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Abstract

The growing demand for advanced photonic integrated circuits (PICs) and technological platforms
that ensure high performance in telecommunications, sensing, metrology, and space applications
has driven the development of laser sources with improved coherence, spectral purity,
compactness, and integration density. Conventional monolithic semiconductor lasers, while a
mature technology, face fundamental limitations in linewidth, tunability, and phase noise that
prevent them from meeting the requirements of next-generation systems. These requirements have
motivated a major shift toward hybrid external-cavity laser (HECL) architectures, in which an
active gain element, typically a semiconductor optical amplifier (SOA), reflective SOA (RSOA),
or erbium-doped waveguide amplifier (EDWA), is coupled to a passive PIC integrating reflectors
and other optical components. By combining the high optical gain of III-V semiconductor
materials with the ultra-low propagation losses and mature fabrication techniques of silicon on
insulator (SOI) or silicon nitride (SiN) waveguide platforms, hybrid lasers can achieve narrow
linewidths, low phase noise, broad wavelength tunability, and chip-scale footprints.

This thesis, entitled “Side-coupled Fabry—Pérot devices for integrated hybrid lasers”, aims to
develop and experimentally validate a new class of wavelength-selective resonant reflectors based
on SiN integrated side-coupled Fabry—Pérot (SC-FP) architectures and to integrate them with
active gain elements to realize high-performance HECLs.

The SC-FP device, consisting of a DBR-bounded (Distributed Bragg Reflector — bounded) cavity
evanescently coupled to a bus waveguide, is designed, fabricated, and characterized as a tunable
high-Q resonant reflector supporting both single- and multi-wavelength operation in the C-band.
By systematically engineering mirror reflectivity, coupling strength, cavity geometry, and grating
design, this work shows that SC-FP resonators can be tailored for distinct functionalities, ranging
from broad stopband operation to highly selective filters and reflectors, as well as dispersive
cavities suitable for nonlinear applications. Building on this versatile platform, SC-FP structures
are implemented in HECL configurations that evolve from fiber-coupled external-cavity
assemblies to fully integrated heterogeneous platforms on a single PIC.

A first laser configuration combines a SiN PIC hosting the SC-FP reflector with fiber-based
balanced and unbalanced Sagnac loop reflectors, together with a commercial fiber-coupled SOA.
This architecture demonstrates a hybrid laser with multi-wavelength emission aligned to the SC-
FP resonances, using a fiber-assisted HECL scheme with an external-cavity extending over tens

of meters.
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Despite longitudinal-mode competition within each lasing peak, isolating a single resonance
enables coherent pulse-train generation with RF linewidths of a few kilohertz, around 3 kHz, and
clear signatures of partially harmonic mode locking. Further evolution towards a more integrated
hybrid laser configuration has been achieved by assessing butt-coupling between the RSOA gain
and SIN passive circuit chips, in a fiber-free external-cavity and reducing the external-cavity
length from meters to the millimeter scale, which enhances mechanical robustness and polarization
stability while preserving spectral control. This two-chip butt-coupled HECL exhibits
single-wavelength operation with side-mode suppression ratios (SMSRs) above 45 dB, and
preliminary heterodyne measurements indicating sub-100 kHz optical linewidths, when a
systematic analysis of different RSOAs and SC-FPs has been conducted.

The constraints of the latter configuration, particularly in terms of mechanical robustness,
polarization control, and alignment stability during multi-chip handling, led to the realization of a
highly compact HECL architecture by transfer printing the RSOA directly onto the SiN PIC silicon
substrate. While posing a more challenging single-chip integration route in terms of thermal and
alignment control, it offers the most stable performance and potentially higher output power, with
sub-50 kHz laser linewidths, single-wavelength operation with side-mode suppression exceeding
40 dB, and preliminary on-chip output powers up to 0.6 mW.

These results consolidate SC-FP-based HECLs as scalable building blocks for compact,
high-performance single- and multi-wavelength integrated laser sources for potential application
as refractive-index sensors and compact optical frequency comb (OFC) for space applications.

In this framework, ultra-narrow HECL emission reports the reduction of the detection limit by
about two orders of magnitude (10~> RIU) compared with passive resonator-based refractive
index sensors, while heterodyne-based sensing further improves it to around 1077 RIU by
exploiting the MHz-level beat note, well beyond the capabilities of standard spectrometric
techniques and direct lasing measurements.

Multi-wavelength HECL-based OFC sources are promising for space, leveraging comb
technologies already demonstrated in free-space links, atomic clocks, spectroscopy, atmospheric
sensing, and astronomy. Hybrid laser platforms are well suited to space photonics because they
combine high performance with reliability and size, weight, and power (SWaP) constraints, while

also meeting the high-power, low-phase-noise, and frequency-stability requirements of FSO links.
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Outline

The thesis is structured as step-by-step workflow for the experimental realization of a compact,
fully integrated hybrid external-cavity laser (HECL) platform based on SC-FP reflectors,
specifically engineered to support both single- and multi-wavelength operation for

refractive-index sensing and future space applications. It is organized as follows.

Chapter 1: Introduces hybrid external-cavity laser architectures based on the combination of
high-gain III-V amplifiers and low-loss passive photonic integrated circuits, starting from low-
integration configurations such as fiber-assisted HECLs and butt-coupled two-chip assemblies,
and progressing to fully integrated platforms enabled by micro-transfer printing and heterogeneous
bonding techniques, all supported by representative state-of-the-art applications. It reviews the
main gain media, passive photonic platforms, and feedback elements, spanning from broadband
to wavelength-selective reflectors, as well as the widely established optical coupling mechanisms.
The chapter also defines the key laser performance metrics with emphasis on noise mechanisms
and intrinsic versus effective linewidth and concludes by highlighting representative
state-of-the-art multi-wavelength HECL demonstrations, from mode-locked lasers to optical

frequency comb sources.

Chapter 2: Develops the theoretical framework employed throughout the thesis to describe the
underlying physical mechanisms and key parameters of DBR structures and FP resonators. It
presents a modified transfer-matrix method to model the DBR response for uniform and apodized
gratings, enabling extraction of its phase response.

Thus, accurate prediction of the free spectral range of DBR-based FP cavities is enabled, providing
design formulas used in the following chapters.

The final part of the chapter presents a rate-equation description and the lasing conditions of a
three-mirror external-cavity lasers, extending the analysis to the SC-FP reflector configuration,
models its response using temporal coupled-mode theory, and outlines the main Kerr-driven

nonlinear effects relevant to this resonator platform.

Chapter 3: Demonstrates through design, fabrication, and characterization, a novel SiN

side-coupled Fabry—Pérot reflector with DBR mirrors (Fig. O1), featuring dispersion-engineered

xi|Pag.



apodized gratings and systematic studies of cavity and coupling geometry that yield practical

guidelines for tailoring resonance spacing, Q-factor, and reflectivity.
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Fig. O1: Schematic of the side-coupled FP resonator: details on the main design parameters, the
reflection and transmission response of the structure.

Chapter 4: Implements the fiber-assisted HECL platform, in which the proposed SC-FP reflector
and a Sagnac-based loop reflector form a long external-cavity using a commercial SOA and
fiber-coupled connections (Fig. O2). It produces SC-FP mode-aligned multi-wavelength emission
and partially harmonic mode-locked pulse trains among the external-cavity longitudinal modes,

suitable for low-phase-noise microwave generation and other advanced applications.
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Fig. O2: Fiber-assisted HECL architecture: schematic of the experimental setup.
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Chapter 5: Advances toward compact, fiber-free HECLs by implementing butt-coupling between
two chips: the RSOA gain and the SiN PIC (Fig. O3(top)). For different gain chips and SC-FPs
design are experimentally retrieved the performance of the HECLs in terms of output power,
spectral response, and linewidth. It then shows the realized transfer printed HECLs in which
RSOAs and SiN SC-FP reflectors (Fig. O3(bottom)) are co-integrated on a common substrate via
polymer-based spot-size converters and optimized alignment. The laser exhibits sub-50 kHz
linewidths with high SMSR and paving the way for fully reconfigurable single and

multi-wavelength sources for WDM and sensing.

Fig. O3: Fiber-free HECL based on butt-coupling between gain chip and SiN PIC. (top) Two-chips HECL,
(bottom) transfer printed HECL.

Chapter 6: Explores SC-FP-based refractive index sensing applications. It reports the sensor
performance in terms of sensitivity and limit of detection extracted from simple passive resonators,
SC-FP based photonic molecule configurations, and discusses the prospects of single-wavelength
SC-FP-based HECLs for liquid and gas sensing and multi-wavelength sources for high-resolution

sensing and space-borne photonic systems.
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Chapter 1: Hybrid external-cavity lasers

Chapter 1: Hybrid external-cavity lasers

Silicon photonic integrated circuits (PICs) exploit the high refractive index contrast between
silicon (Si) and silicon dioxide (SiO2) to achieve strong optical confinement and compact
waveguide geometries. Over the past two decades, this has positioned the silicon-on-insulator
(SOI) platform as the flagship technology for large-scale silicon photonics, reaching a high-level
of maturity with a broad ecosystem of standalone, off-the-shelf optical and optoelectronic
components. These capabilities support applications ranging from short-reach interconnects to
high-capacity coherent communication systems [1-3]. However, silicon’s indirect bandgap
prohibits efficient optical gain, so an electrically pumped continuous-wave laser cannot be realized
monolithically in silicon alone. This fundamental limitation has driven the development of a
spectrum of hybrid laser strategies that bring III-V gain media into the low-loss silicon photonics
platform. Among the Aaybrid laser architectures developed in this thesis, the classification adopted
here is based on the degree of integration, following the reviews in [1], and [2].

The most straightforward solutions historically have relied on external-cavity lasers (ECLs) that
incorporate gain section fiber-coupled to a PIC, as shown in Fig. 1.1(a), often in combination with
free-space optic components and an optical isolator to mitigate back-reflections. While robust,
such schemes are inherently bulky, costly, and difficult to scale to complex or high-volume (long
external cavities) systems. In addition, they can exhibit significant polarization-dependent loss
(PDL), arising from the mismatch between the generally unknown and unstable state of
polarization in the single-mode fiber and the fundamental mode supported by the PIC waveguide
[4]. This necessitates the implementation of polarization management strategies to ensure stable
and efficient fiber-to-PIC coupling.

More advanced hybrid external-cavity laser (HECL) integration approaches co-package separate
III-V and silicon photonic chips in so-called two-chip butt-coupled HECL (or hybrid 2.5D in [1])
architectures. As depicted in Fig. 1.1(b), the two chips are separated by an air gap. In this
framework, fully or partially fabricated III-V gain chips, are assembled alongside a silicon
photonic die and coupled via in-plane butt-coupling (also named edge-coupling) and photonic wire
bonding (PWB) techniques. This route allows independent optimization of each technology on its
native substrate and can offer good thermal management, it requires high-precision assembly,
remains constrained by tight package-level alignment tolerances, and demands careful mode
matching to optimize optical coupling between the two chips.

Pushing integration one step further leads to 3D hybrid schemes [1], such as flip-chip bonding or
micro-transfer printing (u-TP), in which compact III-V gain elements are integrated directly onto

the silicon photonic die (Fig. 1(c)). In u-TP, pre-fabricated III-V coupons containing the active
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Chapter 1: Hybrid external-cavity lasers

gain region are released from the donor wafer and precisely placed onto the target photonic circuit,
enabling localized integration only where optical gain is required. This integration process will be
discussed in more detail later. In this regard, u-TP can be treated as bridging technology between
classical hybrid assembly and full wafer-scale heterogeneous integration, as defined in [1],[2].
Specifically, although transfer printing shares many process-integration advantages with
heterogeneous I1I-V on Si technologies, avoiding handling of multi-chips, they still employ etched
and pre-defined gain elements (micro-scale devices that are “picked and placed” onto the target
wafer, preserving some of the flexibility of hybrid approaches in terms of device selection and pre-
testing) rather than unprocessed dies.

As aresult, u-TP preserves part of the flexibility of hybrid approaches in terms of device selection,
pre-testing, and cavity architecture, while remaining within the broader heterogeneous integration
family from a fabrication perspective; for this reason, it is included in the thesis under this broader
classification. In these architectures, the III-V gain medium is placed in close proximity to the
underlying silicon or silicon nitride waveguides, enabling strong optical coupling through either
butt coupling or evanescent coupling, supporting realization of high-Q external cavities that can
reduce laser linewidth to the hertz regime.

These hybrid techniques naturally support multi-wavelength operation and flexible lasing
wavelength selection, but as the number of wavelengths and on-chip lasers grows, questions
remain about their ultimate scalability in terms of assembly throughput, yield, and cost for very
large wavelength division multiplexing (WDM) photonic systems.

By contrast, heterogeneous laser integration, refers to the transfer of an unprocessed thin film of
a III-V heterostructure onto PIC core platform through wafer- or die-level bonding [2],[3],[5].
According to the bonding mechanism, and excluding metallic bonding from this discussion, such
processes can be broadly classified as either covalent/molecular bonding or adhesive bonding.

In this approach, unpatterned I1I-V dies or wafers are bonded directly onto pre-patterned passive
photonic wafers, as shown in Fig. 1.1 (d), and subsequently processed lithographically in situ,
following standard planar PIC fabrication workflows to define the active devices. According to
the fabrication process considered in the bonding technique, can be distinguished (i) covalent
wafer bonding and (ii) adhesive wafer bonding. The last case is schematically drawn with a planar
benzocyclobutene (BCB) layer for simplicity; in practice, however, the spin-coated or spray-
coated BCB will not be perfectly planar over the patterned regions.

