A = 1530 nm is n.'= 1.6469 and n.* = 1.6448. The calculated
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coupling length (L.) at which the power completely transfers to others for different wavelengths
is depicted in Table 2.5. Further, the gap between the waveguides has a major role, as this

parameter determines the effective index of the coupled system.

Table 2. 5: Coupling length corresponding to the wavelength for 3 pmx300 nm phase-matching coupled waveguides.

Wavelength () Lc
[nm] [pm]

1530 360
1653.7 272
2003 132

2.4.2 Proposed Structure and Numerical Results

This section of the research focuses on the design and fabrication of a low-loss, broadband
2 x 1 DC -based duplexer and explores its design flexibility and CE. The device is focused on
effectively combining distinct wavelengths, namely Avms at Port A and Acma at Port B. The
choice of wavelengths is selected due to their suitability for multi-gas detection of ammonia
and methane, which exhibit distinctive optical absorption characteristics in the wavelengths
covered by diode lasers. Figure 2.17 presents a schematic diagram of the DC -based duplexer
design. The S-bend waveguide is used to guide Anvm3, as shorter wavelengths experience the
least bend loss while a straight waveguide is employed for guiding Acxs, where the optical
power available is typically lower. The parameter "Lg" represents the coupling length, which
denotes the distance along which two waveguides interact or couple with each other, and "g"
represents the distance between the waveguides, indicating the spatial interval between them.
The input waveguide ports are positioned D = 100 pm apart, and the bend radius in the design
is set to Raue = 5000 um, with an angle o = 8.1 degrees. This configuration ensures efficient

space for integrating the micro on-chip lasers and lower bend loss light propagation.

Figure 2.17: Schematic diagram of design parameters of DC based wavelength duplexer. Port
A refers to the bent waveguide (top) and Port B refers to the straight waveguide (bottom).
The simulations were performed using the Beam PROP simulation tool from RSoft. This
platform is commonly used for parameterizing and estimating the optimum results using the

FD-BPM. The computational mesh grid resolution of the simulation domain was optimized
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along the three spatial axes of X = 100 nm, ¥ = 100 nm, and Z = 50 nm. The coupler's input
waveguide (W) dimension has been meticulously optimized to maximize the transmittance with
the intended lasers’ mode profiles.

The relation between the coupling length and optical transmittance was found using coupled
mode theory if the mode of each waveguide in the absence of the other remains approximately
the same and that coupling modifies the amplitude of these modes without affecting their trans-
verse spatial distribution and their propagation constant () [75], [76]. Here the waveguides are
identical, and the phase mismatch Af;; = AfB;, = 0. The length of evanescent mode coupling
can be estimated as follows:

L (2.13)
Lc = oK (2n+1)

where Lc is the coupling length, at a distance the power is completely coupled to the other
waveguide, 4 is the wavelength of light in vacuum, Kis the coupling coefficient, and
n (=0, 1, 2...) is the number of beat length. The coupling coefficient depends on the gap be-
tween the waveguides and the n.; of the waveguide. The power coupled in each waveguide as

a function of propagation distance is given by:

nz
Paazpa(o) COSZ( ) (2.14)
’ 2Ly
and
Tz
P, = Pp(0) sin® ( ) (2.15)
’ 2Ly,

where P, , represents the power at Port A, when power is launched at port A, and similarly,
P, , represents the power at Port A, when power is launched at Port B, for respective Ls.. The
calculated coupling coefficient for wavelength equal to Aywz and Acws nm are K, =
4.245X 1073 and K, = 5.817 X 1073 [77]. P,(0) and P, (0) are the input power, on consid-
ering normalized output power, the P,(0) = P,(0)= 1.

A constant Ly is computed for both wavelengths Avus and Acus launching at respective wave-
guides. The optical output power transmittance with respect to the gap between the waveguides
and L. 1s depicted in Figure 2.18 (a) and (b), respectively. The design is very sensitive to the
value of the gap, with changes on the order of a few tens of nanometers significantly impacting
the transmittance. On the other hand, the L. shows a relatively flat response to transmittance

variations in the range of tens of microns. From Figure 2.18 (a) and (b), the device achieves its
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highest CE at g values of 0.15 pm and 0.3 pm. Considering the limitations posed by the fabri-
cation process, a g value of 0.3 um is deemed most suitable. In addition, a L4 equal to 810 um

is selected for the coupler.

Transmittance [a.u]
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Figure 2.18: Transmittance of wavelength launched at Port A and Port B (a) with respect to the

gap between the input waveguides and (b) with respect to changing length of port B.

While considering the complete duplexer device, the device introduces evanescent mode
coupling due to the bend structure, resulting in a reduced L. equal to 740 um. With these
optimized parameters, the design of the duplexer exhibits optical output power transmittance
of 96% for both wavelengths Avxs and Acua. These results underscore the excellent performance
of the duplexer in efficiently transmitting optical power at the specified wavelengths. The elec-
tric field profile of the propagating light in the DC is depicted in Figure 2.19 (a) and (b). In this
configuration, the corresponding fundamental mode profile is injected at the respective input
ports for Anz3 and Acms. The resulting power is coupled to a single output waveguide, which is

an extension of Port A.

¥ [um]
y [um]

Transmittance [a.u ] X [um] X um]
(a) {b) (c) (d) fe)

Figure 2.19: The electric field distributions of the DC coupler, when (a, d) Port A at 1530 nm
and (b, e) Port B at 1653.7 nm are excited with the sole (a, b) fundamental mode or with the
sole (d, e) higher-order mode. (c, d) Transmittance fraction of the (c) sole fundamental mode
and of the (f) sole higher order mode as a function of the y-coordinate, when the two ports are

separately excited by launching the laser mode profile.
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Higher-order modes can significantly impact waveguide transmittance by causing modal
interference, and crosstalk [44]. To account for the distribution of modes within the waveguide,
both behaviors of fundamental mode and of higher order mode are investigated. In Figure 2.19,
the field distribution of both the fundamental mode and higher order mode launched at respec-
tive input ports are shown. Figure 2.19 (c) illustrates the transmittance due to the sole funda-
mental mode launching the laser mode profile, showing transmittance values of 86% at 1530
nm and 87% at 1653.7 nm. Similarly, Figure 2.19 (d) and (e) pertain to higher order modes
launched at their respective ports, while Figure 2.19 (f) represents the transmittance of the sole
higher order modes when launching the laser mode profile. Notably, the transmittance of higher
order modes is 0.1% and 0.15% for wavelengths of 1530 nm and 1653.7 nm, respectively.

The total transmittance (75) achieved by effective tapering at the terminal point of Port B is
considered. The waveguide tapering is implemented to minimize back reflections, particularly
at the SisN+—SiO: interface at the end of each waveguide. Additionally, this tapering helps can-
celing higher-order modes, as demonstrated in Ref. [78], [79], [80], [81]. The level of reflection
depends on the trench width and tapering length, with the schematic parameters shown in Fig-
ure 2. 20 (a). In the design, a fixed trench width of 2 um while varying the tapering length is
used. Figure 2. 20 (b) illustrates the FDTD simulation performed using RSoft FullWAVE,
which shows that a tapering length (#,) of 10 pm significantly reduces reflections. Increasing
the tapering length beyond 10 um may lead to coupling losses in the duplexer and triplexer,

depending on the design. This reflection can be further minimized by increasing trench width.

1530 nm
1653.7 nm
2003 nm

Reflectance [a.u.|

0 5 10 15 20
Taper length [tp]

(b)

Figure 2. 20: Schematic of the waveguide tapering at the SisN+—SiO: interface. (b) FDTD sim-
ulation results showing the reflectance of light at the monitor for various wavelengths.
The tapering length (7)) is optimized to 10 um, considering the overall 7, of Avz3 and Acua
using the laser mode profile, and with higher-order modes. Minimizing the effect of higher-

order modes can lead to a higher signal-to-noise ratio in spectroscopic systems, showcasing the
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design's efficiency in transmitting optical power for specified wavelengths. Furthermore, the
waveguide tapering also serves the purpose of reducing reflections from propagating back to
the input source when interacting with slab Si0> waveguides.

The transmittance characteristics for a wavelength range of 1450 nm to 1750 nm launched
at Port A (blue lines) and Port B (red lines) are presented in Figure 2.21. Also, the designed
duplexer exhibits an optimal performance within the spectral range of 50 nm cantered around

the target wavelength (dashed vertical lines).
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Figure 2.21: Range of wavelength launched at Port A and Port B.

When considering launching into the designed duplexer device using realistic diode laser
mode profiles at wavelengths Anzs and Acws, the transmittance is equal to 78% and 81%, re-
spectively. The dimension of the waveguide is unchanged throughout the propagation and cou-
pling of the device, which helps to preserve the purity of the guiding mode and modal disper-
sion effects. Higher-order modes can have a significant impact on waveguide transmission, as
they can cause mode dispersion, modal interference, and crosstalk [44]. This effect can lead to
a lower signal-to-noise ratio of spectroscopic systems. Additionally, launching higher-order
modes exhibit transmittance values of 91% and 14%, respectively. These results demonstrate
the effectiveness of the design in efficiently transmitting optical power for the specified wave-
lengths, considering the desired laser mode profiles as well as the negative impact of higher-

order modes.

2.4.3 Optical Characterization and Experimental Results

DC -based duplexers, discussed in the previous section, have been fabricated. To optimize fab-
rication tolerance and transmission, various device configurations are employed using the
standard method EBL [25], [82]. Figure 2.22 shows the details of fabricated DC duplexer sam-
ples. The tapered tips of the waveguide corresponding to Port B are employed to reduce any

kind of reflections that could de-stabilize the laser.
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Figure 2.22: (a) Microscopic image of fabricated duplexer. (b) Details SEM imaging showing
the tapered tip of the waveguide (dashed rectangle box in zoom).

The optical characterization of the fabricated sample was performed using an end-fire meas-
urement set up, similar to the setup shown [82]. The aligned process for the optical characteri-
zation is performed using a single wavelength laser for Port A (1530 nm) and a TLS for Port
B (1653.7 nm) - a Yenista Optics TLS and an Eblana laser diode respectively. After the align-
ment process, the TLS was replaced with an Amonics ALS broadband light source and single
wavelength laser - with an Amonics ASLD super luminescent source. The output spectrum is
collected into a Thorlabs power meter and an OSA from Yenista Optics.

The wider spectrum exhibits normalization noise, attributed to the critical alignment re-
quired in the end-fire method and the precision of the sample’s facet cleaving. The measure-
ment results of the best devices are shown in Figure 2.23. The obtained transmission spectrum
1s normalized relative to a broadband ASE source spectrum. The vertical line in the figures
indicates the target wavelengths. This normalization process facilitates accurate and meaning-
ful comparisons across different samples and experimental conditions, as well as enables cor-
relations with straight waveguides. These findings indicate that the designed device exhibits an
optimal performance within a spectral range of approximately 10 nm centered around these
specific wavelengths. The on-chip transmission through the duplexer is determined by a corre-

lation with straight waveguides, giving the efficiencies listed in Table 2.6.
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Figure 2.23: Experimental results for launching a range wavelength at waveguide corresponds

to (a) Az and (b) AcHa.

The presented characterization results of the fabricated DC device prove its consistent per-
formance and reliability. The highest CE equal to 73 % and 77 % is achieved for sample 2,
having design configuration Lg = 670 pm and g = 300 nm.

Table 2. 6: The coupling efficiency of the duplexer configurations.

de g CE at )VNHS CE at }PCH4
Sample [1m] [nm] [%] [%]
1 670 250 72.5 64.6
2 670 300 73 77
3 770 150 71.8 62

The initially presented results were based on a fabrication process from the silicon fab at the
Tyndall National Institute. Subsequently, an optimized fabrication process was implemented
using silicon nitride wafers purchased from LIONIX International BV, leading to improved
results and parameters as detailed below. The design is modified to include a 300 pm spacing
between the input waveguides to accommodate laser integration. The output spectrum of the
duplexer, along with the simulation results for varying L. at Port A, is illustrated in the Figure
2.24, at a constant gap = 275 nm. The duplexer spectrum is presented while excited by the
broadband source at Port A is normalized to blank waveguides. Blank waveguides refer to
waveguides with an S-bend that mimic the same dimensions as the duplexer input waveguides.
The spectra exhibit a blue shift, where a change in L4 corresponds to a 30 nm shift for every

20 pum increase in length.
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Figure 2.24: Normalized transmittance spectra of the DC duplexer for wavelengths released at
Port 1 for varying Lgc.
The combined spectrum for the optimized device at both Port A and Port B is presented in
Figure 2.25 for both simulation and characterization. The target wavelengths are marked with

blue and red vertical boxes.
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Figure 2.25: Combined spectrum of the optimized device at Port A and Port B, shown for both
simulation and characterization.