This sequence means that all III-V device patterning is performed directly on large-diameter
silicon wafers, leveraging mature CMOS (Complementary Metal-Oxide—Semiconductor)

toolsets, fine lithographic resolution, and wafer-scale process control. Compared to approaches
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where III-V devices are first fabricated on smaller native substrates and then assembled onto
silicon; the heterogeneous route avoids a separate chip-by-chip assembly step, supports wafer-
scale integration, and relaxes alignment constraints because the optical interfaces are defined
lithographically rather than by submicron placement.

In the resulting heterogeneous I1I-V-on-silicon structures, the optical mode in the active region is
shared between the III-V and the underlying silicon waveguide, and the confinement can be
engineered by tailoring the silicon waveguide geometry. This enables precise modal control for
efficient gain, low-loss coupling between active and passive sections, and broadband, low-
reflection transitions. In particular, coupling is achieved through evanescent, adiabatic mode
transfer between the bonded III-V gain region and the underlying waveguide core, making the
coupling section an integral part of the on-chip cavity design, while any residual butt-coupling
interfaces (e.g. fiber I/O) play only a complementary packaging role.

The II-V stack supplies the direct-bandgap gain necessary for efficient electrically pumped
lasing, while the silicon (or silicon nitride (SiN)) waveguide layer provides low-loss routing,
compact passive functionality, and access to industrial CMOS infrastructure with high yield and
small feature sizes. Heterogeneous integration does not merely represent a packaging solution but
a device-level co-fabrication strategy that supports volume scaling and complex photonic
integration, and it underpins the current generation of Si/III-V hybrid lasers that are now entering
commercial deployment.

In this framework, the common thread throughout the thesis is the implementation of wavelength-
selective resonant mirrors based on engineered side-coupled Fabry—Pérot resonators,
incorporating Bragg-grating reflectors, into hybrid external-cavity lasers (HECLs). The external-
cavity concept refers to a laser configuration in which the resonator cavity extends beyond the
semiconductor gain section and incorporates all passive optical elements along the optical
propagation path, as well as the cavity reflector.

Depending on the specific implementation, these architectures can take several forms. In this
thesis, the experimental realization of hybrid lasers will be demonstrated across a progressive
evolution of integration levels: from a lower-integration level “fiber-assisted HECL”, in which
fiber coupling provides the connection between the gain element and the PIC resonator used as a
reflector; to the “two-chip butt-coupled HECL”, corresponding to the hybrid 2.5D approach
detailed above; and finally to the “u-TP heterogeneous butt-coupled HECL”, based on a hybrid
3D architecture enabled by micro-transfer printing. This latter approach relies on advanced
heterogeneous integration techniques to transfer the patterned gain element onto the same substrate

as the passive resonator die. For simplicity, from this point onward in the text, we will refer to
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Chapter 1: Hybrid external-cavity lasers

bonding-based lasers as heterogeneous ECLs, to keep consistency with the external-cavity
architecture and the fabrication process. The following subsections decompose the external-cavity
laser structure into its constituent components, examining the III-V gain solutions, the photonic
platforms used to implement the resonator and other passive optical components in the PIC, and

the distinct types of photonic reflector architectures.

(a) Fiber
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Figure 1.1: Classification of external-cavity lasers based on the coupling between gain section (in this
picture the active region of the laser is indicated as a quantum well (QW)) and passive PIC: (a) fiber-
assisted HECL, (b) two-chip butt-coupled HECL, (c) transfer printed HECL, and (d) bonding-based
heterogeneous ECL. Among the bonding integration is distinguished: (i) covalent wafer bonding and (ii)
adhesive wafer bonding.

A detailed overview of the state-of-the-art (SOTA) in the different classes of hybrid lasers and
heterogeneous integrated lasers, together with the corresponding optical coupling techniques
employed, is provided. This chapter further discusses the main laser performance metrics, with a
specific analysis on the noise processes and the intrinsic and effective linewidth and concludes by
reporting selected SOTA recent demonstrations of multi-wavelength HECLs, spanning from

mode-locked lasers to optical frequency comb sources.
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1.1 Gain chip materials and platforms

Gain media in hybrid and heterogeneous ECLs are primarily based on III-V compound
semiconductors, whose direct bandgap enables efficient radiative recombination and stimulated
emission. Optical gain is achieved when carrier injection raises the population inversion above the
transparency condition, allowing stimulated emission to dominate over absorption processes [6].
Indium phosphide (InP)-based heterostructures represent the most widely adopted platform for
operation in the telecom wavelength range (1.3—1.6 um), owing to their capability to support a full
set of active photonic components, including lasers, semiconductor optical amplifiers (SOAs) [7],
and modulators. These materials enable large-scale photonic integration, with demonstrated
circuits exceeding (10°) components, highlighting their scalability and maturity for complex PICs
[7]. In practical devices, InP-based gain sections are typically implemented using strained quantum
well structures, which provide strong carrier confinement and efficient gain generation.

For hybrid-integrated gain chips, internal optical losses in III-V waveguides are a critical
parameter governing laser performance. Reported values for indium arsenide (InAs) quantum dot
(QD) waveguide materials lie in the range of 1-5 cm™, directly impacting the threshold gain
required for lasing [8]. The threshold gain of a composite cavity is determined not only by internal
loss but also by mirror reflectivity and coupling efficiency between the III-V gain region and the
passive silicon waveguide. High reflectivity mirrors (up to ~90%) and efficient coupling are
therefore essential to minimize threshold conditions [8].

Quantum dot gain media, particularly in Gallium arsenide- (GaAs) based systems, offer several
advantages compared to quantum well structures. These include reduced transparency current
density, improved temperature stability, and enhanced tolerance to optical feedback, making them
well-suited for O-band operation and energy-efficient integrated lasers [6-8]. Additionally, QD-
based devices exhibit lower linewidth enhancement factors and broader gain bandwidth, which are
beneficial for stable single-mode operation and wavelength tunability.

From an architectural standpoint, gain elements in HECLs are commonly realized as
semiconductor optical amplifiers integrated within external or extended cavities. These cavities
incorporate wavelength-selective feedback elements, such as diffraction gratings or Bragg
reflectors, to enforce single-frequency operation and reduce spectral linewidth compared to
solitary diode lasers. The external-cavity configuration enables narrow linewidth emission,
improved spectral purity, and wide tunability, while maintaining the high efficiency characteristic
of semiconductor gain media.

Finally, heterogeneous integration of III-V gain materials onto silicon has emerged as a key

enabling technology for scalable photonic systems. Silicon, being an indirect bandgap material,
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Chapter 1: Hybrid external-cavity lasers

cannot efficiently generate light and therefore relies on integrated III-V gain sections to provide
optical amplification and lasing functionality [2]. This approach combines the superior gain
properties of III-V materials with the scalability and manufacturability of silicon photonics,
forming the foundation of next-generation integrated laser platforms.

Regardless of material system, gain chips intended for HECL integration are typically structured
as reflective semiconductor optical amplifiers (RSOAs), incorporating a high-reflectivity (HR)
back facet and an anti-reflection (AR) coated output facet, or as mirrorless SOAs with integrated
on-chip reflectors, defining the cavity reflectivity on both sides. This design flexibility enables
precise engineering of lasing threshold, suppression of higher-order spatial modes and parasitic
back-reflections, and optimized coupling efficiency at the I1I-V/passive waveguide interface for

seamless hybrid or heterogeneous bonding to CMOS-compatible photonic platforms.
1.2 Passive Photonic Platforms

Passive photonic platforms constitute the foundational technological layer of PICs, enabling the
guiding, routing, and spectral shaping of optical signals. Their performance is primarily governed
by intrinsic material properties, including refractive index contrast, propagation loss, transparency
window, nonlinear optical response, and thermal stability.

Silicon-on-insulator, silicon nitride (SiN), and silica-based technologies are among the most
established CMOS-compatible photonic platforms, benefiting from mature microelectronic
fabrication processes including lithography, deposition, and plasma etching, thereby enabling
wafer-scale fabrication, high reproducibility, and scalable manufacturing [9-12].

Historically, SOI has been the dominant platform for integrated photonics because of the very high
refractive index contrast between silicon, with n = 3.48 at wavelength 1550 nm, and silicon
dioxide, with n = 1.44, which enables strong optical confinement and very compact devices with
bending radii of only a few micrometers. However, silicon is limited by its bandgap, leading to
strong absorption at wavelengths below approximately 1.1 um, and is therefore mainly used in the
near-infrared, especially around the 1.3 um and 1.55 um telecom windows. In addition, silicon
exhibits two-photon absorption (TPA) at telecom wavelengths, which generates free carriers and
introduces excess loss and phase perturbations, while typical SOI propagation losses are on the
order of 1-2 dB/cm in standard foundry processes [9-12].

Silicon nitride has emerged as a highly attractive passive platform because it combines broad
transparency, low loss, and improved thermal stability. Its transparency window extends
approximately from 400 nm in the visible to about 4—4.6 um in the mid-infrared, making it suitable

not only for telecommunications but also for spectroscopy, biosensing, optical coherence
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Chapter 1: Hybrid external-cavity lasers

tomography, ranging, and quantum photonics. Moreover, because of its large bandgap, SiN does
not exhibit TPA at telecom wavelengths, allowing significantly higher optical powers to propagate
without the nonlinear loss mechanisms that affect silicon waveguides.

A major advantage of SiN is its extremely low propagation loss. With optimized fabrication
processes deposition, high-temperature annealing, chemical-mechanical polishing, and improved
sidewall control, state-of-the-art waveguides can reach losses below 0.1 dB/m, enabling ultra-high
quality factor resonators with quality factors exceeding 107. These losses are orders of magnitude
lower than those of standard silicon waveguides and are mainly limited by surface-scattering at
core-cladding interfaces and residual material absorption, for example from hydrogen-related
impurities in the film [13-15]. SiN also offers superior thermal stability compared with Si. The
thermo-optic coefficient of silicon is approximately 1.86 x 10~* K~ whereas that of SiN is about
2.45 X 107° [16], nearly one order of magnitude smaller, which results in reduced temperature-
induced resonance shifts in filters and microring resonators (MRRs).

The refractive index is typically around n = 1.98/2.0 in the C-band wavelength range, which leads
to a relatively low index contrast and weak optical mode confinement. As a consequence, larger
bend radius and device footprints are required; however, the reduced index contrast also lowers
sensitivity to sidewall roughness and fabrication imperfections, thereby mitigating scattering
losses [14]. For these reasons, modern PICs increasingly exploit the complementary advantages
of both platforms. Silicon remains highly attractive for compact active devices and electronic co-
integration, whereas silicon nitride is often preferred for low-loss passive routing, high-Q

resonators, broadband operation, and high-power nonlinear photonics.
1.3 Feedback elements

A convenient distinction for the passive integrated-feedback section is between broadband
reflectors and wavelength-selective reflectors [17]. Broadband reflectors, such as Sagnac loop
mirrors [18-20] and retroreflectors [21], are primarily designed to return a large fraction of the
optical power to the gain section over a wide wavelength range. Their role is therefore mainly to
provide strong cavity feedback, while the spectral selectivity of the external-cavity laser is
determined by the gain medium. A second class comprises distributed wavelength-selective
reflectors, including DBR-based and photonic-crystal-based structures [22]-[25]. In these devices,
reflection originates from a distributed periodic perturbation rather than from a purely geometric
return path. As a result, the reflection is intrinsically wavelength dependent, and both amplitude

and phase of the reflected field contribute to the external-cavity behavior. In particular, the phase
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response of grating-based reflectors introduces a finite penetration length, which becomes an
important parameter in the cavity design and will be discussed later.

A further category is that of wavelength-selective resonant reflectors, in which the reflection
spectrum is defined by discrete resonances. This group includes Fabry—Pérot filters, add-drop ring
resonators [26], and coupled-cavity or Vernier filters [27-30]. In these architectures, the resonant
condition directly determines the feedback spectrum, so that the reflector acts simultaneously as a
cavity mirror and as a spectral filter. Such devices are therefore especially attractive when narrow-
linewidth emission, single-mode operation, or wavelength tunability must be implemented directly
within the passive cavity. Among these solutions, ring resonators are particularly well suited to
integrated platforms because of their compact footprint, high spectral selectivity, and
straightforward thermal tunability. Add-drop rings can provide narrowband reflective filtering,
while coupled or slightly detuned ring cavities can exploit the Vernier effect to suppress unwanted
longitudinal modes and enlarge the effective free spectral range.

Fabry—Pérot-based reflectors provide an alternative resonant solution: depending on the
configuration, reflection may be obtained from the output of in-line FP cavities by means of optical
circulator or from the input side of side-coupled resonators [31],[32] enabling not only
wavelength-selective feedback but also enhanced dispersive control of the cavity response in a
compact design. These specific resonant reflector architectures will be examined in detail

throughout the thesis.
1.4 SOTA of HECLs

The hybrid external-cavity laser architectures introduced at the beginning of the chapter are
examined here, together with recent demonstrations and their operating principles. In accordance
with the prior classification, the discussion is organized as a progression toward increasingly
integrated hybrid and heterogeneous laser architectures: from conventional fiber-assisted HECL,
through two-chip butt-coupled HECL, to fully integrated solutions enabled by transfer printing
(hybrid 3D) and bonding (heterogeneous) configurations.

1.4.1 Fiber-assisted HECL

A first, and still highly relevant, integration approach comprises architectures in which the active
gain element remains physically separate from the passive resonator chip, with the connection
established through a macroscopic external-cavity interface.

In the conventional implementation, the silicon photonic integrated circuit is linked to an external
laser source by an optical fiber, typically together with an optical isolator and, where needed,

additional free-space beam-shaping optics [1],[4].
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This configuration preserves a clear separation between the active and passive sections and offers
important practical advantages: the source and PIC can be designed, tested, and optimized
independently, while mature and relatively low-cost commercial solutions, such as butterfly-
packaged fiber-coupled gain devices, can be readily employed. Its main limitations arise from the
fiber interface itself, which can increase sensitivity to mechanical perturbations, alignment drift,
and polarization fluctuations, all of which are particularly critical in narrow-linewidth or
environmentally sensitive external-cavity systems.

A further step toward tighter integration is obtained when the optical path is only partially fiber-
based and the final connection between the gain chip and the resonator chip is made through a
short free-space section. In this case, coupling can be implemented using lensed fibers, micro-
optical elements, or dedicated alignment structures. Relative to a fully fiber-coupled arrangement,
this solution reduces both footprint and cavity length, while retaining the flexibility associated
with the use of a discrete, pre-characterized gain element.

Among the well-established in this framework, Jyu et al. in [33] demonstrated a 250-GHz passive
harmonic mode-locked Er-doped fiber laser based on dissipative four-wave mixing in a cavity
incorporating a silicon microring resonator as an intracavity comb filter. The setup included an
EDFA, a 250-m high-nonlinearity fiber section, grating-coupled fiber-to-chip interfaces, and
polarization control elements to ensure stable operation. The passive mode-locked laser achieved
pulse trains with sub-picosecond pulse durations, reaching 1.48 ps for a 2-nm optical bandwidth
and 875 fs for a 6-nm bandwidth.

Liles et al. [34] demonstrated a fiber-based external-cavity laser in which a fiber-pigtailed SOA
was coupled by free space into a silicon photonic crystal resonator acting as a wavelength-selective
mirror. The cavity was dominated by fiber patch cords, and the lasing wavelength was
lithographically controlled by tuning the photonic crystal geometry with sub-nanometer precision.
The device lased at 1547.32 nm, with milliwatt-level output power, a 23.6 mA threshold, and side-
mode suppression above 25 dB.

Raja et al. [35] demonstrated a 99-GHz soliton microcomb driven by a compact hybrid
semiconductor laser, in which a gain chip is combined with a fiber Bragg grating and coupled
through optical fibers to a high-Q SiN microresonator chip. The architecture remains fiber-based
because both the external-cavity wavelength selection and the chip-to-laser connection rely on
fiber components, while the SiN device provides the nonlinear soliton-generating stage. The
semiconductor laser itself is butterfly-packaged and consists of a gain chip, an FBG, and an
external fiber cavity. The system produced a single-soliton state with 131 fs pulses, 19 nm

bandwidth, and Lorentzian/Gaussian beat note linewidths of 9 kHz and 61 kHz, respectively, and
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the soliton state could be maintained for more than one hour without active temperature

stabilization.

1.4.2 Two-chip butt-coupled HECL

According to the specific PIC platform, the passive structures implemented, and the type of gain
chip employed, different configurations of two-chip butt-coupled HECLs can be distinguished. In
this section, the discussion focuses primarily on the works carried out by CHILAS [36] and
LIONIX [37], together with the demonstrations from the Kippenberg group, which represent an
exemplary reference for this hybrid laser approach.

CHILAS has commercialized a hybrid external-cavity laser based on a reflective InP gain chip
butt-coupled to a low-loss SiN feedback circuit fabricated on LioniX’s TriPleX platform. The SiN
photonic integrated circuit incorporates a phase section and a Vernier filter formed by coupled
MRRs with slightly mismatched free spectral ranges, enabling wide C-band tuning over more than
100 nm, sub-kHz linewidth operation, and output powers exceeding 30 mW, with 100 mW under
development, all within a 14-pin butterfly package. The schematic of the HECL architecture and
its packaged integration is reported in Fig. 1.2(a). Two product families are built on this same SiN
module: ATLAS, designed for quasi-static narrow-linewidth operation across multiple bands, and
COMET, intended for rapidly swept-source applications such as optical coherence tomography
and spectroscopy. LioniX provides the ultra-low-loss SiN PIC technology underlying this
architecture, including high-Q ring resonators, dispersion engineering, and thermal phase tuning,
thereby enabling both high coherence and fast wavelength sweeping. In particular, Ref. [28]
describes the basic operating principle of the hybrid butt-coupled laser architecture. In this
configuration, a single InP gain chip, operated as an RSOA, is butt-coupled to a low-loss SiN/Si
feedback circuit on the TriPleX platform, thereby forming an external-cavity characterized by long
photon lifetime, low propagation loss, and high spectral selectivity. The SiN PIC integrates
thermally tunable phase sections, a Mach—Zehnder output coupler, and a two-ring Vernier filter
for wavelength selection and linewidth narrowing. The wide bandgap of the TriPleX platform
suppresses nonlinear absorption effects that limit silicon-based feedback circuits, while the
integrated heaters provide more than 2 phase tuning, enabling continuous, mode-hop-free tuning
across the gain bandwidth. Experimentally, this architecture has achieved fiber-coupled output
powers up to 24 mW, a tuning range of approximately 120 nm around 1.55 um, side-mode
suppression ratios up to 63 dB, and an intrinsic linewidth on the order of 2.2 kHz. The same
configuration has been further extended through design optimization, operational variants, and
more complex feedback circuits, targeting specific laser requirements such as mode-hop-free

operation and reduced intrinsic linewidth, while preserving a compact hybrid laser architecture.

10|Pag.



Chapter 1: Hybrid external-cavity lasers

The first limitation arises because the continuous tuning span in the phase-variable section is
FSR-limited by the long external-cavity, leading to mode hops after wavelength shifts of only a
few hundredths of a nanometer. To achieve mode-hop-free operation, [38] extends the same InP—
SiN cavity architecture by adding coordinated thermal tuning of both microrings together with the
phase section, so that the Vernier passband continuously follows the lasing mode. This increases
the mode-hop-free tuning range from approximately 0.034 nm to 0.22 nm, corresponding to about
28 GHz, without compromising the intrinsic linewidth or output power reported previously.

A second operational mode employs the same architecture as in Fig. 1(a) but incorporates dual-
loop electronic stabilization [39]: short-term locking to an optical frequency discriminator and
long-term locking to an acetylene absorption line. This reduces the Allan deviation by up to two
orders of magnitude and suppresses long-term frequency drift from hundreds of MHz to below

~10 MHz over several days, while preserving the kilohertz-level intrinsic linewidth.
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Figure 1.2: (a) Chilas-based butt-coupled hybrid laser module schematic with corresponding butterfly
packaged device [28]. (b) LioniX HECL based on Sagnac loop reflector and three cascaded microrings
as high spectral filters for narrower laser intrinsic linewidth [40].

Fig. 1.2(b) illustrates the schematic of a hybrid laser variant proposed by LioniX in [40] that
targets narrower intrinsic linewidth. A single InP gain section is coupled to a SiN external-cavity
that extends the round-trip length to about 0.5 m using a 33 mm spiral waveguide and three
cascaded microrings: two small rings (99/102 pm, Q = 2x10*) provide coarse Vernier filtering,
while a larger high-Q ring (1485 um, Q = 2.9x10°) performs fine spectral selection, with a Sagnac
loop mirror at the end of the cavity doubling the pass through the resonators. This architecture
achieves an intrinsic linewidth of about 40 Hz together with a wavelength tuning range exceeding

70 nm and up to 23 mW of fiber-coupled output power.
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The dual-gain configuration shown in Fig. 1.3(a) incorporates two 700-um InP gain sections
symmetrically surrounding an external-cavity with a Vernier filter formed by two microrings
(FSRs 208 and 215 GHz). The bidirectional cavity doubles the optical field pass through the filter
per round trip to enhance selectivity, while counter-propagating fields are coherently combined
into a single output via two tunable couplers. The laser achieves up to 105 mW fiber-coupled
power (117 mW on-chip), maintains >70 mW over a 100 nm tuning range (1470—1570 nm), and
demonstrates a 320 Hz intrinsic linewidth, SMSR >50 dB, and RIN = —170 dBc/Hz [41].
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Figure 1.3: (a) Dual-gain HECL architecture for enhanced intra-cavity field [41]. (b) Dual-wavelength
HECL with two parallel Vernier feedback branches and a tunable MZI coupler. (c) Multi-frequency HECL
using dual SiN Vernier mirrors for stable comb generation. (d) Visible-wavelength SiN Vernier feedback
circuit for high-Q hybrid laser operation [28]

For multi-frequency operation, biasing the hybrid cavity so that two adjacent modes experience
equal Vernier transmission yields a 17-line comb with 5.5 GHz spacing and approximately 2 mW
total power; RF beat notes reveal a single narrow tone with an ~18 kHz linewidth, while
heterodyne measurements indicate individual comb linewidths down to ~34 kHz [28]. A dual-
wavelength HECL version [28] splits the TriPleX feedback into two parallel Vernier branches
sharing a common InP RSOA via a tunable MZI coupler, enabling stable dual-line emission with
up to 12 nm separation and an ~11 GHz microwave beat note at near-degenerate operation. In
parallel, the same hybrid cavity concept was extended to the visible (690 nm) using TE-polarized
SiN Vernier rings (radii 1200/1205 um, FSR ~10 nm), yielding passive reflection peaks of ~1.5
pm (~1 GHz) and demonstrating high-Q feedback for future visible hybrid lasers [28].
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In collaboration with LioniX and CHILAS, the Kippenberg group developed a hybrid external-
cavity laser based on a two-chip assembly interconnected by 3D-printed optical interconnects. In
this architecture, an InP reflective semiconductor optical amplifier (RSOA) is co-packaged with a
low-loss SiN photonic integrated circuit on the TriPleX platform, which provides the wavelength-
selective external-cavity. In Ref. [42], the two chips are optically linked by a PWB (loss =1.6 dB),
which bridges a gap of <306 um and relaxes alignment tolerances compared to direct butt-coupling
(Fig. 1.4). The SiN cavity integrates a Vernier filter of two thermally tunable racetrack resonators
(FSRs 195.7 GHz and 202.0 GHz) inside a Sagnac loop, plus a cavity phase tuner and a tunable
Mach—Zehnder output coupler. Output coupling to a fiber array is achieved via 3D-printed
facet-attached microlenses (FaML). Experimentally, this design achieves a 90 nm tuning range
(1480-1570 nm), on-chip output power >12 dBm, side-mode suppression up to 59 dB, and an
intrinsic linewidth of 979 Hz — among the narrowest for two-ring feedback. The laser also served

as a pump to generate a single-soliton Kerr frequency comb in a separate high-Q SiN resonator.
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Figure 1.4: PWB-based two-chip butt-coupled hybrid laser assembly with a SiN TriPleX external-cavity
and InP RSOA. Focus on the 3D-printed photonic wire (i) and output fiber coupling via facet-attached
microlenses (ii) [42].

In the frequency-agile external-cavity laser developed in [43], the laser architecture is the same as
that reported in [42], but the butt-coupling is not supported by PWB and on-chip phase shifter is
replaced by varying the RSOA injection current, which simplifies the overall design. A key
distinguishing feature of this platform is the monolithic integration of both microheaters and
piezoelectric (PZT) actuators on the same chip. The microheaters, positioned 15 um from the ring
waveguides, provide coarse thermal tuning for Vernier alignment, whereas the PZT actuators
enable fast, low-power, and highly linear frequency actuation with MHz-bandwidth response and
nanowatt-level power consumption. The entire laser (whose schematic is illustrated in Fig. 1.5(a))
is assembled in a temperature-stabilized butterfly package with a fiber output as reported in Fig.
1.5(b).
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Experimentally, the laser delivers 6 mW fiber-coupled power, a side-mode suppression ratio of
50 dB, and an intrinsic Lorentzian linewidth of 400 Hz. Exploiting the PZT actuators, the device
achieves wavelength switching at a 100 kHz repetition rate, with a 7 ns rise time and an energy
cost of only 75 nW per switching event. This provides significantly faster tuning and lower power
consumption than would be possible with thermal tuning alone, thanks to the integrated

piezoelectric actuation.
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Figure 1.5: (a) Schematic and (b) assembled butt-coupled HECL with monolithic integration of both
microheaters and piezoelectric actuators [43]. (c) Schematic of an erbium-doped waveguide in a hybrid
gain-PIC laser architecture [44].

A compact two-chip erbium-doped waveguide laser is realized by butt-coupling a 1480 nm InP
Fabry—Pérot pump laser diode to an Er-implanted ultralow-loss SiN photonic integrated circuit
that serves as both gain medium and cavity [44]. The cavity comprises a 0.2 m densely packed
spiral Er:SiN gain waveguide terminated by two Sagnac loop mirrors, together with a narrow-band
Vernier filter formed by two cascaded add-drop MRRs, while integrated microheaters align the
Vernier peak to a longitudinal cavity mode. The entire laser circuit occupies only 2 X 3 mm? and
is packaged in a 14-pin butterfly module.