The optimized parameter for designing the duplexer is La= 640 pm (including 20 pm ta-
pered region) with a gap of 275 nm. This duplexer configuration reached an improved CE of
85 % and 88 % for wavelength Avus and Acus, respectively. Diode laser integration on the chip
will be discussed further in the Future Work section. These results pave as a crucial optical
component in on-chip devices, functioning as low loss combiner with a lower footprint of 2000
x 300 um, attributing various applications such as in PICs and as a scalable input for multi-gas
detection devices. The integration of these devices attracts appeal to the compact, real-time and

portable sensors.
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2.5 Cascaded DC-based Triplexer

2.5.1 Proposed Structure and Numerical Results

This section presents experimental and simulation results of a novel high-performance cas-
caded DC based triplexer. The duplexers were designed to coupled Anmsz and Acus, where tri-
plexer device is designed to add the third wavelength 2003 nm corresponding to carbon dioxide
(Aco2). The triplexer’s functions focus on enhancing the coupling efficiency (CE) and selectiv-
ity while facilitating room for the on-chip integration of diode lasers. The structures are de-
signed using a 300 nm thick Si3N4 layer on an 8 pm buried oxide (BOX) platform with a 1 um
thick (SiO2) upper cladding layer. Figure 2.26 (a) shows a schematic diagram of the triplexer
design, outlining the arrangement of the positioning of the diode lasers, S-bends, the coupling
region, and the output waveguide with a width of W). The triplexer configurations are intro-
duced by considering CE and bending loss. As the wavelength becomes longer, the loss due to
bending diminishes [35]. The bend radius in the design is set to Rue = 5000 um, with an angle
a = 14°, ensuring sufficient space for integration of the micro-on-chip lasers and lower bend
loss light propagation. The input and output waveguides have a width of W = W, = 3 pm,
maintained across the S-bend, coupling section, and output waveguide. The coupling lengths
Lec1, L3, and L3 are defined at the coupling region, where the gap between all the waveguides

is constant and denoted as g.
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Figure 2.26: (a) Schematic diagram of design parameters of DC-based wavelength triplexer.
(b)The electric field distributions of the optimized triplexer configurations. (c¢) The range of

wavelength emitted at Wo while injecting the source at Ports 1, 2, and 3.
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The triplexer design was performed using the 3D FD-BPM [36,37]. The computational
mesh grid resolution of the simulation domain was optimized along the three spatial axes of X
= 100 nm, ¥ = 100 nm, and Z = 50 nm. The dispersion formula was used to determine the
refractive indices of Si3N4 and SiO2 [38,39]. The tapering of the end of the waveguide is intro-
duced for two reasons: firstly, to avoid potential excitation of higher-order modes, and sec-
ondly, to prevent the reflection of light back to the source due to the Si3N4-SiO: interface at the
end of each waveguide. This reflection can lead to undesirable losses and impacts on the overall
performance of the triplexer system [40]. The tapering length was optimized to #, = 10 pm,
which reduces the reflection to 1%. The design for Port 1 is modeled to guide the wavelength
Anms, with Port 2 serving as the pathway for the wavelength Acxs. The electric field profile of
each wavelength at the respective ports is depicted in Figure 2.26 (b). Figure 2.26 (c) shows
the transmittance spectra for the optimized triplexer, with distinct peaks Port 1 and Port 2, while
also giving a broad spectral range via Port 3. Port 1 exhibits a primary peak at 1530 nm, fol-
lowed by a transmittance peak at 1750 nm. Similarly, Port 2 has a primary transmittance peak
at 1670 nm and another 82% transmittance peak at 1395 nm, which aligns with the water vapor
(H20) absorption line. The bandwidth and free spectral range are both measured at 100 nm for
Port 1 and Port 2. The device achieves a maximum transmittance of 90%, 91%, and 88% for
wavelengths Anws, Acrs, and Aco, respectively.

A 300 nm thick layer of Si3Nson an 8 um BOX on a Bulk silicon wafer was purchased from
LIONIX International BV. The device was patterned using the processes of EBL and dry etch-
ing, involving several steps (the detailed fabrication process is discussed in section 1.2). The
fabrication process exhibits a tolerance of £25 nm of the gap (g) from the designed mask file
to the final sample. In this study, the actual sample dimensions after fabrication used as exper-
imental parameters. Following inspection with a scanning electron microscope (SEM), a 1 um
thick SiO; layer was deposited using PECVD [83]. Various configurations of the device were
investigated and implemented to enhance both the fabrication process and transmission perfor-
mance. The fabrication specifics of the triplexer samples are illustrated in Figure 2.27, which
includes details of the fabricated DC triplexer, featuring a tapered tip of the waveguide corre-
sponding to L.1, L¢3, and Le4, designed to minimize reflections that could potentially destabilize
the laser. A straight waveguide with dimensions equal to that of the input/output waveguides

of the triplexer (i.e., 3 um wide and 0.3 pm thick) was fabricated on the same wafer.
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Figure 2.27: Fabricated triplexer sample under (a) SEM image (zoom) between S-bend and
output section waveguide (b) Coupling waveguides at the output section (c) microscopic imag-

ing of complete device.

2.5.2 Optical Characterization and Experimental Results

The optical characterization of the fabricated samples was performed using a free-space
optics measurement setup described in section 1.3. Each device port was measured separately.
The light source was focused on input ports and the output (at W,) was collected using lensed
fibers. Two different lensed fibers were used during characterization: the first, made from
SMEF-28, for input wavelengths of 1530 nm and 1653.7 nm, while the second covered the wave-
length of 2003 nm. For characterizing Port 1 and Port 2, which correspond to Anzs and Acry,
respectively, a single-wavelength (Yenista Optics) TLS was employed. Once the alignment
was completed, the TLS was replaced with a broadband light source (Amonics ALSD) (1500
nm-1660 nm). The resulting output spectra was analyzed with a power meter and an OSA.

In the second configuration, described in section 1.3 is utilized for the characterization of
Anms. The sample was tested using a lensed fiber suitable for the 2 pm range and the output
beam was collected at W, using another 2 um compatible lensed fiber. The output was meas-

ured using a photodiode connected to an oscilloscope.

2.5.3 Optimization of coupling length (Lc1) for: Anuz and Acha

The primary focus of the design optimization is to achieve high coupling efficiency for Ayus
and Acmy, ensuring maximum transmittance at the output for both wavelengths. The critical
parameters influencing this process are g and L.;. As the propagating electric field profile
shown in Figure 2.28 (b) indicates, light introduced at Port 1 propagates through an S-bend
waveguide and couples into the Port 2 waveguide at every 330 um of coupling length. Simi-
larly, light launched at Port 2, corresponding to Acus, transfers its energy completely at every

250 pum of coupling length, (see Equation (2.13)). After reaching three coupling lengths for
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Anmsz and four coupling lengths for Acrs, both wavelengths converge at a common length, form-
ing a devoid-of-light region. This region can be strategically used to efficiently couple Aco2 and

further prevent the interaction of Ayys and Acnsat the L;.3.

2.5.3.1 Simulation results

A computed fundamental mode corresponding to each wavelength (Avuz and Acwus) was
launched at the input Ports 1 and 2, respectively. A pathway monitor was placed at the Wy and
was normalized to the launch power. The analysis primarily examines the effect of changing g
by adjusting the distance between Port 1 and Port 2, evaluated as a function of the wavelength
launched at Port 1. The transmittance spectra corresponding to the g variations, with a fixed
length of L.;= 1030 pm, L¢3 = 200 pm, and L;-3 = 160 um, are illustrated in Figure 2.28 (a).
The solid line indicates the transmittance for the wavelength emitted from Port 1, while the
dotted line represents the transmittance for the wavelength emitted from Port 2. The spectator
demonstrates a redshift of 35 nm per increment of 25 nm in the g dimensions for the wavelength
emitted from Port 1. Likewise, a 25 nm g alteration results in a similar 35 nm shift in the spectra
for the wavelength emitted from Port 2. Conversely, the transmittance spectra for changes in
length L.; for both laser Ports 1 and 2 were analyzed with a fixed g = 300 nm, L¢3 = 200 pm,
and L;.3 = 160 pum, as illustrated in Figure 2.28 (b). The spectra show a blueshift as L.; in-
creases, shifting by 15 nm for every 30 um change in length.
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Figure 2.28: Transmittance curves as a function of the wavelength when launching from Port
1 (solid) and Port 2 (dashed) and by varying (a) g and (b) Lci. The blue and the red bars indicate
the region of ammonia (NHs) and methane (CHa) absorption, respectively.

The design is highly sensitive to the value of the gap, with changes in the order of tens of
nanometers having a significant effect on transmission, potentially resulting in losses exceed-
ing 25%. The optimal g-value is determined to be 300 nm by considering the high transmittance
for both wavelengths, the region is highlighted with vertical blue and red boxes in Figure 2.28

(a). On the other hand, changes in L.; for the waveguide exhibit a relatively flat response to
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variations in transmittance within the range of tens of micrometers. In simulations, L.; is opti-
mized to 1030 um at a fixed g-value of 300 nm. After optimization, numerical simulations
achieve a transmittance of 90% for a wavelength of 1530 nm and 91% for a wavelength of

1653.7 nm.

2.5.3.2 Experimental results

The fabricated sample collection includes samples with varying values of g while keeping
constant L¢; = 1030 um and L¢3 = 240 pm. Additionally, the collection includes samples with
varying L; values, with a fixed g = 275 nm and L3 = 180 pm. The measured values were
normalized relative to straight waveguides (mentioned in Section 2.5.2). The normalized data
were further refined using a smoothing spline with a smoothing parameter of 0.82. This process
was employed to extract the underlying trend in the spectra while minimizing the impact of
noise introduced during normalization, alignment, and Fabry Perot effects due to parasitic re-
flections in super luminescent sources. The spectral shift for g =275 nm and g = 300 nm at a
fixed L.;= 1030 um was analyzed by considering a broadband excitation at the input ports of
the triplexer, as depicted in Figure 2.29 (a), showing normalized transmittance. Modifications
to the g-value result in a redshift of 60 nm (65 nm) when exciting Port 1 (Port 2). For a 300 nm
gap at Port 2, the output wavelengths exceed the operational range of the Amonics ALSD. The
target wavelengths are marked with blue and red vertical boxes. The normalized transmittance
obtained for these gap values was 45% and 31%, respectively. As shown in Figure 2.29 (b),
Port 1°s spectrum exhibited a blueshift with increasing length L.;, with peak shifts of 25 nm
for every 30 um increment, consistently with simulation results. For Port 2, the selected spectra
were obtained for L.; values of 1000 pm and 1030 pm. Further decreasing L.; would result in
output wavelengths exceeding the operational range of the Amonics ALSD, which is typically
around 1660 nm. The distance between the transmittance peaks was measured at 100 nm. Sim-
ilarly, the wavelength emitted from Port 2 also demonstrated a blueshift of 25 nm for every 30

pum change in length, maintaining a peak-to-peak separation of 100 nm.
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Figure 2.29: Normalized transmittance spectra of the triplexer for wavelengths released at Port
1 and Port 2 for varying: (a) g and (b) Lcl. The blue bar indicates the region of ammonia (NHs)
absorption, and the red bar signifies the region of methane (CHa4) absorption.
The change in L3 is linearly affected with the transmittance of Anz3 and Acmy. As illustrated
in Figure 2.26 (b), an optimal configuration was identified with L.; set at 1000 um and g of 275
nm and reduced L3 to 180 um. The influence of cascaded coupling length L3 is an important
parameter, as it also serves as the path for Aco> The transmittances obtained for Ayus and Acus

were 82% and 73%, respectively.

2.5.4 Optimization of coupling length (Lcs:) for: Aco2

The triplexer design is optimized for the coupling length L3 to ensure high coupling efficiency
across all three wavelengths. The wavelength Aco: is injected at Port 3. To prevent interactions
with the S-bend in the pathway following Port 3, a cascaded waveguide section with length L3
is introduced. This length is carefully selected not only to maintain efficient coupling for Aco:
but also to avoid crosstalk with the other wavelengths, Ayzs, and Acmy, which effectively mini-
mizes the coupling to the L.3; and L.4 waveguides. The value of L.z corresponds to the coupling
length for Acoz. The coupling length of the waveguide for L3 is determined by calculating the
coupling length within a four-waveguide coupled system. The pathway for this wavelength is
structured to extend from L.s through Port 3, proceed to L.z, traverse the L.; waveguide, and
finally return to W,, as shown in Figure 2.26 (b). Simulation and characterization results for
varying coupling lengths L3 with Aco>= 2003 nm launched at Port 3 are shown in Figure 2.30.
The plot exhibits a bell-shaped trend as L3 varies from 30 um to 400 um.
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Figure 2.30: Transmittance calculated for varying coupling lengths Lc31 for wavelengths re-
leased at Port 3. The plot compares simulation results (dash-dot line) and experimental data
(solid line with 'o' markers) for normalized transmittance across a range of Lc31 with different
g-values.

The dashed lines show the simulation results for changes in the g-value with respect to the
coupling length L.3:. As the g-value increases in increments of 25 nm, the maximum transmit-
tance shifts by a length of 20 um in L.3;.. This effect is attributed to the changes in the n.4 of the
coupled device. Transmittance improves with increasing g-values since the fixed (L.; = 1000
um) is not optimal at lower g-values. The device achieves its highest transmittance from sim-
ulation of 88% at the optimized coupling parameters of L.3 =200 um, L;.3 =180 pm, and g =
300 nm.