Experimentally, the laser operates in single mode with SMSR >70 dB, >4 mW output power, 6.7%
on-chip slope efficiency, and >40 nm tuning across the C- and L-bands. It exhibits an intrinsic
Lorentzian linewidth as low as 50 Hz, RIN below —150 dBc/Hz above 10 MHz offset, and
frequency drift below 20 MHz over 4 h and 140 MHz over 24 h, in absence of mode hopping.
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1.4.3 Micro-transfer printing

Micro-transfer printing (u-TP) [45-47] is an emerging wafer-scale integration technology for
selectively transferring prefabricated epitaxial semiconductor devices, often called coupons, from
their native growth substrate onto non-native target substrates such as silicon or silicon nitride for
photonic integrated circuits. In contrast to heterogeneously bonding full dies or wafers, u-TP
works with many small devices in parallel and is particularly attractive for integrating III-V gain
sections on low-loss passive waveguide platforms for hybrid and heterogeneous lasers.

In the p-TP process [47],[48], the I1I-V devices are first grown and prefabricated on their native
substrate, incorporating a sacrificial release layer (for example a high-Al-content AlGaAs layer in
a GaAs-based stack) beneath the device layer. Selective under-etching of the sacrificial layer
releases the devices, whereas dielectric or photoresist tethers maintain mechanical attachment of
each coupon to the source wafer, allowing dense packing at pitches of a few hundred micrometers.
A microfabricated elastomeric stamp, typically made of polydimethylsiloxane (PDMS) and
patterned with posts corresponding to the coupon layout, is then aligned to the array of released
coupons and brought into contact. A fast retraction of the stamp exploits the rate-dependent
adhesion between PDMS and the coupon surfaces: the tethers break and the coupons remain
attached to the stamp. The same stamp is subsequently aligned to the target wafer, often a silicon
or SiN PIC with locally opened recesses in the cladding, and the coupons are brought into contact
with the target surface. A slow retraction, sometimes with a controlled shear, leaves the coupons
bonded onto the target via van der Waals forces or an ultrathin adhesive such as divinylsiloxane-
bis-benzocyclobutene (DVS-BCB), after which the stamp is fully released. A key strength of
p-TP is that it is a massively parallel process: hundreds to thousands of coupons can be picked up
and printed in a single cycle of tens of seconds, allowing high-throughput population of a target
wafer.

State-of-the-art tools achieve placement accuracies of about 0.5 um (3c) for reticle-sized stamps
[48], which is sufficient for alignment-tolerant adiabatic tapers that couple light efficiently
between I1I-V waveguides and underlying Si or SiN waveguides. Because the III-V devices are
prefabricated and can be electrically/optically tested on their native substrate before release, p-TP
enables pre-screening and only transfers known-good devices, which is particularly valuable for
laser arrays where defective emitters cannot be repaired after integration. The technique is back-
end compatible with CMOS processing, since only local recesses or openings in the dielectric
cladding are required to host the printed III-V coupons, making it attractive for integrating gain

sections, modulators, or detectors on mature silicon photonic platforms.
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u-TP also uses I1I-V material efficiently because coupons can be tightly packed on the source
wafer but printed sparsely across a larger target wafer, effectively multiplying the usable area of
expensive epitaxial material. Wafer-to-wafer and die-to-wafer bonding provide excellent
alignment because devices are patterned after bonding, but they are sensitive to particles at the
bond interface, offer limited per-device pre-testing, and require complex process development.
Flip-chip bonding of fully processed I1I-V dies enable accurate alignment and full pre-testing but
is inherently serial, low throughput, and introduces significant topography from the die and solder
bumps. In contrast, transfer printing combines wafer-like parallelism, flip-chip-like pre-testing,
planar integration with thin coupons, and efficient use of III-V material, at the cost of lower
technology maturity and specific mechanical and thermal design constraints. The main limitations
of u-TP arise from the mechanics and the interface. Thin, suspended coupons must be carefully
tethered and sometimes encapsulated to avoid fracture, and the need for a sacrificial release layer
complicates the epitaxial design and front-end processing. The bonding interface, whether van der
Waals or a thin polymer, introduces thermal resistance and may therefore limit heat dissipation;
consequently, transferred devices do not necessarily replicate the thermal behavior of devices on
their native III-V substrate [49]. More details on the fabrication process and the optical

characterization of micro-transfer printed based laser will be explored in Section 5.3.

1.4.3.1 p-TP ECLs

The work in [50] presents a wafer-scale heterogeneous integration platform that combines GaAs-
based III-V gain elements with low-loss SiN waveguides to realize extended-cavity lasers and
passively mode-locked frequency combs at 800 nm. As illustrated in Fig. 1.6(a), the approach
relies on micro-transfer printing to place a fully pre-processed III-V coupon into a locally etched
recess of the SiN photonic circuit, enabling direct butt coupling between the III-V and SiN
waveguides.

The passive chip is built on a SiN waveguide platform with a 300 nm thick SiN core buried in
silicon oxide. A recess is dry etched through the top cladding and the buried oxide down to the
silicon substrate, exposing a clean vertical facet of the SiN waveguide. The III-V coupon is then
printed into this recess so that its own waveguide facet faces the SiN facet with a separation below
500 nm, limited mainly by the slope of the recess sidewall. Vertical alignment between the I1I-V
and SiN waveguide modes is engineered by carefully matching the total epitaxial layer thickness
of the coupon to the depth of the recess; the simulated modal overlap reaches 96 %. The small gap
is later filled with BCB during post-processing, which planarizes the structure and provides a

stable optical interface.
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Figure 1.6: (a) Key steps of the micro-transfer printing of 1lI-V gain into SiN PIC (on the silicon substrate
after SiOzrecess): (i) view of the butt-coupling between printed coupon and SiN waveguide, (ii) cross-
section analysis of the printed coupon, showing small separation due to the recess-etch angle. (b)
Microscope image of the external-cavity laser architecture [50].
Regarding the III-V coupons, two variants are produced: RSOAs with a 7° angled front facet and
a gold high-reflectivity coating on the rear facet, and Fabry—Pérot coupons with a 0° front facet
that provides an 8% Fresnel reflection to sustain lasing. The angled facet of the RSOA suppresses
back-reflections into the I1I-V waveguide (from —11 dB to —70 dB in simulation), which is critical
when the coupon is used inside an extended cavity. The saturable absorber is formed by electrically
isolating a short segment, assessed to around 3-5 % of the total coupon length, that can be
reverse-biased independently from the gain section.
The extended laser cavity is completed by the SiN circuit, which consists of a low-loss waveguide
spiral terminated by a Sagnac loop mirror. The spiral sets the cavity length and thus the
fundamental repetition rate (3.2, 7.5, or 9.2 GHz), while the Sagnac mirror, implemented as an
asymmetric multimode interferometer, provides a broadband 75 % reflectivity that serves as the
output coupler. Optically, the cavity is linear: the gold-coated rear facet of the RSOA coupon forms
one end mirror, and the Sagnac loop forms the other. Light generated in the gain section passes
through the butt-coupled interface, propagates in the SiN spiral, and is partially reflected into the
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I11-V waveguide, while the transmitted portion is collected via a grating coupler. The long photon
lifetime afforded by the low-loss SiN cavity, improves the phase coherence and substantially
reduces the fundamental RF linewidth of the mode-locked comb. Design choices are deliberately
balanced between power and noise performance. The high 75 % reflectivity maximizes the cavity
quality factor and yields a record passive-stability RF linewidth of 519 Hz (timing jitter as low as
51 fs), but it limits the waveguide-coupled output power to a few milliwatts. The authors report
that by lowering the Sagnac mirror reflectivity to 10 % and reducing the coupling losses, output
powers exceeding 60 mW and pulse energies of several pico-joules are achievable.

A narrow-linewidth frequency comb source operating in the L-band (around 1580 nm) was
demonstrated in [51] by injection-locking a heterogeneously integrated III-V-on-silicon mode-
locked laser to a continuous-wave seed laser with 50 kHz linewidth. The device features a linear-
cavity colliding-pulse mode-locked laser (MLL) fabricated on a silicon photonics platform, where
the III-V active region is bonded to the silicon waveguide layer.

It includes two 430 wm gain sections and a central 100 pm saturable absorber, with 150 um tapered
spot-size converters for ensure coupling between the III-V and silicon waveguides. The cavity
incorporates two 0.7 cm silicon spiral waveguides, setting the repetition rate to 4.71 GHz.
First-order distributed Bragg reflectors, providing ~50% reflectivity, serve as cavity mirrors and
enable emission in the L-band. The entire laser schematic is illustrated in Fig. 1.7(a). This
configuration reduces the MHz-range linewidth of the MLL's longitudinal modes to match the 50
kHz seed linewidth, with over 50 coherent laser lines achieved.

In free-running operation, the laser's individual longitudinal modes show optical linewidths of
several MHz, with a fundamental RF linewidth of 55 kHz. Two injection-locking schemes were
explored to narrow the optical linewidths and stabilize the repetition rate.

In the first scheme, the laser was hybrid mode-locked by applying a 4.71 GHz RF signal (5 dBm)
to the saturable absorber, combined with injection of the 50 kHz-linewidth continuous wave seed
at 0.6 mW on-chip power. This achieved coherence across 30 comb lines and sub-hertz RF beat
notes for the six modes nearest the seed. The second configuration avoided the need for hybrid
mode-locking by injecting a modulated seed (11 dB depth at the 4.71 GHz repetition rate) into the
passively mode-locked laser at 0.1 mW on-chip power. This reduced the RF linewidth to sub-hertz
levels and confirmed coherence over >55 modes spanning ~2.1 nm. Excessive injection (~1 mW)

caused collapse to single-mode operation.
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Figure 1.7: (a) Schematic of the linear cavity colliding pulse mode-locked laser structure: two p-TP SOAs

and a SA are placed in the middle of the cavity, while on the left and right side are defined DBRs and

[sgzlgal waveguides [51]. (b) MLL architecture with view of the printed booster amplifier and l1I/V SOA gain
The work in [52], presents a heterogeneously integrated I11-V on SiN mode-locked laser operating
at a 3 GHz repetition rate, combined with a co-integrated booster amplifier for significant output
power enhancement. The laser is built on a low-loss SiN waveguide platform and uses a symmetric
ring topology to form a colliding-pulse mode-locked laser. To overcome the large refractive index
mismatch between the low-index SiN waveguides and the high-index III-V gain material, a thin
silicon interposer coupon is micro-transfer printed directly above the SiN waveguide inside a
locally etched recess. After printing, the silicon layer is patterned into adiabatic tapers (tip width
120 nm) that transfer the optical mode evanescently from the SiN waveguide up into the silicon,
and subsequently into the III-V amplifier mesa. This tapered silicon intermediate layer enables
efficient, broadband coupling with simulated transmission above 95% even for lateral
misalignments up to 500 nm (a more detailed analysis on these taper structures will be detailed in
Section 1.5).
The laser cavity includes two 2 cm long SiN spirals, a 2.5 mm multi-quantum-well semiconductor
optical amplifier, and a 100 um reverse-biased saturable absorber. An additional identical II1I-V
SOA is micro-transfer printed on one output arm as a booster amplifier, which amplifies the comb
output by up to 10.5 dB, as depicted in Fig. 1.7(b).
The on-chip average power reaches 11 dBm (4.2 pJ pulse energy), and the optical 10 dB bandwidth
is nearly 10 nm. The fundamental RF linewidth is 1.4 kHz in passive mode locking, and hybrid
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mode locking reduces the integrated timing jitter to 3.5 ps (10 kHz—1 MHz). The laser operates

stably for 48 continuous hours.

1.4.4 Heterogeneous integration: bonding

The primary distinction in III-V on silicon integration lies between die-level and wafer-level
bonding. In die-level bonding, individual III-V dies are attached to a silicon photonic wafer,
preserving flexibility in placement and enabling the use of pre-selected known good dies. In
contrast, wafer-level bonding involves attaching an entire III-V wafer to a silicon wafer early in
the fabrication process, enabling lithographically aligned co-fabrication of active and passive
components and supporting higher integration density and scalability.

Within heterogeneous integration [1],[2],[4],[53], three main assembly schemes are typically
identified: wafer-to-wafer, die-to-wafer, and die-to-die bonding. Wafer-to-wafer bonding offers
the highest throughput and alignment accuracy due to parallel processing, but suffers from yield
limitations, as defective regions on either wafer cannot be avoided. This issue is exacerbated by
the size mismatch between III-V and silicon wafers, which increases material waste and cost.
Die-to-wafer bonding provides a balance between scalability and yield, as it allows the selection
of known good dies prior to bonding, reducing the impact of defects and avoiding unnecessary
consumption of expensive III-V material. Die-to-die bonding shares the same yield advantage but
has the lowest throughput, making it suitable mainly for low-volume or highly customized
applications. Cost—yield analyses [53] indicate that wafer-to-wafer bonding is only advantageous
under conditions of very low defect density and small die size, while die-to-wafer bonding
becomes more favorable as defectivity or die size increases. In all cases, defect density remains
the dominant cost factor, with throughput playing a secondary role.

To address throughput limitations of die-based approaches, collective die-to-wafer (CoD2W)
bonding has been introduced [54],[55].