The normalized characterization results, relative to the straight waveguides (mentioned in
Section 2.5.2), are presented for a set of triplexer devices in Figure 2.30, with a red curved
solid line “0” marker. These results correspond to a range of L¢3 values, from L.3 = 30 pm to
L3 = 400 um, with fixed values of g = 275 nm and L.; = 1000 um, optimized for Port 3 to
target Aco2. The configuration of the 2003 nm diode laser characterization approach from Fig-
ure 2.26 (b) is used here. The device exhibits a greater sensitivity to L¢3 in experimental con-
ditions than in simulations, with a tolerance of 25 um in the full width at half maximum of L.3,.
The optimal transmittance is achieved at L.3 equal to 180 um, yielding a measured transmit-
tance of 91% at a gap of 275 nm, in good agreement with the simulated maximum transmit-
tance.

The core of the design focuses on maintaining the critical parameter, the gap between the
waveguides and optimizing the coupling length. To achieve this, the waveguides are fixed at a
width of 3 um, ensuring the phase-matching condition necessary for efficient evanescent field
coupling. The transmittance obtained from all characterizations determines the overall cou-
pling efficiency of the triplexer. Furthermore, the simulation results align well with the char-

acterization trends, validating the design approach. The development of high-resolution EBL
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has significantly enhanced the device’s repeatability and reliability by ensuring precise na-
noscale patterning and minimizing fabrication-induced variations. The estimated propagation
loss is 4 dB/cm at 1550 nm and further decreases with an increase in nep. Optical losses ob-
served during measurements can be attributed to several practical reasons. These include the
difficulties associated with effectively coupling light into the chip’s input port, using a free-
space end-fire setup with lenses to align the optical fiber mode with the waveguide mode. Ad-
ditionally, fabrication defects, unwanted reflections within the waveguide structure resulting
from cleaved facets, and the attenuation of higher-order modes in the tapering region further
exacerbate these losses. Collectively, these elements account for the losses documented in the
measurements. The emerging challenge is the precise integration of the chip-scale diode laser

into the specified ports on the chip.



Chapter 3 - Integrated Sensing Architecture

In this chapter, various integration architectures and sensing methods are examined to ena-
ble compact, robust and automated spectroscopic device assembly. In free-space optics-based
spectroscopy, using lenses, polarizers, and mirrors, for example in QEPAS and LITES meth-
ods, lies their lack of compactness, limited compatibility with sensor, susceptibility to interfer-
ence artifacts, and risks of misalignment [33], [84]. For improved portability and compactness,
an alternative light-guiding approach to QTF is utilized. Additionally, a new class of PIC inte-

gration with QTF has been introduced for gas sensing applications.

3.1 SPF Integrated Sensing System

In the last few decades, optical fiber technology has attracted significant interest across var-
ious fields, including medical, industrial engineering, and environmental monitoring [85]. Fi-
ber sensor technology has undergone extensive research for its capacity to measure a wide
range of parameters, including refractive index (RI), temperature, magnetic field, stress, strain,
and liquid properties. This widespread interest can be attributed to its exceptional advantages,
such as high sensitivity, flexibility, immunity to electromagnetic interference, resistance to cor-
rosion, compact size, and cost-effectiveness compared to conventional sensors [86], [87], [88],
[89].

Among various fiber technologies, filling gas or liquid into the core or cladding of optical
micro structured fibers becomes challenging due to complexity and the difficulty of achieving
long interaction lengths [90], [91]. Other methods, such as using hollow-core fibers, also face
challenges, particularly with the concurrent injection of light and gas [92]. Additionally, hol-
low-core fibers are mostly designed to operate within a narrow bandwidth. In contrast, D-
shaped Side Polished Single Mode Fiber (SP-SMF) have been successfully demonstrated as
temperature sensors, humidity sensors, and magnetic fluid sensors [90], [93], [94], [95], [96].
The wheel-side polishing fabrication methods and wide bandwidth range make SPFs more at-
tractive for low-cost, large volume production and multiple trace gas detection applications.
Most standard silica fibers can be polished to varying depths and exposed to core lengths. With
a good surface finish and precise etch depth, SPFs achieve low loss in air [34], [97]. Addition-
ally, SP-SMF are inherently resistant to electromagnetic interference, corrosion, and environ-

mental factors, making them an ideal sensing tool in challenging environments [35].



B8|Page Chapter 3- Integrated Sensing Architecture

D-shaped fiber structures have been reported in which half of the cladding section is pol-
ished, allowing a stronger interaction between the optical mode and the target analytes [98].
Wang et al. demonstrated the temperature sensor based on helical core fiber, which is polished
as a D-type fiber coated with a layer of gold [99]. Studies of Ag/TiO2 plasmonic formation
combined with SPF have been described by Yousuf et al. to build the humidity sensor [100].
Further, Xu et al. designed the magnetic field sensor based on the magnetic fluid and side-
polished hollow-core optical fiber [101]. A film of cholesteric liquid quartz is employed to the
SPF to give the capability of measurement of volatile organic compound (VOC) gases [102].
A recent work reports measuring the liquid level and refractive index by using the side polished
plastic optical fiber [103]. Moreover, a humidity sensor with tremendous sensitivity employs a

side-polished in-fiber DC coated with gelatin [104].

3.1.1 Refractive Index Sensing

Evanescent field sensing is a near-field phenomenon that exploits the characteristics of light
waves confined within optical structures, such as fibers and photonic integrated circuits.
Wherein the light nears the critical angle for total internal reflection (TIR), a fraction of the
wave energy exponentially decays from the core to cladding with increasing distance from the
interface [105], [106], [107], [108]. The SPF consists of a cladding with a refractive index of
1.44399 and a core that is 0.08% higher in refractive index than the cladding, manufactured by
Phoenix Photonics Ltd at 1550 nm. The cladding etch depth and evanescent field interaction
length of the SPF are shown in Figure 3.1 (a).
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Figure 3.1: (a) Geometrical structure of SP SMF. (b) The mode volume in air and water-cladded
(RI = 1.3) fibers in left y axis, along with the respective n.; values in right y axis for a range of
wavelengths.

The mode volume in air of the SPF for a range of wavelengths targeting 1395 nm and 1654

nm, specifically for water vapor and methane, is depicted in Figure 3.1 (b). As the wavelength
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increases, the mode volume in air-cladded SPF increases slightly (0.1% to 0.16%). When the
cladding refractive index is changed from air to water (RI = 1.3), the mode volume in the
cladding increases from 0.1% to 0.76% at 1395 nm. Similarly, the left y-axis demonstrates the
variation in ne for a range of wavelengths, demonstrating that the higher nerat 1395 nm, com-
pared to 1654 nm, shows the effectiveness of mode confinement, which is higher for water.
The core has a diameter (2 r1) of 8.2 um, and the cladding has a diameter (2 r2) of 126 pm. The
polished interaction length (L) is 17 mm, which acts as the active region where analytes can
interact with the evanescent field. The etch depth, which is the depth at which the cladding is
removed during fabrication, is approximately equal to r2 - r1. The dispersion relation of the SPF
is calculated using the Sellmeier equation for pure silica, with the simulation carried out using
the FD-BPM.

In the BPM, the light transmission of the SP-SMF has been examined, which is employed
to evaluate and calculate the propagating modes profile of the proposed structure. An external
boundary covers a PML condition during the simulation assessment. The refractive index of
analytes like air, water, and isopropanol have been assumed at the polished region of the fiber.
The chosen analytes have lower refractive indexes than 1.45 (silica) in which most of the light
confines to the core region. From Figure 3.2 a small portion of the light is gradually getting
confined to the core when analyte's refractive index increases from n = 1 to n = 1.3 in the
tapered region. This depends on the increase in n.tending to the increased confinement factor.
The propagation of light depends on the refractive index of the materials. When the signals
pass through the polished region, the light spectrum are evanescently available at the polished
surface due to the effect of the analytes' refractive index. Thus, the transient impulse is created,
and light modes travel through the section of the analyte. In this way, the impacts of the SP-
SMF arrangements converted the optical signals into physical parameters involving the silica

refractive index.
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Figure 3.2: Fundamental mode profile when the cladding of the SP-SMF is (a) air and (b) water.



60|Page Chapter 3- Integrated Sensing Architecture

Moreover, the transmittance when air, water, and isopropanol are set in the polished region
has been studied as shown in Figure 3.3. At the wavelength of 1530 nm, the transmittance of
isopropanol (T=0.869) is higher than water (T=0.859) and air (T=0.842), respectively. The
transmittance also depends on the wavelength, which is going to increase as the wavelength

increases.
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Figure 3.3: The transmittance of SPF as a function of wavelength for different analytes.

The experimental schematic diagram is shown in Figure 3.4 which comprises the necessary
instruments for optical characterization. A tunable laser (TL) with a wavelength range of 1460
nm to 1580 nm has been used and connected to the fiber. The output signal was sent to a photo
detector (New Focus-2033, USA) that connected to an oscilloscope to detect the transmitted
signal. Both ends of the sensing structure have been connected between the input (light source)

and output (photodetector). The whole experimental process is taken at the room temperature

(25°C).
© ©
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Broadband
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Figure 3.4: The schematic diagram of SP-SMF refractive index sensing scheme.

The microscopic view of the polished region has been shown in Figure 3.5 (a). Here, the
sensing and polished section of the SPF is shown along with the polished regions (on the left
and right sides). Both ends of the SPF are connected by FC/PC connectors to lead in (light
source) and out (photodetector) the light. A substrate was designed on the FreeCAD Multiphys-
ics; after that, it was fabricated by using the 3D printer (Photon Mono Se Anycubic). A valuable

attribute of a sensor is its stability. To achieve stability and minimize the signal noise, SPF has
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been kept inside a 3D printed reservoir, which is fixed with an optical table to avoid any move-
ment. The shape of the reservoir is shallow, deep in the middle, where the analytes or liquids
have been filled at the upper part of the tapered region. Figure 3.5 (b) highlights the installed
experimental setup with lead in SP-SMF to lead out SP-SMF.

o 7

' Putput ; ‘

Whole tapered region | o — Y

Figure 3.5:a) microscopic view of the tapered region, and b) the sensing setup with the reser-
VOIr.

In the wavelength range of interest (1460 nm to 1580 nm), the photodetector sensitivity was
set to low (produces a smaller electrical signal for a given amount of optical power), and the
input power was set to 4mW. Figure 3.6 (a) indicates the experimental results with respect to
wavelength and normalized transmittance with respect to source by analyzing the analytes air,
water and isopropanol, respectively. The photodiode gives a higher voltage in the case of iso-
propanol (blue curve) as it has higher RI than air and water. The black and red curve shows the
voltage value of air and water, respectively. The maximum voltage curve is achieved at the
wavelength of 1530nm. After that, there is a decline in the voltage with the increase of wave-
length. Here, the effect of some natural noise can be seen, which depends on the optical setup
and instruments (photodetector and oscilloscope). Furthermore, the plotted graph indicates the
highest voltage at the wavelength of 1530 nm, at which the maximum voltages of air, water,
and IPA are 4.350 V, 4.708 V, and 4.797 V, respectively. The voltage differences between air,
water, and isopropanol are 0.44 V, 0.35 V, and 0.089 V, as the refractive index of air, water,
and 1sopropanol are 1.0, 1.33, and 1.37, respectively. However, there is not much difference in
voltage between the isopropanol and water due to the close refractive indexes. On the compar-
ison with the simulation study, the experimental results are normalized and fitted for air, water,
and IPA as surrounding media. Notably, Figure 3.6 (a), shows a difference in transmittance,
with a relative change of 6 % between air and water and 2 % between water and IPA at the

wavelength of 1530 nm where the maximum curve is achieved.
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Figure 3.6: Experimental results of different analytes with respect to, a) wavelength and b)
voltage v/s time.

On the other hand, the analysis of air, water, and isopropanol has been explored with respect
to time variation. The wavelength has been fixed at 1530 nm, where the maximum power is
achieved. The same parameters as the input power equal to 4 mW and low sensitivity were
used for the photodetector. The overall time duration was set to 0 to 180s, equally distributed
for the whole analytes (air, water, IPA). Each analyte has been investigated for the 60s. The
experimental graph with respect to voltage and time variation has been outlined in Figure 3.6
(b). This graph indicates the evaluation of air, water, and isopropanol with real-time measure-
ment. It has been seen that with the variation of time and change in the analytes, the voltage is
changing accordingly, and the average voltage for each liquid is relatively constant. [IPA gained
the maximum voltage due to the higher refractive index rather than air and water. This accounts
for the repeatability and validation of the SP-SMF fiber effect with various liquids and air.
Hence, from the experimental results, it is observed that the measured voltage with respect to
wavelength and time variations of analytes (air, water, and isopropanol) have the same quali-
tative behavior. The proposed sensor's effective optical parameters have been tuned several
times to observe the results. The simulation results for transmittance variation with changes in
refractive index indicate a transmittance change of 0.05 for every 0.1-unit increment in refrac-
tive index. Similarly, the experimental findings show a voltage difference of 0.33 for every
0.1-unit change in refractive index. Notably, refractive indices exceeding the core of the SPF

result in the formation of non-guided modes.

3.1.2 Water Vapor Detection through LITES
SPFs is proposed as an interaction path length for water vapor measurement tool based on

LITES methods. Compared to QEPAS, where the QTF must directly contact the gas sample
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limiting its use with corrosive gases and introducing vulnerabilities to contamination, humidity,
and temperature fluctuation [109], [110]. This non-contact approach not only eliminates such
issues but also enables remote sensing of corrosive and hard-to-access gas samples. The details
of the LITES acquisition technique and the evanescent field interaction method of the SPF are
presented before. For the measurements, QTF2 with a resonance frequency of 12.4527 kHz and
a Q-Factor of 14823 are detailed in section 1.3.1.

The experimental setup is illustrated in Figure 3.7. The experimental setup employs a 1395
nm laser from Eblana laser, which is modulated using a waveform generator. The modulated
laser beam is directed into a vacuum-compatible fiber adapter connected to a vacuum chamber.
Within the chamber, the vacuum level is carefully maintained and monitored using a vacuum
gauge, while a vacuum pump ensures appropriate pressure levels. The laser output exits the
chamber and is directed into an externally sealed chamber via lensed fiber. The lensed fiber,
mounted on a three-axis stage for precise alignment, focuses the beam onto the base of the
QTF. This focused beam excites the QTF, enabling it to detect localized thermal changes in-
duced by the evanescent field interaction within the chamber. The detected signal from the
QTF is subsequently processed using a preamplifier and then analyzed by a lock-in amplifier
to enhance the signal-to-noise ratio. The measurements are initially conducted in a non-vacuum
or open configuration, where the external chamber is sealed, and contains constant air. The
purpose of this sealed external chamber is to ensure that the concentration of gas inside remains
stable, isolating the effects of the side-polished fiber within the vacuum chamber. Importantly,
the distance between the lensed fiber and the QTF also plays a significant role in signal gener-

ation. This relationship is discussed in detail in Section 3.2.1.
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Figure 3.7: Schematic of the experimental setup for SPF-based LITES for water vapor sens-

ing.
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A second harmonic (2f) detection scheme is utilized, i.e. the laser is modulated with the /2
=6.226350 kHz, with an optimized AM of 140 mV peak to peak. The laser temperature is kept
constant (22.5 degrees), and the laser current is scanned using a ramp period of 200 sec and
AM 100 mV peak to peak. The LITES signal is acquired for a laser current centered at 109.2
mA, which is 1395 nm, i.e. the absorption wavelength of water vapor molecules. The charac-
terization results are shown in Figure 3.8, where the light signal in mV is plotted as a function
of wavelength. The plot displays with lower LITES signals of 2.4 x 10 *mV for the vacuum
configuration, with pressures up to 18 mBar, i.e. no interaction of the side-polished region with
atmospheric gases or water vapor. In this case, the signal is solely influenced by the path length

between the lensed fiber and the QTF.
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Figure 3.8: LITES signal at the vacuum configuration(blue) and at the configuration where the
water vapor can interact with SPF (Magenta).

The chamber is opened and the air in the atmosphere has direct contact with the side polished
region of the fiber, the increased signal value reaches 3.95 x 10, plot represents the open
configuration of the vacuum chamber, where the increase in signal is attributed to the evanes-
cent field interaction of the side-polished region. This difference in signal is significant and
repeatable, with a variation of 1.5 mV x 107 for an SPF region of 17 mm. The calculated MDL

values differ from 326 ppm to 202 ppm, at the room concentration 1.6 % water vapor.

3.1.3 Methane Detection through LITES

Methane gas detection is a critical area of research due to its significant environmental and
safety implications [111]. Methane is a potent greenhouse gas with a global warming potential
many times greater than carbon dioxide, and its detection is essential for monitoring emissions,
ensuring industrial safety, and studying environmental processes and agricultural sector [112],

[113]. A critical enhancement in this research is the use of SPF as the interaction path for
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methane detection. The evanescent field interactions within the SPF significantly enhance the
sensitivity of the system. This section explores the integration of LITES with SPF for methane
sensing, providing a detailed description of the experimental setup and measurement method-

ologies.
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Figure 3.9: Schematic of the experimental setup for SPF-based LITES for methane gas sens-
ing.

The experimental setup for methane detection is depicted in Figure 3.9. A 1653 nm laser,
optimal for methane absorption, is modulated using a waveform generator to produce a wave-
length-specific signal. The modulated laser beam is directed into a vacuum-compatible fiber
adapter connected to a vacuum chamber. The chamber's vacuum level is carefully maintained
and monitored using a vacuum gauge, with a vacuum pump ensuring precise pressure control.
Inside the chamber, the laser light interacts with the SPF, where methane detection occurs
through evanescent field interactions. The laser beam is subsequently directed via a lensed fiber
to the base of the QTF, mounted on a three-axis stage for precise alignment. The QTF detects
localized thermal changes caused by methane absorption, generating a measurable signal. This
signal is amplified using a preamplifier and analyzed by a lock-in amplifier to maximize the
signal-to-noise ratio.

Measurements are conducted in two environments within the chamber: vacuum configura-
tion and methane environment. In the vacuum configuration, the chamber is sealed and main-
tained at a pressure below 18 mBar. Under these conditions, no signal is recorded, and only
baseline noise is detected by the lock-in amplifier, as shown in Figure 3.10. This setup ensures
no interaction between the side-polished fiber (SPF) and external gases, isolating the contribu-
tions from the optical path length between the lensed fiber and the QTF. Further, the chamber
is filled with 1% methane at 1000mBar, and the methane gas begins to interact with the SPF
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through evanescent field interactions, increasing the signal. The signal is recorded at different
chamber pressures and reaches a maximum of 1.5 x 10™ mV. This is repeated for different
concentrations of gas; signal variation highlights the system's sensitivity and reliability for de-

tecting trace methane levels.
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Figure 3.10: LITES signal using SPF for (Brown) Methane and (blue)the signal noise when
the gas chamber is vacuumed.

This setup is particularly suited for remote and harsh environments where methane moni-
toring is critical. By transmitting light through fiber to a distant location, the system enables
sensing in areas that are otherwise inaccessible or hazardous. Its robust construction and envi-
ronmental resistance ensure precise measurements over extended periods, making it ideal for

industrial, environmental, and safety-critical applications.

3.2 TLF Integrated Sensing System

This section introduces the use of Tapered lensed fiber (TLF) as a light delivery method that
enables a compact, fast, and easily aligned integration approach for QEPAS and LITES spec-
troscopic techniques, with water vapor detection demonstrated as a proof of concept. TLF in-
tegration method offers significant advancements over conventional free-space optical config-
urations. Traditional setups rely on intricate optical components like lasers and converging
lenses, which require precise alignment and are prone to misalignment challenges, making
them unsuitable for harsh environments [114], [115], [116]. Lensed fibers, in contrast, provide
a robust and compact alternative by also utilizing evanescent field interactions for gas detec-
tion, eliminating the complexity of free-space optics and enhancing mechanical stability. The
adoption of a single, compact, and easily alignable lensed fiber offers a transformative alterna-
tive to traditional alignment-intensive methods for guiding laser light onto the QTF surface.

With its built-in focusing capability, the lensed fiber produces a precisely confined beam with
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a spot size < 300 um. Its compact form factor and integrated design ensure straightforward
positioning within the high-strain regions of the QTF prongs, without the need for extensive
angular adjustments or additional focusing optics. This streamlined approach reduces the setup
complexity and improves reproducibility, making it more suitable for real-world applications
requiring robustness and portability, ensuring efficient photo-induced thermoelastic effects

with minimal effort.

3.2.1 TLF Coupled LITES Measurements

The experimental setup utilizes a lensed fiber specifically designed for beam focusing to
PICs, fabricated from standard SMF-28 optical fiber, the lensed fiber features a cone angle of
95°, a spot size of approximately 2.5 um, a stripped length of 2—5 mm, and an overall length
of 100 cm, terminating with an FC/PC connector. The stripped part of the lensed fiber is shown
on Figure 3.11. The fiber is tailored for operation in the wavelength range of 1525-1625 nm,
ensuring compatibility with the laser source and enhancing interaction with the sample. The
etch depth of stripped part further refines the evanescent field interaction strength. From High
Pack manufacturer, TLF fabricated with core and cladding diameters of 8.2 um and 128 pum,
respectively, is used. Its compact design eliminates the need for bulky free-space optics, mak-
ing it ideal for practical applications. A schematic representation of the lensed fiber and its
alignment with QTF is shown in Figure 3.11 (c). For measurements, a QTF; with a resonance

frequency of 8 .12462 kHz and a Q-Factor of 11390 is employed.

) Tapered
region

Figure 3.11: (a) drawing of the lensed fiber (b)The tapered region of lensed fiber in zoom
and(c) Experimental setup of SPF to QTF in LITES configuration.
A 1395 nm diode laser, targeting a strong near-IR water vapor absorption feature identified
in the HITRAN database, was used as the light source [117]. The laser was modulated using a

ramp waveform to scan across the absorption peak and optimize the LITES signal. The QTF1,
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characterized for resonance frequency and Q-Factor, was tuned to ensure sharp resonance and
minimal energy loss, critical for high sensitivity. The experimental schematic is shown on Fig-
ure 3.12. The detection scheme of QTF; is detailed in section 1.3. Here the 1395 nm laser is
focused to the base of QTF utilizing the lensed fiber. The path length for water vapor detection
is the distance between the lensed fiber and the QTF.
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Figure 3.12: Schematic of the experimental setup for evanescent field and integration method
of Lensed fiber using LITES.

Measurements were performed by positioning the lensed fiber at various distances relative
to the QTF prongs. The distances ranged from 0 mm to 3 mm, with a position of 0 mm corre-
sponding to the fiber being aligned maximum close to QTF. This arrangement enabled the
detection of water vapor through the combination of the evanescent field emitted from the ta-
pered region of the fiber and water vapor in the interaction path (L). A ramp signal generated
by the AWG was used to scan the laser current within its tuning range, thus sweeping the
wavelength across the water vapor absorption feature.

The measured LITES signal relative to the water vapor detection is shown in Figure 3.13,
demonstrating the ppm-range sensitivity of the developed sensing architecture [117]. An in-
crease in the optical path length initially leads to an enhancement in the LITES signal, as the
interaction between the evanescent field and the target analyte is maximized. However, as the
QTF is moved farther away from the TLF, the signal begins to decrease. This reduction occurs
because the focal point of the laser beam shifts and diverges, reducing the efficiency of the

energy transfer to the QTF and thereby reducing the signal strength.
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Figure 3.13: LITES experimental result regarding varying the distance between the QTF and

lensed fiber.

3.2.2 TLF Coupled QEPAS Measurements

This section introduces the integration of TLF for enhanced stability and increased sensitiv-
ity in QEPAS-based sensing systems, addressing limitations in conventional setups such as
free-space precise alignment of the laser beam between the QTF prongs. SPFs are recognized
for their robustness and reproducibility but are constrained by their limited interaction length,
which is dictated by the polished section of the fiber [97]. Achieving consistent polishing
depths across multiple fibers can be challenging, leading to performance inconsistencies. The
reported on a Minimum Detection Limit (MDL) of 34 ppmv for methane using an SPF in a
QEPAS setup. In contrast, tapered fibers are capable of higher sensitivity due to their smaller
diameters and stronger evanescent field intensity [118]. However, they are inherently fragile,
making them less suitable for harsh environments where mechanical durability is crucial. The
reported varying sensitivities for three different tapered fibers used in a long-distance QEPAS
system for acetylene detection. The MDLs achieved were 30 ppmv, 51 ppmv, and 13 ppmv for
the three different taper parameters.

This system utilizes the wavelength modulation technique and the 2f detection scheme,
which are widely employed in QEPAS-based sensing. It is important to note that the sensitivity
of the QEPAS signal is directly proportional to the incident laser power, highlighting the ne-
cessity of optimizing the optical components in the system. TLF is designed to enhance inter-
action between gas molecules using the evanescent field, with control over the interaction

strength. The experimental setup of TLF aligned to QTF is shown on Figure 3.14.



70|Page Chapter 3- Integrated Sensing Architecture

Lensed 7
fiber

AN N Lock-In Pre-

Modulation 1 Amplifier Amplifier
freq (Sin) signal
Ref w

Wave form generator

(a) (b)
Figure 3.14: Schematic of the experimental setup for TLF to QTF in the QEPAS detection
scheme. (b) Experimental alignment setup of TLF to QTF.