This method enables the simultaneous transfer and bonding of multiple dies, combining the yield
benefits of known good die selection with improved manufacturing efficiency. Additionally, it
allows selective placement of III-V material only where active functionality is required, reducing
material consumption and supporting cost-effective large-scale integration. For these reasons, the
following section focuses on die-to-wafer bonding approaches based on covalent and adhesive
mechanisms, which are more compatible with photonic device requirements and front-end
integration. Metallic bonding is not treated further, as its associated optical losses, interdiffusion
effects, and more restrictive processing conditions make it less suitable for the realization of low-

loss, high-performance photonic integrated circuits.
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1.4.4.1 Covalent wafer bonding

Among heterogeneous integration strategies for III-V/Si photonic platforms, covalent wafer
bonding [3],[56],[57] (CWB), also known as direct or hydrophilic wafer bonding, has become the
benchmark technique due to its ultrathin inorganic interface, high bond strength, and excellent
optical and mechanical reliability. This process relies on the reactivity of hydroxyl-terminated
surfaces: both the III-V and silicon wafers are prepared with oxide-covered, OH-passivated
surfaces, either native or intentionally deposited (e.g., SiO:2 or, in some cases, Al0Os).
When brought into contact at room temperature, these surfaces form a dense network of hydrogen
bonds mediated by —OH groups and adsorbed water molecules.

A subsequent low-temperature annealing step, typically performed at 250—400 °C under an applied
pressure of approximately 1-2 MPa, drives dehydration and condensation reactions that convert
hydrogen bonds into covalent Si—O—Si or M—O-Si linkages. This process densifies the interfacial
oxide and yields a hermetic, mechanically robust interface with sub-nanometer roughness
tolerance and negligible additional optical loss. Compared to earlier hydrophobic wafer fusion
approaches, which require annealing temperatures above 600 °C and can degrade I1I-V material
quality, hydrophilic bonding achieves comparable bond strength at CMOS-compatible
temperatures while better accommodating the thermal expansion mismatch between InP (2.6x107°
K™) and silicon (4.5-5.0x10° K™'), provided that film thickness and stress are properly
engineered.

In a typical process flow for InP-on-SOI integration, the native oxides on both wafers are first
removed to produce smooth hydrophobic surfaces. An ultrathin oxide layer (~1-15 nm), rich in
reactive Si-OH or M—OH groups, is then formed via O: plasma oxidation or chemical vapour
deposition of Si02.. When thicker oxides are used, chemical-mechanical polishing (CMP) ensures
that the root mean square (RMS) roughness is reduced below approximately 1 nm, enabling high-
yield spontaneous bonding.

A wet chemical activation step generates hydrophilic OH-terminated surfaces. Upon contact,
spontaneous bonding occurs at room temperature through hydrogen bonding and van der Waals
interactions. During subsequent annealing (~300 °C for 1-10 hours), gaseous by-products such as
H: and H:O are released as the interface densifies. If not properly managed, these species can
accumulate and form interfacial voids, particularly when using ultrathin (<20 nm) oxide layers
required to maintain strong optical and thermal coupling between the III-V gain region and the

silicon waveguide.
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Figure 1.8: Schematic of the main CWB processes [56]. Cross-section-based fabrication flow of a
heterogeneous silicon/InP laser: (A) processed SOI waveguide, (B) after bonding and InP substrate
removal, (C) after lll-V mesa etch, (D) after bottom n-metal and via-oxide formation, and (E) final device
with top p-metal and isolation implant [57].
To mitigate void formation, vertical outgassing channels (VOCs) are typically etched through the
silicon device layer down to the buried oxide prior to bonding [56]. These micrometer-scale vias
provide diffusion pathways and local sinks for trapped gases, enabling void-free bonding over
more than 98% of the wafer area even under low-temperature annealing conditions.

After bonding, the InP substrate is selectively removed via wet etching, leaving a thin (~2 um)

InP-based epitaxial stack bonded to the SOI wafer.

1.4.4.2 CWB ECLs

The work in [58] has demonstrated a widely tunable C-band laser using a coupled-ring-resonator
(CRR) mirror architecture. In this design, the cavity is formed by two pairs of coupled ring

resonators placed on either side of a III-V SOA, with slightly different ring circumferences (471
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um and 513 pum) exploited to realize Vernier-effect tuning. Thermal control of the ring pairs
enables a coarse tuning range of 29 nm, while the omission of a drop-port bus waveguide
concentrates the output power into two ports. The schematic of the proposed HECL is illustrated
In Fig. 1.9(a). The CRR mirror simultaneously provides an effective cavity-length enhancement
and an optical negative-feedback mechanism when lasing occurs on the long-wavelength side of
the ring resonance, leading to a significantly reduced linewidth of 160 kHz and a side-mode
suppression ratio (SMSR) exceeding 40 dB across the full tuning range. The device delivers more
than 15 mW of output power with a threshold current of 56 mA.

Moreover, high-coherence distributed-feedback (DFB) lasers have been realized on this
heterogeneous platform by fundamentally decoupling the photon resonator from the lossy active
medium. This is achieved through a tailored design strategy, as detailed by Santis et al. [59], in
which a low-refractive-index spacer layer is introduced between the I1I-V gain material and the
underlying high-Q silicon resonator based on a one-dimensional photonic crystal design (Fig.
1.9(b)).

This configuration serves two key functions. First, it significantly reduces the modal overlap with
the lossy III-V region, increasing the loaded cavity quality factor Q. Second, it suppresses
spontaneous emission into the lasing mode by reducing the normalized modal energy intensity
within the active region. Experimentally, increasing the spacer thickness leads to a progressive
reduction in the quantum noise-limited linewidth. In the optimized device, most of the optical
mode is confined in the low-loss silicon waveguide (95%), with only a small fraction residing in
the III-V material and an even smaller portion in the quantum wells (0.2%). As a result, this
design achieves a record-low intrinsic Lorentzian linewidth (< 1 kHz) for a free-running
semiconductor laser, nearly three orders of magnitude lower than that of a conventional DFB laser
operating at the same pump offset. CWB has also enabled the generation of optical frequency
combs characterized by 900 fs pulses with a peak power of 98 mW and a narrow RF linewidth of
1.1 kHz at a 20 GHz repetition rate, demonstrating simultaneous high peak power, short pulse
duration, and excellent spectral purity [20].

Fig. 1.9(c) shows the architecture of an optimized colliding-pulse design, integrating a 2 mm long
III-V gain section with a centrally located saturable absorber, passive silicon waveguides, and on-
chip Sagnac loop mirrors. The structure incorporates a three-section adiabatic taper to enable a
low-loss transition between active and passive regions, along with a spline-shaped Sagnac loop
mirror featuring a minimum bend radius of 3 pm to reduce propagation loss and suppress parasitic

modes.
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Figure 1.9: (a) Widely tunable C-band laser using coupled-ring-resonator (CRR) mirrors around a Ill-V
SOA, exploiting Vernier-effect thermal tuning [58]. (b) Heterogeneous DFB laser based on IlI-V gain and
high-Q silicon PCR: (A), (B) cross-section of the llI-V/Si waveguide, (C) view of the 1D PCR [59]. (c)
Colliding-pulse MLL combining a lll-V gain section with a central SA, passive Si waveguides, and on-chip
Sagnac loop mirrors: (top) fabricated device view, (bottom) schematic of the HECL [20].

1.4.4.3 Adhesive wafer bonding

Adhesive wafer bonding (AWB) [3], [60-62] is widely used to transfer compound semiconductors
onto silicon photonic platforms because the adhesive layer naturally planarizes the surface,
relaxing both cleanliness and surface-roughness requirements and thus significantly simplifying
bonding preparation and defect sensitivity compared with covalent bonding. Most work relies on
DVS-BCB (divinylsiloxane-bis-benzocyclobutene), a thermosetting polymer.

The silicon surface is first encapsulated in silica and CMP-planarized, an adhesion promoter is
spin-coated, followed by spin-coating of the BCB layer, which is then baked at low temperature
to remove solvents before bonding under uniform pressure in nitrogen at temperatures below about

250 °C for roughly an hour to complete polymerization. This polymer bonding approach can
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effectively planarize wafer topography, protect patterned features, and has demonstrated
interfacial polymer layers thinner than 50 nm, but large-scale deployment must consider polymer
thickness uniformity, compatibility with subsequent processing, and long-term stability, since
BCB can degrade over time and is generally less durable than direct molecular bonds.

In addition, in all bonding methods, including adhesive bonding, a thermal anneal at elevated
temperature is required to achieve a strong bond, which makes careful management of
thermomechanical stress essential due to the mismatch in coefficients of thermal expansion
between materials such as Si (2.6 x 107¢/°C), InP (4.8 x 107¢/°C), and GaAs (5.7 x 107¢/°C).

The DVS-BCB adhesive bonding process is defined in the schematic in Figure 1.10.
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Figure 1.10: 1I-V/Silicon AWB integration: steps of heterogeneous DVS-BCB bonding fabrication [60].

Prior to bonding, the SOI surface is cleaned, while the I11-V dies (InP/InGaAsP, previously cleaved
and mounted epi-side up on a glass carrier) are cleaned and sacrificial layers are selectively etched
to remove organics and particles and to expose a fresh surface. Next, an adhesion promoter is spin
coated on the SOI, and a diluted DVS-BCB solution diluted is spin coated either on the III-V dies
or the SOI wafer to obtain an ultra-thin bonding layer (typically <100 nm), thin enough to give
good optical and thermal coupling despite the SOI topography.

The solvent evaporation and partial polymerization steps in Figure 1.10 correspond to a pre-bake
around 150 °C, which evaporates the solvents and partially polymerizes the DVS-BCB, making it
more solid-like and improving thickness uniformity while avoiding void formation in the final
bond.

While in the die attachment and release of glass carrier step in Figure 1.10, the cleaned III-V die
is aligned and brought epi-side down onto the SOI wafer, typically in a wafer bonder. After
pumping to vacuum and heating to about 150 °C, pressure (~300 kPa) is applied while the glass
carrier is released, leaving the III-V die bonded on top of the partially cured BCB layer. In the

final step, the stack is heated to around 280 °C for about one hour under pressure, fully curing the
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DVS-BCB, the III-V substrate can then be removed by grinding and wet etching, leaving a thin
III-V membrane on the SOI platform.

1.4.4.4 AWB ECLs

Adhesive bonding of III-V gain materials onto silicon photonic integrated circuits using
DVS-BCB has enabled high-performance mode-locked lasers, demonstrating short pulses, stable
repetition rates, and efficient frequency-comb generation.

Keyvaninia et al. in [63] demonstrated III-V-on-silicon mode-locked lasers by bonding an
InGaAsP multiple-quantum-well (MQW) stack onto a 400 nm silicon-on-insulator waveguide

circuit using a ~40 nm DVS-BCB adhesive layer, as schematically illustrated in Fig. 1.11(a).
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Figure 1.11: (a) Cross-section view of the AWB-based fabricated waveguide. (b) Schematic of the linear
cavity colliding pulse MLL architecture. (c) Microscope image of the fabricated device [63].

The low-loss silicon waveguides (~0.7 dB/cm at 1550 nm) enable long on-chip cavities, while
efficient I1I-V/Si coupling is achieved through a spot-size converter composed of a 150-pm-long
III-V mesa taper (from 3 pum to a 500-nm tip) and a complementary inverse silicon taper.
In the linear colliding-pulse configuration (Fig. 1.12(a)), a 100 pm saturable absorber is positioned
symmetrically between two 430 um SOAs, with first-order DBR mirrors defining the cavity, and
the remaining path length implemented in centimeter-scale silicon waveguides to obtain a

repetition rate of ~4.7 GHz. The schematic depicting the optical components constituting the
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external-cavity is represented in Fig. 1.11 (b), while the camera view of the implemented
heterogeneous HECL is shown in Fig. 1.11(c). This device generates pulses as short as 1.5 ps with
a 3 dB optical bandwidth of ~9 nm and exhibits an RF linewidth of about 12 kHz.

Conversely, a ring-cavity geometry, whose schematic is reported inn Fig. 1.12(b), has enabled
suppression of the spurious RF tones at half the repetition rate by routing the cavity through a ~1.3
cm silicon loop, combined with longer SOAs (~790 um) and a 180 um saturable absorber. In this
case, the optical bandwidth is reduced to ~2.5 nm, but the RF linewidth remains low (=16 kHz).
Both the linear and ring configurations can also operate in a hybrid mode-locking regime by RF
modulating the saturable absorber section, in this condition, the timing jitter in the linear

colliding-pulse cavity is reduced to approximately 353 fs.
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Figure 1.12: Layouts of Ill-V-on-silicon mode-locked laser cavities: (a) linear colliding-pulse
configuration, (b) ring-cavity configuration, and (c) linear anti-colliding-pulse configuration [61].

Wang et al. [64] extended the adhesive-bonding approach to realize a III-V-on-silicon
mode-locked laser operating at a record-low fundamental repetition rate of 1GHz, for
high-resolution dual-comb spectroscopy applications. The overall external-cavity laser layout is
illustrated in Figure 1.13(c). The implemented mode-locking system follows the anti-colliding-
pulse configuration depicted in Fig. 1.12(c). The cavity incorporates a long low-loss silicon spiral
waveguide integrated with the bonded III-V gain and saturable absorber sections, while the
reflectors are based on a full-feedback DBR mirror, defined at one end of the cavity, and a
partial-feedback DBR mirror integrated directly beneath the saturable absorber, as shown
schematically in Fig. 1.13(a),(b). Placing the saturable absorber directly above the output coupler,
as indicated in both figures, enhances the extraction efficiency and leads to higher output power,

reduced timing jitter, and improved RF spectral purity compared with a conventional
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colliding-pulse design. A 37.4 mm-long low-loss silicon spiral waveguide provides the dominant
cavity length and enables the 1 GHz repetition rate.