For this experiment, the same custom QTF; and the similar experimental setup were em-
ployed. During the experiment, the TLF is positioned inside the two prongs of the QTF at
various distances from the QTF plane, including positions both outside and inside the QTF
prongs. The lensed fiber is connected to the 1395 nm-emitting laser diode, and it is positioned
on a three-axis stage for precise alignment. The zoomed image of the core of the experimental
setup is shown in Figure 3.14 (b). Concurrently, the QTF is also mounted on a three-axis stage,
in addition to a pitch and yaw angle stage. A pre-amplifier is used to collect the weak piezoe-
lectric current signal, which is further enhanced filtered, and functioned by the lock-in ampli-
fier. Also, in this case, the wavelength modulation and the 2f detection scheme were employed.
Measurements were performed at different distance (namely D) positions (from -4 mm to 9
mm) and repeated under identical conditions to ensure reproducibility. The laser injection cur-
rent is modulated using a ramp wave signal, generated by the AWG, to scan the laser wave-
length across the H>O absorption feature peak within the laser tuning range. The amplitude of
the ramp was optimized to successfully sweep the laser wavelength across the entire water
absorption feature. In addition, the AWG also generated a sinewave having an amplitude max-
imizing the H>O QEPAS signal and a frequency of fo/2.

Figure 3.15 illustrates the QEPAS signals obtained from various positions of lensed fiber,
both inside and outside the prongs of the QTF. This positioning allows for effective gas sensing
through the evanescent light emitted from the tapered region of the fiber. The experimental
results show a broad working range, with positions ranging from -4 mm inside the QTF to 9
mm outside the QTF. The measurements are able to generate QEPAS signal with QTF posi-
tions from 0 to -4 mm, exploiting the evanescent field interaction of tapered region. The calcu-

lated sensitivities allow the H,O atmosphere levels monitoring, with tens of ppm range [117].
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Finally, the focused beam produced by the TLF at d = 4 mm is ideal for ensuring high sensi-

tivity in measurements.
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Figure 3.15: a) QEPAS signals for water vapor sensing at different values of d. (b) Signal-to-
noise ratio as a function of d.

The TLF integration setup enables efficient and closest light delivery to the QTF in QEPAS,
which particularly advantageous in high gas concentration environments, as it reduces unde-
sired gas interactions along the optical path. The primary factor contributing to the reduced
sensitivity, compared to free-space LITES and QEPAS, is the lower excitation optical power.
Interband and quantum cascade lasers, commonly used for gas sensing in the mid-infrared re-
gion, typically provide higher power than the laser diodes available in the shortwave range with
optical fiber coupling. Additional optical losses arise from factors such as fiber connector in-
terfaces, the positioning of the QTF. Initial alignment is typically performed using an IR cam-
era to optimize the optical path. By rapidly switching the input laser wavelength using spectro-
scopically relevant multiplexers, the system can match the absorption features of various trace
gases, enabling multi-gas sensing applications. The integration of a fiber coupled laser output
with a lensed fiber system offers significant potential for compact and integrated designs in

both LITES and QEPAS techniques.



3.3 PIC Enabled Semi-Integrated Sensing Architecture

The increasing demand for compact, efficient, and highly sensitive spectroscopy systems
has increased research efforts aimed at integrating advanced photonic devices with gas sensing
technologies. Conventional spectroscopic configurations typically depend on critical setups
that utilize free-space optics with bulky optical components, rendering them impractical for
applications that necessitate portability, durability, and reduced alignment complexities. Fiber
integration still has limitations due to its fragile nature and the complexity of extensive optical
operations. Integrated photonic devices present a promising platform to address these chal-
lenges. Moreover, advancements in integrated optical sources significantly contribute to the
realization of a fully laser integrated system. These developments focus on integrated lasers
and multiplexers discussed in section 2.2, in a single photonic chip integrated into QTF. Inte-
gration ensures that the photonic chip's waveguides or optical elements are precisely aligned
with the QTF, facilitating maximum energy transfer and optimizing the signal-to-noise ratio.
In this context, the optical coupling efficiency still represents the most critical parameter, often
limiting overall system sensitivity [119], [120].

To the best of our knowledge, there are no previous attempts to develop a full- or semi-inte-
grated photonic sensing system exploiting on-chip waveguides with this type of piezoelectric
resonator. The only closely related work was presented by De Carlo et al., reporting the mod-
eling and the design of a QEPAS sensor with the laser source and optical components for laser
beam delivery bonded together and semi-integrated with the quartz tuning fork [121]. In their
proposed configuration, an integrated waveguide directly couples the laser output with an op-
tical ring resonator placed between the prongs of the QTF, with a pair of mechanical resonators
confining and enhancing the standing sound waves produced by the modulated evanescent
electric field. This configuration provided a pressure of the acoustic wavefront comparable
with the free space on-beam QEPAS. However, the full integration of photonic components
with QTFs still needs to be experimentally verified.

This work demonstrates a novel semi-integrated sensing architecture for QEPAS and LITES
sensing that combines a SizN4 optical waveguide with a low-frequency, T-shaped, and custom-
designed QTF as detector. The designed 3.8 mm-wide S-shaped Si3N4 waveguide path effec-
tively prevents interference due to scattered light, a common issue in integrated sensing plat-
forms [122]. For this proof-of-concept, water vapor was detected targeting the absorption line

at 7,181.16 cm™' [123].
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3.3.1 SisN4 Chip Coupling with QTF for QEPAS Applications

The initial integration step involves employing a straight waveguide on the chip, which acts as
a foundational optical element. The light emitted from the waveguide is precisely guided to the
region between the prongs of the QTF, ensuring optimal interaction with the acoustic resonance
for signal generation. By demonstrating the capability to accurately direct light and generate
measurable signals, this initial step lays the groundwork for advanced multi-gas detection sys-

tems integrated with photonic chips. The schematic of the system is shown on the Figure 3.16.
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Figure 3.16: Schematic of the experimental setup for SisNs waveguide-based Chip to QTF
with QEPAS detection scheme

The QEPAS detection scheme and the laser modulation techniques are discussed in section
1.3. In this experiment, a Si3N4 sample is used to guide the light into QTF. The Si3N4 fabrication
steps are explained in section 1.2. The Si3Ns waveguide has a width of 3 pm and 300 nm
thickness, which is compatible with the integrated laser mode profile. The device is non-clad-
ded. The QTF is mounted on a three-axis stage, allowing precise adjustments for optimal align-
ment. The proximity of the QTF to the Si3N4 chip and the output beam spot are carefully aligned
using an IR camera to ensure proper light coupling and efficient interaction. A schematic of
the experimental setup is shown in Figure 3.17, illustrating the alignment process and the ex-
perimental configuration.

The QTF and the chip must be placed close together, to avoid high divergence of the beam
at the output of the waveguide that could hit the gold electrodes on the QTF surface, leading to
high noise in the detection [124]. Since the resonance properties could be affected by the pres-
ence of the chip in proximity of the QTF surface [125], QTF; resonance frequency and Q-factor
were monitored at different distances of the resonator with respect to the waveguide. Starting

from the closest position (namely Position A) shown in Figure 3.16, the QTF was moved away
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with 1 mm increments to three additional different positions (namely Position B, C, and D) not

shown in Figure 3.16.

- Output beam spot

Figure 3.17: Photonic integrated chip to QTF coupling (a) Normal view (b) cross-sectional view
(c) NIR microscopic camera view showing the output spot in the sample and the QTF nearby.

A QTF; with a resonance frequency of 8 .12462 kHz and the calculated Q-Factor is 11390,
as discussed in section 1.3.1. The side, cross sectional and top views of the experimental setup
and IR camera view are shown in Figure 3.17. The experimental QEPAS results for water vapor
detection are presented in Figure 3.18 (a). The signal is optimized through precise alignment,
with the highest signal intensity achieved when the QTF is positioned closest to the spot. As
the QTF moves away from the optimal position, the signal decreases. This is due to the diver-
gence of the beam in the Y-position, which results in a weaker interaction between the light
and the gas, leading to a lower signal strength. The closest position to the spot ensures the most
efficient light-matter interaction, maximizing the signal for QEPAS detection. The fitted sig-
nals and the relative residuals shown in Figure 3.18 (b) demonstrate the effectiveness of this

fitting procedure.
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Figure 3.18: (a) water vapor QEPAS signal, when Si3N4 photonics chip is brought close to the
QTF. (b) Second-derivative Voigt profile fitting of the QEPAS signals at QTF Position A. Green
curves show the optimized fits to the experimental data (orange curves). In the lower panels the

residual of the fit is reported for both techniques.
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3.3.2 SisN4 Chip Coupling with QTF for LITES Applications

This section explores the integration techniques of Si3N4 chips with LITES systems. The goal
of this integration is to use the chip to guide light and enhance the path length for light interac-
tion directly on the chip. The initial step involves using a straight waveguide on the Si3Ny chip.
The light emitted from the waveguide is precisely focused on the base of the QTF, ensuring
optimal interaction between the light and the gas in the region between the prongs of the QTF
for effective thermoelastic signal generation.

The experimental setup involves the use of a Si3N4 sample to guide the light into the QTF,
where the light's path length and interaction occur directly on the chip. The waveguide on the
chip has a width of 3 pm and a thickness of 300 nm, which is optimized for the integrated laser
mode profile. The device is non-cladded to allow efficient interaction with the analyte. QTF;
1s mounted on a three-axis stage for precise adjustments to align the light beam. The proximity

of the QTF to the Si3N4 chip and the output beam spot are aligned using an IR camera to ensure

accurate light coupling. A schematic of the experimental setup is shown in Figure 3.19.
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Figure 3.19: Schematic of the experimental setup for the SisN4 Photonic chip to QTF integration
for the LITES scheme. (b) The experimental arrangement of the chip to QTF a cross-sectional
view.

The alignment process is optimized to achieve the highest signal intensity when the QTF is
positioned closest to the output beam spot. As the QTF moves further from the optimal align-
ment, the signal increases due to the new path length between the QTF and the chip. The more
far gives a lower signal as the beam spot is no longer collimated or hitting the QTF. Which
weakens the interaction between the light and the gas, thus leading to a reduced signal. The
closest position to the beam spot ensures maximum light-matter interaction, optimizing the

LITES signal.
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These experimental results, detailed in Figure 3.20 (a), demonstrate the feasibility of inte-
grating the SizN4 chip for on-chip light interaction and its effectiveness in generating LITES
signals. The fitted signals and the relative residuals shown in Figure 3.20 (b) demonstrate the

effectiveness of this fitting procedure.
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Figure 3.20: (a) water vapor LITES signal, when Si3N4 photonics chip is brought close to the
QTF. (b) Second-derivative Voigt profile fitting of the LITES signals at QTF Position A. Green
curves show the optimized fits to the experimental data (orange curves). In the lower panels the
residual of the fit is reported for both techniques.

The distance from the sample to QTF with respective SNR values is shown in Table 3.1.
These experimental results demonstrate the feasibility of integrating Si3N4 chips with the QTF
and highlight its effectiveness in generating QEPAS signals. The integration proves to enhance
the system’s performance, facilitating more efficient signal generation from Si3N4 waveguide
for gas sensing applications. The peak values at different QTF positions (A through D) were
extracted from the fitted signals for both QEPAS and LITES measurements and the resulting
SNR values are presented in Table 2.

Table 3. 1: SNRs calculated using peak values extracted from fitted signals for both QEPAS and LITES
techniques at different QTF positions (A through D

A B C D
QEPAS 3.2 2.7 1.9 29
LITES 1.6 2.8 2.5 2

The SNR values presented in Table 3.1 demonstrate that both QEPAS and LITES techniques
achieve comparable detection performance. The highest SNR was achieved using QEPAS at
Position A (3.2), while LITES showed its best performance at Position B (2.8), but both tech-

niques maintained effective detection capability across the entire tested distance range, with
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SNRs consistently above 1.5 with a low optical power of ~ 300 uW, thus showing both good
mechanical and optical stability. Low coupled power is a limitation; it is primarily due to the
free space laser optical setup, it could be overcome with spot size converters, integrated sources
and higher power diodes lasers available in the NIR range.

SPF-based sensing is highly suitable for long-distance gas detection. Water vapor and me-
thane detection were performed to validate the evanescent field interaction-based sensing
method. Additionally, TLF was employed as the sensing architecture to efficiently deliver light,
enhancing the compactness of the spectroscopic system and enabling a robust, self-assembled
design. To further improve the robustness and compactness of the spectroscopic systems, PICs
were utilized. The experimental results demonstrate the successful coupling of Si3N4 wave-
guide technology and custom-designed QTF exploiting both QEPAS and LITES detection
techniques for gas sensing applications. This semi-integrated architecture represents a signifi-
cant step toward miniaturized optical gas sensors, particularly for deployment in challenging
environments where traditional approaches may be impractical. The comparable SNR values
obtained for both QEPAS (1.9-3.2) and LITES (1.6-2.8) techniques suggest that either method
can be effectively implemented with the reported semi-integrated platform. The slight perfor-
mance advantage observed in QEPAS measurements, particularly at QTF Position A (SNR =
3.2), is also related to lower noise levels, thus indicating that it is easier to align the beam at
the output of the waveguide between the QTF prongs. For the LITES case, the small light-
molecules interaction volume considered, localized around the polished region of the optical
lensed fiber and around the waveguide core-cladding interface, limited the performance. How-
ever, the consistent detection capability across all positions (up to 3 mm far from the waveguide
output) demonstrates the robustness of both techniques and provides flexibility in sensor design

and implementation.



Chapter 4 - High Contrast Grating Hollow
Core Waveguide

A promising solution for enhancing integration possibilities and enabling low-cost auto-
mated assembly, without relying on lenses and fibers, is the use of an integrated photonic chip.
This chapter presents the design and numerical validation of a high-contrast grating (HCG)
hollow-core waveguide (HCW) optimized for compactness and cost-effective chip-scale pho-
tonic integration. The waveguides incorporate a reflective inner surface to ensure high optical
transmission, while their sidewall-less design enables gas to flow, making them especially

well-suited for enhanced light-matter interaction.

4.1 Introduction to PIC based Hollow core waveguide

The HCW operates differently from conventional waveguiding systems, where the core con-
sists of a low-refractive-index material, such as air, surrounded by a highly reflective cladding.
Hollow-core fibers (HCF) represent an emerging field in photonics, with promising applica-
tions in biosensing and high-speed communication. For example, a fiber-optic Mach—Zehnder
interferometer (MZI) employing a hollow-core photonic crystal fiber (HC-PCF) can detect car-
bon dioxide (CO:) concentrations in air, subsurface soil, and aqueous environments [126],
[127]. However, HCFs are limited by the need for concurrent light and gas injections, bulki-
ness, limited manufacturing scalability, nonlinear effects, and limited bandwidth. Major losses
in optical fibers stem from direct band-edge absorption, free-carrier absorption, and interac-
tions with optical phonons [128], [129].

Chip-scale HCWs offer a promising route toward low-cost, integrated photonic systems,
with the ability to seamlessly incorporate light sources, sensors, and electronic circuits onto a
single platform. Chip-scale HCWs provide several advantages over solid-core counterparts,
such as high-power laser delivery, simplified fabrication through a single etching process, po-
tentially lower costs, and reduced nonlinear effects. Their low insertion loss results from the
absence of Fresnel reflections when coupling light from free space into the air core. HCWs
also exhibit high laser-damage thresholds, minimal end reflections, and low beam divergence.
Gases or fluids can be introduced through side openings, not just from the ends. However, chip-
scale HCWs may experience increased bending losses and have a limited numerical aperture

[130], [131]. Reported integrated chip-scale HCWs include systems using materials like silicon
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V grooves coated with metals, distributed Bragg reflectors, and anti-resonant reflection layers
[132], [133]. However, these approaches face issues such as poor reflection from surrounding
surfaces, multi-layer fabrication challenges, and difficulties in achieving a compact and inte-
grated solution with LITES.

A novel HCW design is proposed, incorporating a silicon metasurface (i.e. a high-contrast
grating (HCQG) structure). The configuration consists of two chips aligned face-to-face, with
the HCGs positioned opposite each other to form the waveguide. Light propagation is guided
by the tailored HCG structure, optimized for specific target wavelengths. This thesis focuses
on the design of HCWs for gas sensing applications, specifically targeting the detection of
ammonia at 1550 nm (referred to as HCW ) and methane at 3270 nm (referred to as HCW»).
A schematic representation of the design is provided in Figure 4.1. Transverse guidance within
the waveguide structure is achieved through reflections from the high-contrast grating (HCG),
while lateral confinement is realized by varying the HCG dimensions laterally, altering the
effective refractive index. The methodological framework employed in this study uses the

BPM, ensuring straightforward and intuitive design of long grating waveguides.
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Figure 4.1 : Schematic diagram of HCG HCW-based gas spectroscopy.

A modulated laser beam is focused on the HCG-HCW. The distance between the chip plat-
forms is denoted as ‘d’, with a total length of ‘L’. Within HCW, the incident light undergoes
multiple reflections, facilitating interaction with gas molecules. Subsequently, the light that has
interacted with gas molecules is directed toward the base of the QTF. For characterization pur-
poses, a camera and photodetector are positioned downstream of the HCW to capture and an-
alyze the transmitted light. The entire setup is housed within a gas chamber to enable gas sens-

ing.



80|Page Chapter 4- High Contrast Grating HCW

4.1.1 Theory and background

Metasurface gratings are artificial subwavelength structures designed to precisely control
light by exploiting engineered resonances and diffraction effects. These ultrathin optical de-
vices consist of periodic arrangements of nanostructures that can manipulate amplitude, phase,
and polarization of light at scales smaller than the wavelength. One of the key physical phe-
nomena enabling their functionality is guided-mode resonance (GMR), which occurs when
incident light couples with the guided modes of an integrated waveguide layer through phase
matching conditions [134], [135]. GMR arises from the interplay between two fundamental
mechanisms: diffraction by the periodic grating structure and waveguiding in a high-refractive-
index dielectric layer. In a typical configuration (Figure 4. 2), a nanostructured grating is fab-
ricated on top of a planar waveguide (high-index material like Si or TiO2) sandwiched between
lower-index materials (such as SiO: or air). When light interacts with this structure, the grating
diffracts light into the waveguide layer where it excites guided modes that subsequently leak
back out due to the periodic perturbation, creating strong resonant effects.
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Figure 4. 2 : A sketch of a diffraction grating having a period P placed on a slab waveguide.
The refractive index of the waveguide layer n; is greater than the refractive index of the cladding
layer n; and the substrate ns.

GMR is applicable when the grating P < A, allowing light to couple into waveguide modes
such as the fundamental transverse electric modes (TEo and TE:). Under the phase matching
conditions, incident light excites these guided modes, resulting in resonant interactions. Due to
the periodic nature of the grating, these modes form supermodes—hybrid combinations of TEo
and TE:—which exhibit symmetric field distributions. Among these, even symmetric super-

mode, which is in-phase at the center of the grating but out-of-phase with the incident light at
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the same point, plays a crucial role. For example, A slab waveguide consists of a layer of high
refractive index material (nz2) sandwiched between two lower index materials (n; and n3). It
guides light using total internal reflection, which occurs when light travels from a higher to a
lower refractive index and the angle of incidence exceeds the critical angle (#), as defined by
Snell's Law. For light to remain confined within the slab, the round-trip phase shift of the ray
must equal an integer multiple of 2x, allowing only specific propagation angles. This leads to
discrete modes, and the ray tracing method can be used to derive the propagation constant for
each mode. According to the ray tracing analysis only certain angles are allowed and the prop-
agation constant (f) of a supported mode by the slab waveguide is given as:
Bm = koNnerr = kony sin[6(m)] (4.1)
The angles of the diffracted orders can be calculated from the grating equation which is

given below.

. . A
leSln[H(m)] = nySinBincigent — m?o 4.2)

Under phase matching conditions, the effective refractive index of the guided modes can be

deduced from Equations (4.1) and (4.2),
Nperr = N1SiN0cigens — M % (4.3)
For a guided mode, the n.yhas the following constraints,
max([ny, n3] < Npepp < my (4.4)
When a diffraction grating and a slab waveguide are brought into close proximity, and the
angle of a diffracted mode aligns with that of a guided mode, the combined condition for

guided-mode resonance is,
, Ay .
max[ng, ns] < | nysinbipcigent — M 7 Sin@| < n, (4.5)

The P at normal incidence for wavelength 4, is,

2m

P = 2( ) (4.6)

This phase relationship leads to constructive interference in the reflected field, resulting in

ny+max[nq,n;]

high reflectivity. Thus, the coupling and interference of guided modes under GMR principles
form the basis for the strong reflectivity observed in subwavelength gratings. GMR-based
metasurface gratings remain highly effective for applications requiring narrowband filtering,

enhanced light-matter interaction, or precise wavefront control [136], [137], [138].
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4.2 HCG mechanism for Ultra-High Reflectivity

An ultra-high reflecting surface is achieved using a high-contrast grating (HCG) structure. This
consists of a single layer of grating made from a high refractive-index material, such as silicon,
on a SOI platform, which is fully surrounded by a low refractive-index material like air, as

shown in Figure 4.3. In this 1D case, the structure is infinite in y and infinitely periodic in x.

Figure 4.3: Unit cell configurations in 2D simulations of structures exhibiting periodicity
along a single axis.

To calculate the complex reflection coefficient (r) of the HCG, RCWA method is utilized.
By fine-tuning the width, thickness, and period of the subwavelength grating, can match the k-
vector of the incident light to achieve reflection for the fundamental diffraction order. HCGs
give high reflectivity for surface-normal incident light. In this process, calculate the complex
reflection coefficient 'r' of the HCG using RCWA. Consider a vertical incidence of the electric
field, indicating a pure transverse mode within the HCG where the longitudinal component of
the electric field is negligible. For constructive interference to occur, the phase difference be-
tween the reflected modes at the air/Silicon interface and after emerging from the SiO2 layer
must be equal to 6m = 2mm, where m is an integer representing the order of the interference
(m=1, 2, 3, ...). This mode coupling similarly occurs at the input plane upon completing one
round trip. Following these modes through one full trip allows for the attainment of a reflective
solution. Moreover, at both input and exit planes, these modes transmit into low-index media
or air, given the HCG's near-wavelength period in this medium. Notably, only the Oth diffrac-
tion order, represented by plane waves, carries energy in both reflection and transmission, a
crucial feature contributing to the HCG's extraordinary properties. Interestingly, if the two
modes experience complete destructive interference at the HCG output plane, transmission
vanishes, yielding 100% reflectivity. This intriguing phenomenon stems from the interference
of the two waveguide-array modes at the HCG input and exit planes. Furthermore, this under-
scores that the HCG effect transcends mere grating or photonic crystal effects, as longitudinal
HCGs, with beam propagation orthogonal to the periodicity direction, exhibit analogous be-

havior to transverse ones.
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Figure 4.4: Reflectance spectra as a function of wavelength for a unit cell at a fixed period and
duty cycle, (a) targeting 1550 nm and (b) targeting 3270 nm.
The unit cell has a fixed bulk silicon substrate with a thickness of 550 um, a 3 pm SiO>
layer on top, and a grating thickness of 220 nm. Figure 4.4 are the separate reflectance plots
for the optimized design parameters that achieve ultra-high reflectance at the spectroscopically

relevant wavelengths: 1550 nm (fixed period: 1 um, grating width: 0.55 pm) and 3270 nm

(fixed period: 2.15 um, grating width: 1.1 um), respectively. The achieved reflectance is more

than 99.9%.
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Figure 4.5: Reflectivity contour of HCGs as a function of wavelength and grating thickness,
optimized for (a) 1550 nm (b) 3270 nm.

A numerical analysis was performed to examine how reflectance varies with wavelength for
a range of thicknesses values for the grating structure. A strikingly orderly, checkered pattern
is observed across both HCG cases upon plane wave incidence, influenced by wavelength and
grating dimensions, exciting only a select few waveguide-array modes. The Figure 4.5 pro-
vided illustrates the substantial dependence on wavelength and HCG thickness (7), emphasiz-
ing the interference effect. Notably, three distinct waveguide regimes emerge within the plotted
data: the Deep Subwavelength Regime, Near-Wavelength Regime, and Diffraction Regime.
As waves propagate through the HCG thickness, individual propagating waveguide-array



84|Page Chapter 4- High Contrast Grating HCW

modes accrue distinct phases. Upon reaching the exit plane, a significant mismatch prompts

reflection back to themselves and coupling into each other.

4.3 Design Principle of HCG-HCW

Figure 4.6 presents the schematic diagram of the HCG-HCW design, illustrating grating struc-
tures based on silicon configured parallel to the propagation direction of light (into the plane).
These structures are situated on top of a silicon dioxide substrate, which, in turn, is placed on
a silicon box wafer. The thickness of the grating elements is fixed at 220 nm. The design com-
prises two main sections: the uniform period structure section and the chirped grating section.
In the uniform period structure section, the width of the grating structure is denoted as 'C’, and
the period of the uniform grating is represented by 'Pcore’. The number of uniform periods in
this section is denoted as 'Ncore'. At the transition to the chirped section, the width of the
grating is gradually varied from W}’ (initial width) to 'W;’ (final width), accompanied by a
corresponding change in the period from 'Pchirp’. The number of elements in this chirped sec-
tion is denoted as Nchirp'. The overall width of the substrate is represented by 'W’. In simula-
tion, a Gaussian beam is utilized to excite the HCG-HCW. The parameters of the Gaussian

beam include length (G) and width (Gw).

Chirped grating section Uniform grating section Chirped grating section
| | |
[ 10 W \ 1 1
L = 5 i 1 1 i 8§ § R _B_I B _B H B N
| Wi Pchirp | __V_V£| | Neore C *Peore :
Nenirp Gy, Core height (d)
Gaussian beam Gy

Si_box layer

Figure 4.6: The cross schematic of a 2D HCG HCW, light propagates parallel grating bars. The
core and cladding are defined by different HCG parameters to provide lateral confinement.