The active section comprises an 800 um-long semiconductor optical amplifier and a 40 pm-long
saturable absorber, with adiabatic spot-size converters coupling the hybrid III-V/Si waveguide to
the passive silicon spiral. At the optimal bias point (injection current 91 mA, saturable absorber
reverse bias —2.6 V), the passively mode-locked laser generated an optical frequency comb with a
10-dB optical bandwidth of approximately 12 nm and a fundamental RF linewidth below 900 Hz
(10-dB) at 1.009 GHz. The combination of the broad spectrum and the narrow mode spacing
produced a dense comb containing over 1400 equally spaced optical lines. The longitudinal mode
linewidth was measured to be below 400 kHz across the entire comb span. The laser was further
stabilized via hybrid mode-locking by applying an RF signal to the saturable absorber; under these
conditions the fundamental RF tone narrowed to sub-Hz linewidth while preserving the broad
comb spectrum, demonstrating the viability of this adhesive-bonded III-V-on-silicon platform as

a compact, chip-scale frequency comb source for precision spectroscopy and metrology.
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Figure 1.13: Top- and side-view renderings of the anti-colliding mode-locked laser are shown in (a) and
(b), while (c) presents a microscope image of the lll-V-on-silicon device with insets highlighting
microscope images of key cavity components [64].

1.5 Optical coupling

This section introduces the various approaches used to realize optical coupling in hybrid laser
systems, that is, the mechanisms by which the optical field generated in the active gain section is
transferred into the passive resonator or routing circuitry on the photonic integrated circuit. The
focus of this discussion is intentionally placed on coupling physics and geometrical design, rather
than on the specific integration technology. This distinction is motivated by the fact that a given

material platform (e.g., silicon, silicon nitride, or III-V-on-silicon) can, in principle, be realized
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through different integration approaches while still supporting similar coupling schemes, or
conversely, may not be restricted to a single coupling strategy.

Separating these two aspects highlights that the fabrication and assembly methodology is
conceptually distinct from the mechanism by which the optical mode is transferred between the
gain and passive sections. In line with the overall goal of this thesis, namely, to chart the pathway
toward fiber-free hybrid external-cavity laser integration, as will be demonstrated in Chapter 5,
the discussion concentrates on three main coupling families: butt-coupling, vertical coupling, and
evanescent coupling. Butt-coupling refers to direct, facet-to-facet transfer of the optical mode
between adjacent waveguides; vertical coupling encompasses grating-based and surface-normal
schemes where light is coupled out of plane into an overlying or underlying device; evanescent
coupling relies on distributed power transfer between overlapping guided modes in closely spaced
waveguides. The coupling method is also important for the optimization of the output collection
in the laser, but this is generally implemented as butt-coupled and vertically coupled PIC-to fiber
techniques.

Specifically in heterogeneous III-V-on-silicon devices, the optical mode in the active region
extends over both the III-V stack and the underlying silicon waveguide, and its confinement can
be engineered primarily via the silicon waveguide width and height.

The transition between the two active and passive cores is a critical part of the laser: it must provide
low insertion loss, low parasitic reflections, minimal excitation of higher-order modes, and
sufficiently broad optical bandwidth for the targeted application.

Different interface concepts have been explored, including lateral and vertical directional couplers,
grating-assisted couplers, and adiabatic tapers, with taper-based schemes being widely adopted in
state-of-the-art heterogeneous lasers because they can be designed essentially reflection-free and

very broadband.

1.5.1 Vertical coupling

Vertical coupling refers to out-of-plane optical transfer between the active gain section and the
passive photonic circuit. In this case, the optical field is transferred between vertically separated
photonic layers rather than through an in-plane facet interface.

This coupling scheme is particularly relevant in compact 3D hybrid assemblies, including flip-
chip implementations, and is commonly realized through grating couplers, vertically resonant
structures, or more specialized solutions such as cantilever couplers. In these architectures,
coupling efficiency is governed by the overlap between the vertically emitted or redirected field

and the receiving guided mode, and is therefore affected by vertical spacing, layer geometry,
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diffraction strength, and alignment tolerance. Specifically, vertical coupling is attractive for
multilayer integration because it removes the need for edge access and is compatible with compact,
vertically stacked integration of light sources and photonic waveguides [65-69].

Grating couplers are widely used to vertically interface silicon waveguides with bonded -V
devices such as photodetectors and VCSELs. A subwavelength grating etched into the silicon layer
diffracts the guided mode upward into the I1I-V stack. The key metric is directionality, defined as
the fraction of diffracted power emitted upward, which depends on grating parameters (period,
etch depth, duty cycle) and on interference effects caused by reflections at the bonding interface
and substrate [61]. In bonded III-V photodetectors, the silicon grating, the bonding layer, the 111
V stack, and the buried oxide form a vertical cavity; thus, the precise position of the grating within
this cavity and the thicknesses of the intermediate layers strongly influence directionality and
hence coupling efficiency.

By optimizing the bonding and oxide thicknesses, or by introducing an anti-reflection coating
between the I1I-V and the bonding polymer, unwanted cavity effects can be mitigated, yielding a
more robust grating response over wavelength and process variations. Compared with edge or
evanescent tapers, such vertical grating interfaces typically offer relaxed in-plane alignment
tolerances (on the order of several micrometers for a 1 dB penalty) and the freedom to place the
III-V device almost anywhere on the PIC surface, at the cost of somewhat higher minimum

insertion loss in many implementations [70].

1.5.2 Butt coupling

Butt coupling is an in-plane, facet-to-facet coupling scheme in which the optical mode emitted by
one waveguide is launched directly into another waveguide that is aligned edge-to-edge. In the
context of hybrid external-cavity lasers, this is one of the most widely adopted mechanisms: a
discrete III-V gain chip is positioned at the edge of a silicon or silicon-nitride PIC, and the laser
output is injected straight into the passive core of the resonator or routing circuit. The coupling
efficiency is set primarily by the overlap between the mode profiles on the two sides of the
interface and by parasitic Fresnel reflections at the chip facet; consequently, it is strongly affected
by mode-field mismatch, facet quality and roughness, any residual air gap between the chips, and
sub-micrometer lateral and vertical misalignment.

To alleviate these constraints, butt-coupled interfaces are almost always paired with dedicated
mode-conversion structures on the passive side. Typical examples include inverse tapers, trident
tapers, SiN-assisted spot-size converters, multilayer taper sections, and graded-index or

MMI-based converters that expand and reshape the on-chip mode to better match the larger, more
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weakly confined mode emitted by the III-V ridge waveguide [71-76]. In silicon photonics, such
edge-coupled mode converters are designed to transform the small, high-index contrast mode of a
silicon or SiN wire into a broader mode with an effective index and mode-field diameter closer to
that of the III-V gain facet, thereby improving overlap and reducing coupling loss. This often
requires taper lengths of order 100-300 pm and carefully cleaved or polished facets, and the
resulting performance remains highly sensitive to the alignment and stability of the assembled
chips. For this reason, butt-coupled schemes place stringent demands not only on the optical design
of the mode converters but also on the mechanical packaging, thermal-expansion management,
and long-term reliability of the hybrid laser assembly. The coupling mechanism is dominated by
the direct overlap of the fundamental modes at the facet, so efficient operation requires
sub-micrometer lateral and vertical alignment, excellent facet quality, and stable control of any
residual gap between chips. In practice, this often necessitates dedicated packaging solutions, such
as Kovar butterfly packages and carefully engineered mounts, to ensure that thermal cycling and
long-term drift do not degrade the alignment or increase insertion loss over the device lifetime.
In this framework, demonstrations of engineered mode-converters for butt-coupling are described
below. In [77], the hybrid mode-locked laser consists of an active InP chip butt-coupled to a
passive SiN photonic circuit, forming an external-cavity. The InP chip provides gain and pulse
formation through a self-colliding configuration that includes a multimode interference reflector
(MIR) acting as one cavity mirror, followed by a 50 pm saturable absorber, an 850 um gain
section, a 1x1 MMI filter to enforce single-mode operation, and a 7° angled output facet to
suppress back-reflections. Light from the InP waveguide is coupled into the SiN chip via an
intermediate SU-8 polymer edge coupler, which compensates for mode mismatch and provides
high coupling efficiency and alignment tolerance. Within the passive chip, light is transferred from
the SiN waveguide to the SU-8 waveguide through an inverse taper, allowing adiabatic mode
expansion and efficient coupling. The SiN circuit includes a spiral waveguide (with length ranging
from 1.2 mm to 3 cm) that forms the external-cavity and provides optical delay. At the end of this
cavity, a Sagnac reflector with approximately 70% reflectivity feedback toward the InP chip to
sustain lasing, while the remaining portion is routed to the output via a second SU-8 mode
converter and collected with a lensed fiber.

The passive SiN chip is fabricated on a 300 nm SiN layer over 3.3 pm SiO: on a silicon substrate,
with air-clad waveguides defined by e-beam lithography and reactive ion etching. Efficient and
alignment-tolerant coupling to the InP chip (mode size = 2.8 pm % 0.96 pm) is achieved through a
polymer-based SU-8 edge coupler, which serves as an intermediate mode adapter. A ~875 nm-

thick SU-8 layer is spin-coated and patterned into a 3.8 pm-wide waveguide featuring an angled
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facet (15.2°) that matches the emission angle of the InP facet, thereby minimizing reflection and
improving coupling efficiency.

Critically, light transfer from the SiN waveguide to the SU-8 coupler is enabled by an inverse taper
in the SiN layer: as the SiN waveguide width is gradually reduced, the optical mode expands and
shifts into the overlaid SU-8 waveguide through evanescent coupling. This adiabatic transition
allows the initially tightly confined SiN mode to evolve into a larger, more symmetric mode
supported by the SU-8, which is better matched to the InP waveguide. The resulting overlap
between the InP and SU-8 fundamental TE modes reaches ~90%, with alignment tolerances of
+500 nm horizontally and +250 nm vertically for maintaining high coupling efficiency (85-90%).
The SU-8 thickness is relatively non-critical, provided it remains within the 0.8—1.5 um range to

ensure proper mode confinement and avoid cutoff.
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Figure 1.14: (a) Schematic of the hybrid external-cavity laser architecture. (b) Schematic of the taper
in the SiN layer to match the SU-8 waveguide mode [77].
Within the butt-coupling approach, photonic wire bonding (PWB) can be viewed as an evolution
of the conventional two-chip butt-coupled HECL architecture [78]. Rather than allowing the
optical field to propagate across a short unguided air gap, a three-dimensional polymer waveguide
is directly written between the gain-chip facet and the passive waveguide input, effectively
replacing the free-space section with a tailored guided interconnect.
This approach preserves the modularity and flexibility of chip-to-chip hybrid integration while
significantly improving the robustness of the optical interface. From a device engineering

standpoint, it mitigates key limitations such as sensitivity to placement accuracy, beam divergence,
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and modal mismatch between the I1I-V output and the passive waveguide. Moreover, because the
wire bond can be shaped to accommodate actual chip positions and engineered for mode-size
adaptation, it relaxes alignment tolerances and enhances coupling efficiency between the two
sections [79],[80]. The work [42], previously reported in Fig. 1.4, demonstrates an InP RSOA and
a low-loss SiN PIC co-packaged and interconnected via a 3D photonic wire bond bridging a few
hundred micrometers, reducing alignment sensitivity compared to butt-coupling while maintaining

low insertion loss (=1.6 dB).
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Figure 1.15: (a) Two-chip butt-coupled HECL and it is compact integration in a Kovar butterfly package
[28]. PWB-based coupling between RSOA gain and external-cavity: zoom-in of the PWB component by
means of a microscope image [42].

1.5.3 Evanescent coupling

Evanescent coupling [81],[82], relies on the overlap of the evanescent tails of adjacent active and
passive optical modes over a finite interaction length, rather than on transmission across a discrete
facet interface. When the I1I-V active region is brought sufficiently close to the silicon photonic
waveguide, optical power is transferred through the evanescent field of the guided mode, which
extends into and overlaps with the neighboring waveguide. This approach is particularly well
suited to bonded III-V-on-silicon platforms [55], [83-86], where coupling is defined by the
multilayer stack geometry instead of post-assembly facet alignment.

Within this framework, adiabatic taper interfaces represent the most widely adopted and effective
implementation of III-V/Si evanescent coupling. In heterogencous III-V-on-Si devices, the
optical mode is initially strongly confined within the I1I-V ridge to ensure efficient gain, resulting
in a substantial wavevector mismatch with the tightly confined silicon waveguide mode. By

gradually tapering the width, and in some designs, also the thickness of the I1I-V waveguide and/or
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the silicon core, the effective index of the hybrid supermode is smoothly transitioned from III-V-
like to silicon-like. This enables a progressive transfer of the optical field into the passive silicon
waveguide.

If the structural variation along the propagation direction is sufficiently gradual, the taper operates
in the adiabatic regime, where the fundamental mode evolves continuously without significant
coupling to higher-order or radiation modes, thereby minimizing reflections and radiation losses.
In practice, double- or multi-section adiabatic tapers are often employed. An initial section
typically reduces the III-V ridge width from several micrometers to approximately one
micrometer, enhancing mode confinement and reducing the effective index mismatch with the
silicon waveguide.

A subsequent section then tapers both waveguides to complete the mode transfer into the silicon
core. When properly optimized, such mode converters can achieve sub-dB insertion loss over
broad wavelength ranges, with negligible parasitic feedback, an essential requirement for
heterogeneous external-cavity or DFB/DBR lasers, which are highly sensitive to spurious
reflections. The coupling efficiency in these evanescent and adiabatic schemes is primarily
governed by the vertical separation between layers, the interaction length, and the taper geometry.
Consequently, the most critical fabrication tolerances relate to bonding thickness, waveguide
dimensions, and overall stack uniformity, all of which can be effectively controlled within CMOS-
compatible processes.

Compared with butt coupling, evanescent coupling thus provides a more intrinsic and scalable
route to active—passive co-integration, at the cost of tighter requirements on bonding quality and
vertical stack control rather than on post-packaging mechanical alignment.

Figure 1.16(a) shows the cross-section of the heterogeneously integrated I11/V-on-silicon-nitride
structure implemented in [52]. A SiN waveguide (300 nm thick) is embedded in a thick SiO:
cladding on a Si substrate. Locally, the oxide cladding is removed to create a recess. Inside this
recess, a 400-nm-thick silicon coupon is first micro-transfer-printed onto a 70-nm BCB adhesive
layer. On top of this silicon interposer, the III/V amplifier (containing the multi-quantum well
(MQW)) is printed. BCB enables a strong bond after curing. Light couples evanescently from the
low-index SiN waveguide (n~=1.95) into the silicon layer (n=3.4) and then vertically into the

III/V material.
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Figure 1.16: (a) Cross-section of the llI-V amplifier integrated above the SiN waveguide; a silicon taper
acts as adiabatic taper for the evanescent coupling between SiN and the Ill-V gain. (b) SEM image and
simulated mode profile showing evanescent coupling from the SiN to the Si taper [52].

Figure 1.16(b) provides a top-view scanning electron microscopy (SEM) image. A SiN waveguide
(visible at the bottom left) approaches the printed silicon coupon. On top of the silicon coupon lies
the III/V amplifier. The key element for efficient mode transfer is the silicon taper, which is
defined by electron-beam lithography after the transfer-printing step. The taper starts at the edge
of the silicon coupon where it first overlaps with the SiN waveguide; its width there is
approximately 2-3 um, matching the mode size of the SiN waveguide. Over a length of 81 um,
the taper adiabatically narrows down to a 120 nm tip at the opposite end, just before the I1I/V
active region. This long, shallow taper ensures that the optical mode is gradually transformed from
the SiN waveguide into the silicon layer with minimal loss. Simulations show a transmission
>95% and negligible reflections, with tolerance to lateral misalignments up to 500 nm. Defining
the taper after printing (rather than pre-patterning it) exploits the 100-nm alignment accuracy of
electron-beam lithography, relaxing the constraints on the micro-transfer-printing step.

A final example of evanescent coupling between the gain section of the heterogeneously integrated
III-V-on-silicon is reported in [86]. In this work, a three-part adiabatic coupling structure is
implemented to enable high-efficiency, broadband light transfer between the active III-V
membrane and the passive silicon waveguide. At the center, a III-V waveguide 2 um (or 3 um
wide) confines the optical mode within the quantum-well stack and is etched through the active

layer to facilitate n-type contact access. On both sides of this central region, an inverted taper
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coupler is implemented in two sequential stages. Taper I reduces the III-V mesa width more
abruptly, from 2 pm (or 3 pm) to 900 nm over 30 um (or 50 pm).

Subsequently, Taper Il gradually narrows the III-V mesa from 900 nm down to 300 nm over a
length of 150 um. Critically, during this same Taper II section, the underlying SOI rib waveguide
is also tapered, but in the opposite direction: its width increases from 300 nm to 1 pm over the
identical 150 um length. This concurrent, inverse tapering of the III-V and SOI waveguides
ensures adiabatic mode transfer with minimal loss. After the coupling region, light propagates in
a 400-nm-thick silicon rib waveguide, which is then converted to a 220-nm-thick silicon device

layer via a low-loss waveguide transition (30 pm length, 100 nm tip width).

_— Tapered III-V active device

/— SiOx bonding layer

( ) Actual length Taper | Taper Il
T i
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Figure 1.17: (a) Three-dimensional view of the three-levels taper coupling structure. (b) Top view of the
adiabatic coupler: detailed sections of the tapers and layers [86].

1.6 SOTA of multi-wavelength lasers

This section reviews the state of the art in multi-wavelength laser sources, with particular focus on
mode-locked lasers and optical frequency combs, which represent key approaches for generating

stable and coherent multi-line spectra.

1.6.1 Mode-locked lasers

Mode-locking is the process through which the longitudinal modes of a laser cavity are forced to
oscillate with a fixed phase relation. As a result, the laser output is no longer determined by
independently oscillating cavity resonances, but by their coherent superposition.

In the time domain, this produces a stable train of ultrashort optical pulses, typically in the

picosecond or femtosecond regime; in the frequency domain, it gives rise to a set of equally spaced
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spectral lines [87]. For this reason, mode-locked lasers (MLLs) can be regarded at the same time
as short-pulse sources and coherent multi-line optical emitters.

The most common classification distinguishes active and passive MLLs. In active mode-locking,
an external electrical signal drives an intracavity modulator that periodically changes the cavity
loss or phase at the round-trip frequency, or at one of its harmonics.

This approach is particularly effective for achieving high repetition rates, although the generated
pulses whose widths are often longer than those obtained in passive schemes. A recent example
[88] has been performed by considering lithium-niobate (LN) platform, where electrical phase
modulation enabled 10 GHz operation with pulse widths around 4.8 ps and pulse energies above
2.6 pJ, showing the potential of electro-optic integrated platforms for highly controllable active
mode-locking. Graphene-assisted silicon-photonic devices [89] have also recently demonstrated
active mode-locking at 4 and 10 GHz, motivated in particular by applications such as low-jitter
clock generation for high-speed analog-to-digital conversion.

In passive mode-locking, pulse formation occurs without an external electronic clock signal and
instead relies on an intensity-dependent intracavity element, most commonly a saturable absorber
(SA). SA introduces lower loss for intense light than for weak background fluctuations, thereby
favoring the buildup of short pulses while suppressing low-intensity noise.

In this sense, the saturable absorber is the key physical element of passive mode-locking: as the
optical intensity increases, its absorption decreases, so high-peak-power fluctuations experience
less loss and are preferentially amplified over successive cavity round trips, whereas weak noise-
like components remain strongly attenuated. Through this mechanism, the absorber promotes
pulsed operation and enables the phase-locking of the longitudinal modes.

A wide range of saturable absorber platforms has been investigated for this purpose, including
semiconductor saturable absorber mirrors (SESAMs) [90], carbon nanotubes [91],[92], two-
dimensional materials such as graphene [92], and even charcoal nanoparticles [93].

In integrated semiconductor lasers, the absorber is often implemented as an electrically isolated
section operated in reverse bias. Among the various material platforms, graphene has attracted
particular interest because of its broadband response, ultrafast recovery time, and compatibility
with scalable silicon-photonics fabrication.

Recent hybrid integrated extended-cavity lasers have demonstrated hybrid mode-locking and
absorber-free passive mode-locking. Hybrid mode-locking combines active and passive pulse-
shaping mechanisms within the same laser cavity and is often regarded as a particularly robust
approach to pulse generation. In this configuration, a passive element, typically a saturable

absorber, promotes pulse shortening, while an active modulator or external RF injection
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synchronizes the pulses and stabilizes the repetition rate. As a result, hybrid mode-locking brings
together some of the main advantages of both schemes, namely the high stability and
controllability of active mode-locking and the shorter pulse widths typically associated with
passive operation [94].

A notable example is the hybrid integrated MLL diode architecture in [77], that combines a III-V
active section with a low-loss SiN external-cavity reporting RF linewidths as low as 31 Hz at 2.18
GHz. At the same time, passive mode-locking does not always require a discrete saturable
absorber. Absorber-free passive mode-locking can arise from nonlinear intracavity processes such
as four-wave mixing (FWM), injection locking, or nonlinear polarization rotation (NPR), all of
which can induce phase correlation among the cavity modes and support short-pulse formation. In
these cases, phase locking originates from frequency-selective feedback and nonlinear cavity
dynamics rather than from a dedicated absorber section. NPR, for example, relies on the Kerr
nonlinearity of a fiber combined with a polarizer to create an effective intensity-dependent loss
that favors pulse narrowing, whereas dissipative four-wave mixing (DFWM) exploits FWM
together with an intracavity optical resonator filter, such as MRRs, to generate high-repetition-rate
pulse trains. These approaches broaden the concept of passive mode-locking beyond conventional
saturable-absorber-based implementations, show that stable pulsed operation can also be achieved
through carefully engineered nonlinear dynamic and paves the way for heterogeneous platform-
based external cavities systems [20].

Recent InP-SiN extended-cavity laser based on Vernier filtering demonstrated absorber-free
operation around 500 MHz and, under hybrid stabilization, a detection-limited RF linewidth of
about 300 mHz [95]. These results are especially significant because they show that sub-GHz
mode-locking and very strong repetition-rate stabilization can be achieved even without a
dedicated saturable absorber, provided that the cavity filtering and feedback are sufficiently
selective.

The state of the art in passive integrated mode-locking increasingly relies on combining III-V gain
with low-loss passive waveguide technologies in order to extend the cavity, reduce the repetition
rate, and improve phase noise. I1I-V-on-silicon devices have already demonstrated very narrow
RF linewidths and dense comb spectra [96], including 1 GHz line spacing with more than 1000
optical modes and RF linewidths down to 150 Hz, which made these sources attractive for dual-
comb interferometry and spectroscopy. Earlier narrow-linewidth I1I-V-on-silicon extended-cavity
lasers also reported 1.5 ps pulses at repetition rates around 4.7 GHz, confirming the benefit of low-

loss passive feedback sections for noise reduction [63].
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A second important classification concerns the operating regime, namely continuous-wave mode-
locking (CWML) and Q-switched mode-locking (QSML). In CWML, the laser emits a regular and
nearly stationary pulse train, which is generally the desired regime for stable ultrafast operation.
In QSML, by contrast, short mode-locked pulses are modulated by a slower Q-switched envelope.
This regime typically appears when the intracavity pulse energy is insufficient to sustain stable
CWML, or when the balance among gain dynamics, absorber recovery, and cavity losses is not
yet optimized. QSML is therefore usually regarded as an intermediate or less stable regime,
whereas CWML corresponds to the fully developed mode-locked state. In this context, graphene-
based integrated absorbers have recently shown electrically tunable passive mode-locking,
offering useful control over insertion loss and absorber saturation to help reach stable CWML
operation.

Another standard classification distinguishes fundamentals from harmonic mode-locking. In
fundamental mode-locking, a single pulse circulates in the cavity during each round trip, so the
repetition rate is equal to the cavity free spectral range, (fzgp). In harmonic mode-locking, multiple
pulses coexist within the cavity, causing the repetition rate to become an integer multiple of the
fundamental value. This regime is particularly important when very high repetition rates are
required without reducing the cavity length to impractically small dimensions.

The integrated hybrid III-V/SiN long-cavity laser in [97], demonstrated passive mode-locking at
a low fundamental repetition rate of fRpp=~364 MHz, with more than 470 optical tones, and
harmonic mode-locking at 3.64 GHz with 8 ps pulses width. This low free spectral range (FSR)
architecture was explicitly proposed for optically assisted radar systems, where the laser can
operate as an optical RF frequency bank. At much higher repetition rates, passive harmonic mode-
locking based on dissipative four-wave mixing in a microring-assisted erbium-doped fiber laser
has reached 250 GHz with pulse widths as short as 875 fs [33], further highlighting the relevance

of harmonic mode-locking for sub-THz pulse generation.

1.6.2 Optical frequency combs

Mode-locked lasers constitute the earliest practical realization of optical frequency combs, since
they generate phase-locked pulse trains whose spectra consist of equally spaced and mutually
coherent lines [98]. The defining signature of mode locking is therefore the formation of a periodic
pulsed waveform in the time domain, produced by a fixed phase relationship among the
longitudinal modes of an active laser cavity. By contrast, the term optical frequency comb (OFC)

refers more generally to the spectral output, not implying time pulsed operation.
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Whereas early comb generation relied on intracavity mode-locking mechanisms, many
contemporary chip-scale comb platforms are instead driven by a continuous-wave pump laser and
generate comb lines through modulation or nonlinear frequency conversion. Within the broader
class of pump-conversion combs, electro-optic (EO) combs are associated primarily with y -
mediated processes, including the Pockels effect and, in advanced platforms, second-harmonic and
sum-frequency generation.

In these sources, a continuous-wave seed laser is transformed into a set of equally spaced and
mutually coherent spectral lines by externally driven electro-optic modulation, rather than by pulse
formation inside an active laser cavity. Accordingly, unlike mode-locked lasers, EO combs rely
on the nonlinear conversion of the seed field under an applied radiofrequency or microwave drive,
with the comb spacing directly determined by the electrical modulation frequency.

The underlying physical mechanism is the second-order nonlinearity y?, most notably through
the Pockels effect, whereby the refractive index of a non-centrosymmetric material varies linearly
with an applied electric field.

For this reason, thin-film lithium niobate (TFLN) and related electro-optic materials have emerged
as especially attractive platforms, owing to their strong Pockels response, high-speed operation,
and compatibility with resonant enhancement and integrated photonics [99-101].

A key advantage of EO combs is their tunable line spacing, since the comb repetition rate can be
selected and adjusted electronically via the external RF drive, rather than being fixed by the laser
cavity length or by the free spectral range of a passive resonator. Although conventional integrated
EO combs have often been limited by relatively modest pump-to-comb conversion efficiency,
recent resonant and coupled-resonator implementations in TFLN have shown substantial progress
toward broader bandwidth, higher efficiency, and shorter pulse generation.