The theoretical framework underlying the propagation of optical beams through HCW in-
volves guiding the beam through the air via multiple reflections in the cladding mirrors. The
effective confinement of the optical beam within the core is primarily attributed to the con-
structive interference of multiple grating harmonics within a sub-wavelength periodic struc-
ture. This constructive interference pattern ensures that the optical beam remains confined
within the core region, preventing its spread into the surrounding medium. The chirped section

in the waveguide design serves a critical role in providing transverse confinement by inducing
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a variation in the nep This alteration in nef facilitates enhanced mode confinement within the
HCW structure, contributing to improved light guidance and reduced propagation losses. No-
tably, in HCW», optimized for operation at higher wavelengths, the overall width is nearly
doubled compared to HCW . This augmentation is necessitated by the absence of modes within
a narrower width regime. For higher wavelength regimes, guided modes tend to exhibit larger
spatial extents and require wider waveguide structures to accommodate their propagation.

Two optimized designs, designated as HCW for 1550 nm wavelength and HCW; for 3.27
um wavelength, have been developed. For HCW 1, key parameters include a core period (Pcore)
of 1 um, grating element width (C1) of 0.5 um, and chirped grating period (Pchirp) of 1 pm.
Additionally, the transition from uniform to chirped sections is governed by widths (W, W;) of
0.5 um and 0.3, respectively. A total of 56 uniform periods (Ncore) and 20 chirped periods
(Nchirp) are employed, ensuring optimal light confinement. The dimensions of the HCW are
characterized by a diameter (D) of 6 um, Gaussian beam width (GW) of 55 um, and length
(GL) of 5.2, within a substrate width (#) of 100 pm. Conversely, HCW>, optimized for 3.27
um, features parameters tailored to its longer wavelength. Parameters for HCW; include Pcore
of 2.15 um, C; of 1.55 um, and Pchirp of 2.15 pm. Transition widths (Wy, W;) are set at 1.55
um and 0.8, respectively, with 20 uniform periods (Ncore) and 33 chirped periods (Nchirp).
The HCW, dimensions comprise a diameter (D) of 12 um, Gaussian beam width (Gw) of 115
um, and length (Gz) of 8.3, within a substrate width (W) of 226 um.

Fundamental mode profile for 1550 nm HCW  Fundamental mode profile for 3270 nm HCW
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Figure 4.7: Computed fundamental mode profile of HCG-HCW optimized for 1550 nm and
3270 nm.

Figure 4.7 presents the mode profiles of both wavelengths, illustrating the spatial distribu-
tion of guided light within the (HCW), specifically showcasing the simulated mode profile of
the fundamental mode for wavelengths 1550 nm and 3270 nm, respectively. For 1550 nm, the
core width and the width of the chirped region are 56 pm and 22 um on each side, respectively.
In contrast, for 3270 nm, the core width and the width of the chirped region are 52 um and 85.8

um on each side, respectively. The excitation of these waveguides results in a neof 0.9938 at
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1550 nm wavelength and 0.9908 at 3270 nm wavelength. Importanly, this waveguide config-
uration ensures single-lateral mode operation.

To gain a comprehensive understanding of the relationship between the period and width of
grating elements, Figure 4.8 provides an insightful depiction. In this representation, the plot
focuses on 1000 um long HCWs. A discernible trend emerges, revealing that HCW is notably
more sensitive to variations in dimensions compared to HCW». The optimized chosen grating
element width (C) 1s of 0.5 and a period (P) of 1, aimed at a wavelength of 1.55 um. In Figure
4.8 (b), the grating element width selected (C) is 1.55 and a period (P) of 2.15, targeted at a
wavelength of 3.27 um. This sensitivity characteristic is already elucidated through unit cell

analysis, where these dimensions yield ultra-high reflectivity.

Period [um]

0.3 0.4 0.5 0.6 0.7 M2 13 14 15 16 17 18
Width of grating (C) [pm] Width of grating (C) [um]

Figure 4.8: 3D reflectance color bar plot for p and c, optimized for wavelengths (a) 1550 nm
and (b) 3270 nm.

Figure 4.9 (a) illustrates the loss in dB as a function of wavelength for the HCW; and HCW;
designs. The lower X-axis represents wavelengths corresponding to HCW, with a reference
wavelength of 1550 nm where the loss is -0.458 dB. Conversely, the upper X-axis corresponds
to wavelengths for HCW», with a reference wavelength of 3270 nm where the loss is -0.410
dB. This ultra-low-loss characteristic is indicative of the excellent performance of both devices.
Notably, HCW,, optimized for higher wavelength operation, exhibits a flat response across a
wide range of wavelengths, indicating minimal variation in loss. In contrast, HCW displays a
more sensitive response to changes in wavelength, with loss values fluctuating more signifi-
cantly, which is observed also in the unit cell section. Figure 4.9 (b) represents the optimized
height of the core region for both HCW; and HCW: devices. In HCW|, the core height is op-
timized to be 6 um, whereas for HCW>, the core height is 12 pm. Both devices exhibit a similar

trend in core height optimization, showing an initial increase in light confinement as core height
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increases and the need for a minimum threshold of height. However, beyond a certain threshold

height, further increases in core height may not significantly improve light confinement.
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Figure 4.9: Depicts HCW over a 1 cm length of the waveguide, (a) loss spectrum of the plotted
against wavelength and (b) the transmittance corresponding to distance between the two HCW
chips (d).

To enhance the performance of HCWs incorporating HCGs, careful optimization of both
the grating design and the waveguide geometry is essential. Such optimization enables reduced
propagation losses, lower bending radii, and the possibility of extending the overall waveguide
length without compromising transmittance. A critical factor in this design process is the chirp-
ing profile of the HCG. By varying the grating period along the propagation axis, light con-
finement and reflection characteristics can be finely tuned. In this study, different chirping
profiles were analyzed, with a focus on a simple linear chirp applied after a uniform grating
section. This approach demonstrated strong confinement properties while maintaining a
straightforward implementation. One of the primary goals in engineering such structures is to
broaden the low-loss operational bandwidth within the optical domain, a key requirement for
practical on-chip photonic applications. The spectral position of this low-loss region can be
precisely tuned by adjusting the grating parameters. This tuning capability stems from the res-
onance-based nature of HCGs, which rely on guided-mode resonance to achieve high reflec-
tivity. However, due to their resonant behavior and the significant refractive index contrast
between materials like silicon and air, these structures typically exhibit sharp spectral responses

with limited bandwidth.

4.4 Light Guiding in HCG-HCW Coupler

The optical functionality of HCWs is demonstrated, showing that light can remain guided

through various coupler configurations using the sidewall-less HCW waveguides. Figure 4.10
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illustrates the electric field distribution of HCW-based MMIs and DCs. By extending the wave-
guide width to accommodate multimode propagation, the number of grating elements increases
to 200 for wavelength equals to 1550 nm design. A Gaussian beam is injected at the left corner
of the MMI, where the self-imaging of the input mode is regenerated at a length of 2244 pm
for a general MMI. Similarly, for a symmetric MMI, the self-imaging occurs at 900 um. Ad-
ditionally, in a 90 pm wide HCW, a directional coupling mechanism is enhanced. The evanes-
cent field extends into the adjacent waveguide through a two-sided chirped waveguide struc-

ture, enabling complete coupling of the input mode to the adjacent waveguide at a coupling

length of 15300 um.
General MMI (3L,) Symmetric MMI (3L,/4) Directional coupler
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Figure 4.10: Electric field propagation profile of HCW based coupler (a) general MMI (b) sym-

metric MMI and (c) directional coupler.

These optical functions demonstrate the efficiency and operational flexibility of HCW as a
versatile optical coupler, similar to conventional waveguide systems. Incorporating multiplex-
ing and resonators within the HCW system can facilitate multi-gas sensing applications while

significantly increasing the optical path length for enhanced light-matter interaction.
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Figure 4.11: Electric field propagation profile of HCW for bend waveguide.
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Light can also remain guided around curves using these sidewall-less waveguides. Figure
4.11 illustrates an S-bend curved HCW waveguide, demonstrating light propagation through
the bend. When light is launched at the input power, 30% of the input power is observed at the
output. In the bending section, the mode profile remains similar to that of a straight waveguide
but shifts toward the waveguide edge farther from the center of the curvature. This behavior is
comparable to that of a solid-core curved waveguide utilizing conventional index guiding. The
loss for various bending radii has been extracted, and Figure 4.11 shows a 40 um lateral dis-
placement from input to output for a 2000 pm-long waveguide. These results indicate that the
bending HCW structure is not ideal or is inherently limited for efficient waveguiding.

The demonstration of lateral confinement in planar HCG- HCW represents a pioneering
strategy in waveguide engineering, utilizing surface phase manipulation. By maintaining a
fixed thickness for the HCG while adjusting the periods and grating bar widths, diverse reflec-
tion phases can be generated while ensuring high reflectance. The HCW are specially designed
to target gases of ammonia and methane at 1550 nm and 3270 nm. The effect of distance be-
tween the PIC platform is optimized to 6 um and 12 um, respectively. The device fabrication
are ongoing with masked stepper photolithography. Achieving precise alignment is fundamen-
tal for the low loss light propagation, several characterization setup and alignment procedure
are discussed in future and conclusion chapter. This compact and integration-friendly design
holds great promises for enabling the development of portable, high-precision, and real-time
multi-gas sensing devices for applications from industrial, agricultural to environmental mon-

itoring.



Chapter 5 - Future Work and Conclusion

This chapter outlines the ongoing development of three key research activities. The first section
focuses on advances in duplexer development, aimed at integrating laser sources and a GRIN
lens into a fully functional, ready-to-use device. This work supports the PASSEPARTOUT
project’s goal of developing portable smart sensing solutions. The second and third sections
present numerical analysis followed by experimental characterization of HCG-HCW and
Fabry-Perot resonators designed on a silicon metasurface. Finally, the conclusion discusses the
ultimate goal of this thesis: developing a complete spectroscopic system integrating a multi-

plexer, on-chip lasers, and high-efficiency interaction pathways, such as HCG-HCWs.

5.1 Laser Integration a proof of principle

Building on the primary goal of this thesis to achieve low-cost, compact solution for multi-gas
detection, two diode lasers are integrated into a DC-based duplexer chip. The optimized DC
duplexer, with coupling length of 640 um and gap 275 nm, was fabricated multiple times to
optimize coupling efficiency. To have a uniform and precise facet the, chips were cleaved using
laser dicing method. The chip was designed to accommodate both lasers and was subsequently
bonded onto a glass substrate. A U-shaped chip was designed to accommodate both lasers and
was subsequently bonded onto a glass substrate using a UV-curable adhesive. During integra-
tion, the 1530 nm laser chip was aligned first and its output power optimized before initiating
the UV curing to secure it in place. The same procedure was followed for the 1654 nm laser.

The contacts were wire-bonded using silver epoxy. Figure 5.1 (a) displays the laser duplexer

-

edge, while Figure 5.1 (b) illustrates the fully integrated chip.

Figure 5.1: (a) Focus on the laser-chip coupling and (b) integrated duplexer device with elec-

trical connections.

The measured output power is 0.25 mW (laser-chip-lens). The corresponding value for the

bare laser was 0.9 mW, resulting in a high coupling efficiency of 27.8 %. This efficiency is
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consistent with the expected 3 dB losses from bare laser-chip coupling and the propagation
losses. Moreover, the results agree with the 80% and 83% duplexer coupling efficiencies for
wavelengths 1530 nm and 1654 nm, respectively. Table 5.1 summarizes the power measure-
ments for dual-laser integration. A 1 mm GRIN lens is aligned on the second module to colli-
mate the duplexer output beam . The beam images (Figure 5. 2) are obtained by alternating
laser switching. An InGaAs camera is positioned 12 cm from the GRIN lens to capture these

images.

Figure 5. 2: InGaAs camera image of the collimated output beams at 12 cm for the (a) 1530 nm

laser and (b) for the 1654 nm laser.

Table 5. 1: The output powers detected from the different integrated devices.

Laser Laser Power after  Laser-chip Power
Wavelength Power at chip coupling output after
30mA [mW] integration efficiency GRIN lens
[mW] [Yo] [nW]
1530 nm 1.852 0.290 15.7 29
1654 nm 2.210 0.450 20.4 93

To integrate the third wavelength for carbon dioxide at 2003 nm, a triplexer configuration
using cascaded directional couplers will be utilized. Integrating micro-lasers into multiplexers
and seamlessly connecting photonic integrated circuits (PICs) to quartz tuning forks (QTFs)
are critical steps toward a compact, portable, and cost-effective gas spectroscopy system. The
system will first be validated using QEPAS in a controlled laboratory setup, with the ultimate

goal of deploying drones for agricultural sensing of ammonia, methane, and carbon dioxide.

5.12 Expected sensitivity of duplexer device

For the 1530 nm laser, the output power increases from 1.825 mW at 30 mA to 12 mW at
110 mA. After passing through the duplexer, the output power is reduced to 0.29 mW at 30
mA and is calculated to be approximately 1.90 mW at 110 mA, based on the scaling factor
(12/1.825). From literature the minimum detection limit (MDL) for ammonia is 449 ppb at an
optical power of 35.2 mW [139]. Using this reference, the expected MDL for the 1530 nm
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integrated PIC device is estimated by scaling the MDL to the lower duplexer power: (35.2 /
1.90) x 449 = 8.32 ppm. Similarly, for the 1654 nm laser, the output ranges from 2.21 mW at
30 mA to 15 mW at 110 mA. The corresponding duplexer output is 0.45 mW at 30 mA and
calculated to be 3.05 mW at 110 mA. From literature, the MDL for methane is 0.76 ppm at 12
mW output power [140]. Scaling this to the integrated duplexer output, the expected MDL for
the 1654 nm PIC device is (12 /3.05) x 0.76 = 3 ppm. These results demonstrate the feasibility

of achieving ppm-level detection sensitivity with integrated dual-laser photonic devices.

5.2 Characterization Techniques for HCW

The HCW, discussed in the preceding sections, is being fabricated using stepper photolitho-
graphic methods, which is suitable for large-area fabrication with a feature size of 0.6 um. The
planar structure of the waveguide simplifies fabrication processes significantly. By maintaining
a constant HCG thickness, it requires only single etching process. Although the waveguides
presented here are composed of two separate pieces of HCG chips, serving as a proof-of-con-
cept, monolithic integration can be achieved through flip-chip bonding or processing on a
multi-stack silicon oxide wafer.

The silicon device layer thickness across the SOI wafer will be measured using an ellip-
someter. The two pieces of patterned HCG chips will be meticulously mounted onto two trans-
lation stages. These translation stages enable precise control and alignment of the chips, facil-

itating the formation of the waveguide. Figure 5. 3 shows the characterization setup for HCW.

CaF; Plano-Conve
f=20mm

Figure 5. 3: (a)Schematic of characterization setup of HCW (b) Progressing HCW characteri-
zation setup.
The experimental validation of light guiding within the HCG - HCW will be conducted
using a 3270 nm DFB laser beam. The beam will be focused through a Thorlabs CaF: plano-

convex lens, which operates in the mid-IR range, onto the input facet of the HCW waveguide.
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The intensity profile at the output facet will be measured using a similar lens. Before injecting
light, the experimental setup requires a crucial alignment process between the two chips, which
is fundamental for achieving low-loss HCW operation. The chip-to-chip alignment must be
optimized in all degrees of freedom, including angle and facet positioning. Several alignment
methods have been proposed, including alignment trenches incorporated during device fabri-
cation. These trenches can be visualized using an output-side camera to distinguish the HCW
and the confined mode. Since the operating wavelength is 3270 nm, a thermographic camera
is used to detect the output mode and ensure proper alignment of the two grating edges. Addi-
tionally, to fine-tune the angle and distance between the two chips, a 1550 nm LED is passed
from beneath the chips and captured using an objective lens and a fixed camera. Different im-
ages of the sample can be obtained at various metasurface planes, enabling precise adjustments
of the angle and spacing between the chips.

The alignment method includes using a metasurface-based Fabry-Perot (FP) resonator as a
sensing device. When light is launched from one surface of the device to the other, it undergoes
multiple reflections within the cavity, forming a FP resonance. The transmitted output spectrum
exhibits characteristic transmission peaks, and the free spectral range (FSR) can be utilized to

determine the cavity length, which corresponds to the distance between the two chips.

5.3 Design of a Metasurface Based FP Cavity

Ultra-high reflecting surfaces are ideal for FP based gas sensing applications[141], [142]. This
future work section focuses on the design of an HCG-based FP resonator, with applications
aimed at enhancing acoustic wave detection in QEPAS systems. The designs proposed for fu-
ture work are specifically tailored for detecting methane gas, which exhibits a strong absorption
peak at 3270 nm. Integrated photonic chip-based FP resonators are typically based on BDR.
However, their fabrication involves multiple layers and integrating them with QTF presents
significant challenges. To overcome these limitations, the designed metasurface is engineered

as an ultra-high-reflecting FP resonator.
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Figure 5. 4: (a) Two surface grating unit cells (b) Comparison of RCWA to FTIR for plane
220 nm silicon layer without grating structures.

The metasurface design is realized using the RCW A method for a FP unit cell. The structure
follows a 1D periodic configuration, optimized to function as a FP cavity. A plane wave scan
is performed for different wavelengths at two surfaces of the unit cell, corresponding to a cavity
length L. The structural design and its configuration are illustrated in Figure 5. 4 (a). The de-
signed metasurface is similar to the one used in chapter 4 for HCW. An FTIR scan for the plane
silicon of 220 nm without grating structure is used to validate the performance of RCWA
method. And it is well in agreement, as shown in Figure 5. 4 (b).

Transmission through the cavity was evaluated by launching a broadband wavelength range
from the first metasurface to the second, across varying cavity lengths. The resulting resonance
peaks, shown in Figure 5. 5 for cavity lengths of 100 um and 500 um, demonstrate how the
free spectral range (FSR) decreases as the cavity length increases. Additionally, the quality
factor (Q-factor) and finesse of the FP resonator designs were calculated. The Q-factor reaches
values up to 10, with a corresponding finesse of 560, indicating the high performance and
tunability of the metasurface-based FP cavities. The P and C of the grating structure are iden-
tical to those used in the HCW, specifically 2.1 um and 1.0 um, respectively. The drop in
transmission at the center of the stopband is due to its extremely narrow bandwidth, which

exceeds the resolution of the computational mesh.
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Figure 5. 5: Simulation results of resonance peaks of FP, designed to target 3270 nm for various
cavity lengths.

To further develop the design for FP characterization, a laser-diced silicon spacer can be
used[ 143]. However, bumps often form at the edges of the spacer during the dicing process. At
this stage, a SEM image is taken to analyze the surface morphology. To ensure a smooth and
uniform spacer surface for maintaining a constant cavity length, the spacer undergoes a grind-
ing and polishing process. As one side of the silicon wafer is already polished, a grinding step
is initiated for the other side, with 10 minutes at high speed of 50 rpm, and then 5 minutes of
medium speed of 30 rpm to achieve better finishing. Initially, 1 um alumina was observed in
the SEM image; however, after the final polishing stage alumina is decreased to 0.2 um, with
improved surface quality. The post-polishing SEM image is shown in Figure 5. 6, demonstrat-

ing the improved surface quality.

Silicon spacer

/{

t

spacer

(a)

Figure 5. 6: (a) Design of spacer for FP with thickness (tspacer). (b) SEM image of laser diced
silicon spacer (a) before polishing (b) after polishing.
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This configuration not only serves as an alignment method for HCWs but also enhances the
sensitivity of gas sensors on its own. Future work requires a precision characterization setup
with high-resolution alignment capabilities, which is crucial for forming a stable FP cavity,
given the wavelength sensitivity of HCG structures. After fabrication via stepper photolithog-
raphy, the HCG metasurface should be characterized using FTIR to optimize the grating pa-
rameters for the target wavelength. Subsequently, two samples are bounded with varying
spacer thicknesses (fspacer), as illustrated in Figure 5. 6 (a). A broadband light source is then
passed through the cavity, and the resulting spectrum is collected using an OSA. A resonant
optical power buildup inside a high-finesse cavity is used to increase the sensitivity of QEPAS
for detecting CO, N20, and H20O at a wavelength of 4.59 um [144]. Compared to conventional
QEPAS systems, a metasurface-based FP cavity can provide a compact, portable design with

high finesse, leading to significantly enhanced detection sensitivity.



5.4 Conclusion

PICs have become incredibly important because of their wide-ranging applications in commu-

nication systems, biosensing, and spectroscopy. This thesis describes the design, fabrication,

and characterization of PICs based on SizN4 multiplexers and silicon metasurfaces. The overall

target of the thesis is to develop integrated, low-cost and portable multi-gas sensors. The main

outcomes of this research are briefly summarized in the following paragraphs.

A high-performance duplexer based on an on-chip angled MMI configuration was de-
signed and characterized for specific wavelength pairs: 1530-1653.7 nm, 1530-1684
nm, and 1530-2003 nm. The coupling efficiencies were numerically evaluated for var-
ious mode profiles, including fundamental , higher-order , and realistic diode-laser
modes, across all target wavelengths. Experimental results demonstrate a clear im-
provement in coupling efficiency, with measured values of 74% at 1530 nm and 80%
at 1653.7 nm.

A compact, DC-based duplexer demonstrated a higher output-power coupling ratio
when combining 1530 nm and 1653.7 nm. Coupling efficiencies were thoroughly ex-
amined and validated for fundamental, higher-order, and realistic diode-laser modes.
Numerical evaluation yield coupling efficiencies of 96%:96% for fundamental modes
and 78%:81% for commercially available laser modes. Coupling efficiencies up to
73% (1530 nm) and 77% (1653.7 nm) were experimentally measured. Repeated fabri-
cation and precise laser dicing further improved efficiencies to 85% and 88%, respec-
tively.

To incorporate a third wavelength corresponding to carbon dioxide, a triplexer based
on a cascaded DC structure was extensively investigated. This design offers improved
power coupling ratios tailored for the absorption wavelengths of ammonia (Avuz =1530
nm), methane (Acus =1653.7 nm) and carbon dioxide (Aco> =2003 nm). Various coupler
configurations were evaluated, considering both bend and coupling losses. Numerical
simulations showed high coupling efficiencies for the fundamental modes: 90% at Anzs,
91% at Acr4, and 88% at Acoz. Experimental measurements further validated these find-
ings, demonstrating coupling efficiencies of 82% at Avus, 73% at Acus, and 91% at Aco>.
The use of the Duplexer or Triplexer will allow a single spectroscopy system to detect
multiple gases, eliminating the need for multiple single-wavelength systems. Following

the implementation of semi-integration architectures of SizN4 chip with QTF, the DC-
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based duplexer has been successfully combined with laser and GRIN lens components,
resulting in a ready-to-use gas sensing module. These improvements are essential for
increasing sensitivity and selectivity in multi-gas detection applications.

e Numerical and experimental analyses confirm the effectiveness of the SP-SMF struc-
ture for refractive index sensing of analytes such as air, water, and isopropanol. A ded-
icated experimental setup was developed to validate simulation results, demonstrating
strong agreement. This approach highlights SP-SMF's potential as a sensing platform.
Future work may optimize core size, taper dimensions, and sensing region design to
further enhance performance.

e The effective interaction of the SPF for water vapor and methane gas have been demon-
strated, using LITES method. A strict increment in signals is observed when the SPF is
exposed to air and 1 % methane. A repeatable signal increase of 3.9 x 10~ (1.5 x 10™*
mV) was observed for water vapor (methane), attributed to evanescent field interaction
over a 17 mm polished region, confirming effective gas molecule interaction. The setup
has applications in remote sensing, where light is carried through fiber to distant areas,
allowing for sensing to be performed from a far and harsh environment.

e TLF was employed in QEPAS and LITES techniques to enhance integration and inter-
action path length for small-volume detection. This configuration enabled ppm-level
detection of water vapor in indoor environments, with optimized sensor positioning
ensuring stable and precise performance. The system offers sufficient sensitivity to
monitor atmospheric water vapor. By eliminating free-space alignment challenges, the
TLF-based approach simplifies integration and improves overall sensitivity.

e Successfully demonstrated a proof-of-concept for a novel semi-integrated optical gas
sensing architecture that combines a Si3N4 waveguide with a low-frequency, T-shaped,
and custom-designed QTF. The ability of the developed system to operate with both
QEPAS and LITES techniques using minimal optical power (~ 300 uW) while main-
taining comparable performance (SNRs of 1.6-3.2) for water vapor detection in a la-
boratory environment. The successful integration of photonic and piezoelectric compo-
nents represents a significant step toward miniaturized gas sensors. The compact nature
of this architecture also suggests potential for multiplexed sensing by integrating mul-
tiple waveguide structures and integrated laser sources on a single chip.

¢ An innovative approach to confining waves in planar HCG-HCW, design achieves a

surface that reflects waves effectively while maintaining a structure that allows for high
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transmission. The unique side-open waveguide system also allows gas to flow through
the sidewalls, making it suitable for gas spectroscopic techniques. The HCW design is
specifically tailored for methane gas sensing at a wavelength of 3.27 pm. Numerical
analysis shows that the transmittance can reach up to -0.41 dB. These findings demon-
strate the potential of high-transmitting hollow-core waveguides for gas sensing, high-
lighting the effectiveness and cost-efficiency of chip-scale photonic integration. Vari-
ous coupler configurations of the HCW were numerically validated for both MMI and
DC designs, confirming efficient light guidance through a sidewall-less structure.

e The silicon metasurface was numerically validated for optimizing an HCG-based FP
structure. Preliminary characterization using the RCWA method showed good agree-
ment with a non-grating structure using FTIR method. The grating period and width
were numerically optimized to 2.1 um and 1.0 um, respectively, achieving a Q-factor

of 10* and FSR of 0.01 nm for a cavity length of 500 um.
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