Particularly, single-resonator EO combs in TFLN have enabled record-high comb bandwidths well
beyond earlier integrated demonstrations [102], while coupled-resonator EO-comb architectures
have achieved roughly two orders of magnitude improvement in conversion efficiency together
with a 2.2-fold increase in bandwidth and the generation of on-chip femtosecond pulses with
durations down to 336 fs [103]. More recently, hybrid Kerr—electro-optic comb generation on
TFLN has further extended the functionality of this platform by combining electro-optic control
with Kerr nonlinear dynamics in a single integrated device [104].

By contrast, micro-combs are governed predominantly by y®)nonlinearities, most notably the
Kerr effect. In this case, a high-Q passive resonator is pumped by a continuous-wave laser, and
the strong intracavity field drives parametric four-wave mixing and cascaded frequency

conversion, progressively redistributing the pump into a broadband set of mutually coherent comb
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lines separated by the resonator free spectral range. Thus, in analogy with EO combs, microcombs
are also fundamentally pump-conversion devices; however, the conversion mechanism is not
electro-optic modulation, but Kerr-mediated parametric interaction enhanced by cavity buildup
and strongly shaped by the resonator dispersion. The nonlinear dynamics of micro-resonator comb
formation, which depend critically on dispersion engineering and cavity detuning, are addressed

in the following section.

1.6.2.1 Microcomb generation in externally pumped resonators

In Kerr micro-resonators, optical frequency comb generation originates from the interaction
between a continuous-wave pump laser and a high-Q resonant cavity exhibiting third-order optical
nonlinearity. Under resonant field enhancement, the intracavity intensity can become sufficiently
large for the Kerr effect to induce parametric frequency conversion, transforming the
monochromatic pump into a series of equally spaced and mutually coherent spectral components,
as shown in Fig. 1.18. The spacing between adjacent comb lines is primarily set by the resonator
free spectral range.

The initial stage of this process is governed by degenerate four-wave mixing, in which two pump
photons are annihilated to generate a signal-idler pair while satisfying the condition 2w, = ws +
w;. For this process to become efficient, the cavity must simultaneously satisfy energy
conservation and phase matching, with the Kerr nonlinear phase shift compensating for the
dispersive phase mismatch. Comb initiation occurs when the resulting parametric gain overcomes
the total cavity losses, leading to the appearance of the first symmetric sidebands around the pump
resonance [103],[105]. Following the emergence of the primary parametric sidebands, further
nonlinear interactions take place through non-degenerate four-wave mixing between the pump,
the newly generated sidebands, and the additional frequency components that they seed. This
cascading process progressively broadens the optical spectrum, showing that microcomb
generation is not a single-step event but a multistage nonlinear evolution. In general, comb
formation begins with the appearance of primary sidebands, continues through the development
of secondary lines and sub-combs, and can ultimately evolve into a dense and coherent optical
frequency comb. The final spectral bandwidth and coherence are strongly influenced by cavity
dispersion, the pump conditions, and the pump-resonator detuning. The onset of this process is
commonly interpreted in terms of modulation instability (MI).

In Kerr micro-resonators, MI describes the breakup of the intracavity continuous-wave field into
discrete sidebands as a result of the interplay between Kerr nonlinearity and group-velocity

dispersion. From this perspective, modulation instability provides the dynamical route by which

41 |Pag.



Chapter 1: Hybrid external-cavity lasers

the first comb lines emerge from the pumped continuous-wave state, and it may be regarded as the

cavity-enhanced manifestation of degenerate four-wave mixing at the initial stage of comb

formation.
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Fig. 1.18: Schematic of optical frequency-comb generation in a micro-resonator. A continuous wave
pump excites a cavity resonance, initiating degenerate and then cascaded non-degenerate four-wave
mixing, which generates equally spaced comb lines with repetition rate f, and offset f;. In the bottom
panel, the blue peaks correspond to the discrete resonant modes of the microresonator, whereas the
green lines represent the ideally equidistant comb modes. The degree of overlap between these two
sets of modes determines the efficiency of comb generation and is progressively affected by cavity
dispersion, which modifies the resonator mode spacing across the spectrum. The picture is extracted
from Ref. [103].

Several physical parameters determine the efficiency, threshold, and stability of microcomb
generation. Among these parameters, the resonator quality factor Q governs the degree of
intracavity field enhancement and thus has a strong influence on the thresholds for parametric
oscillation and modulation instability. High-Q resonators are particularly advantageous, as they
significantly lower the pump power required to initiate comb generation.

The pump power is also a critical parameter, as the nonlinear gain must exceed the total cavity
loss for parametric sidebands to grow. The free spectral range sets the comb line spacing, while
the cavity linewidth and overall optical losses determine the resonance sharpness and the threshold
for parametric oscillation. The effective modal volume and the Kerr nonlinear coefficient further
control the strength of the nonlinear interaction, with smaller volume and stronger nonlinearity

generally favoring more efficient comb formation [105].
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A key control parameter is the laser-cavity detuning, defined as the frequency offset between the
pump laser and the cavity resonance, which determines the intra-cavity power buildup and,
consequently, strongly influences which nonlinear operating state can be accessed.

It is important to distinguish between the cold-cavity detuning, defined with respect to the
unperturbed resonance of the passive cavity, and the hot-cavity detuning, which includes
resonance shifts induced during operation by Kerr and thermal effects. In strongly driven micro-
resonators, these shifts can significantly displace the actual resonance from their cold-cavity value,
so that the true operating point differs markedly from the nominal detuning. [106-108].

Within this detuning-dependent landscape, the nonlinear dynamics of a Kerr micro-resonator
generally unfold through a sequence of intermediate states rather than through a direct transition
from continuous-wave pumping to a fully coherent comb state. When multiple sub-combs coexist
with slightly different offset frequencies or repetition rates, the system may enter a chaotic
modulation-instability regime characterized by enhanced radio-frequency noise, reduced temporal
coherence, and pronounced amplitude fluctuations. Upon further variation of the pump-resonator
detuning, this high-noise state can collapse abruptly into a coherent pulsed regime, a transition that
is frequently identified experimentally through discrete steps in the transmitted or intracavity
power and is widely associated with the formation of dissipative soliton states as shown in
Fig. 1.19. [102],[105],[106].

The accessibility and nature of these nonlinear states are governed by the dispersion landscape of
the resonator, since dispersion determines both the existence of modulation-instability gain and
the efficiency of phase matching for four-wave mixing [104],[105].

In the anomalous-dispersion regime, where 5, < 0, MI is naturally supported because the Kerr-
induced nonlinear phase shift can be balanced by negative group-velocity dispersion. This regime
therefore constitutes the conventional domain for bright Kerr combs and bright dissipative Kerr
solitons, including multi-soliton and single-soliton states. In the time domain, such states
correspond to localized high-intensity pulses circulating on top of a weak continuous background
within the resonator. Bright solitons produce flat and broad spectra, with a conversion efficiency
limited to around 1%, decreasing as the number of comb lines increases [109].

By contrast, in the normal-dispersion regime, where 8, > 0, conventional modulation instability
is generally suppressed because the phase-matching condition is not intrinsically satisfied and
often require auxiliary phase-matching mechanisms for comb initiation.

In this regard, comb formation may still occur when local effective anomalous dispersion is

introduced through mode coupling, avoided mode crossings, or other forms of dispersion
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engineering. Under these conditions, the coherent operating state is more commonly a dark-pulse

or dark-soliton-
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like structure rather than a bright soliton.
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Fig. 1.19: Dynamic evolution of mode-locked soliton formation in a micro-resonator: (a) Simulated
intracavity power trace showing soliton (green), breather (yellow), and no-soliton (red) states. (b)
Experimental soliton steps—pump transmission, spatiotemporal imaging, and cavity-frame intensity
patterns. Picture is extracted from Ref. [102].

Such states theoretically offer a high conversion efficiency of over 50% [110], while their spectra

are narrow and irregular. Near-zero-dispersion devices represent a dispersion-engineered subset

of Kerr microcombs rather than a distinct nonlinear mechanism, since comb generation still relies

on Kerr-mediated parametric frequency conversion. In such devices, the small magnitude of the

second-order dispersion enhances the relative impact of higher-order dispersion terms, which
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strongly influence phase matching, dispersive-wave emission, spectral shaping, and the accessible
nonlinear states [111-113].

Hybrid-assisted configurations, in which Kerr dynamics are modified by mode hybridization,
coupled resonators, Raman or Brillouin interactions, or the coexistence of Kerr and thermo-optic
effects, provide additional degrees of freedom for tailoring comb formation and coherent-state

accessibility [114].

1.6.2.2 Advanced microcombs generation

Representative recent studies show that Kerr microcomb platforms have expanded well beyond
the canonical single microring, encompassing Fabry—Pérot resonators with mirror-defined
dispersion, normal-dispersion coupled-ring architectures, photonic-molecule soliton systems, and
efficiency-optimized coupled anomalous-dispersion micro-resonators. Each mechanism modifies
the accessible comb states and performance characteristics in a distinct manner.

An early demonstration of dispersion-engineered Kerr microcombs in the normal-dispersion
regime was reported using a dual-coupled SiN microring platform, where comb initiation was not
driven by the natural anomalous-dispersion modulation-instability pathway but instead by
thermally controlled mode interactions between a main ring and an auxiliary ring [115]. In this
device, the main ring operated in a clearly normal-dispersion regime, while the auxiliary ring was
equipped with an integrated microheater that tuned its resonances to selectively split individual
modes of the coupled system, creating avoided crossings that locally restore the phase-matching
conditions required for four-wave-mixing-based comb initiation. Figure 1.20(a) illustrates this
concept: a microscope image of the dual-ring structure and the heater, together with a measured
comb spectrum and a zoom-in of the avoided-crossing region in the resonance map, highlight how
a single engineered mode interaction can seed broadband comb generation in an otherwise
normal-dispersive cavity. By adjusting the heater power, the authors could program which
sideband mode experiences the strongest splitting, thereby controlling the effective local
dispersion and enabling repetition-rate-selectable combs with spacings from approximately one to
six free spectral ranges, corresponding to repetition rates from about 378 GHz up to 2.27 THz at
an on-chip pump power of 0.5 W. Fine tuning of the heater allowed additional repetition-rate
adjustment on the order of 390 MHz for a 20 mW heater change, while at higher pump powers the
system underwent a transition from a noisy comb to a low-noise, phase-locked state with a 10-dB
optical bandwidth of about 120 nm and compressed pulses of roughly 130 fs after line-by-line

phase compensation, confirming the high coherence of the normal-dispersion microcomb.
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This concept was subsequently extended in an analogous photonic-molecule approach, in which
two linearly coupled micro-resonators were used not only to initiate comb formation but also to
introduce an additional synthetic degree of freedom for the generation and control of dissipative
Kerr solitons [116]. The main cavity again operated in the normal-dispersion regime, while the
auxiliary cavity, equipped with an integrated platinum microheater, was used to tune the frequency
of a targeted resonance into degeneracy with a mode of the main ring, thereby creating a
controllable split resonance. Figure 1.20(b) illustrates the vertically coupled main and auxiliary
rings with the heater patterned above the auxiliary cavity, and the accompanying spectra compare
two soliton microcombs obtained when the pump is aligned to a shorter-wavelength (blue-shifted)
split resonance and to a longer-wavelength (red-shifted) split resonance, highlighting how the
same device can generate blue- and red-shifted soliton spectra with conversion efficiencies of n =
0.32 and n = 0.49, respectively.

The fabricated photonic molecules exhibited mean intrinsic quality factors around 5.7 X 10°, with
FSRs of 104.84 GHz and 106.9 GHz for the main and auxiliary rings and supported broadly
tunable DKS microcombs over roughly 40 nm within the C-band (1530-1570 nm) at nearly
constant on-chip pump power between about 13 and 18 mW. As the pump was tuned from the
shorter-wavelength (blue) doublet to the longer-wavelength (red) doublet, the measured
conversion efficiency increased from 32% to 49%, reflecting the wavelength-dependent coupling
and effective critical-coupling condition of the photonic molecule.

Moreover, by exploiting the enlarged DKS existence region at lower pump power, stable,
spectrally flat soliton combs could still be generated with only 2.5 mW of on-chip pump power,
yielding a conversion efficiency of 36% and more than 12 uW per comb line with a comparatively
uniform spectral envelope.

These results demonstrate that coupled-cavity Kerr-comb platforms can simultaneously improve
the accessibility of DKS states in pump—detuning space and deliver a practically attractive
combination of high conversion efficiency, spectral flatness, low-power operation, and
wavelength-tunable soliton spectra that can be shifted between blue- and red-detuned
configurations by reconfiguring the split resonance of the photonic molecule.
Continuous-wave-driven dissipative Kerr solitons have also been realized in integrated Fabry—
Pérot cavity with nanostructured photonic-crystal mirrors [117].

In this platform, comb generation still follows the standard sequence of modulation instability and
subsequent soliton formation under blue-to-red pump tuning; however, the dispersion is dominated

by the engineered mirror response rather than by the waveguide geometry.
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Fig. 1.20: Photonic molecules for tunable microcombs: (a) Comb envelope and resonance splitting
overview obtained in [115], and (b) Heater tuning shifts crossing points, enabling pump-tuned
wavelength-selectable microcombs with varying pump-to-comb efficiencies (n = 0.32,0.49) [116].

This mirror-mediated dispersion control allows the Fabry—Pérot cavity to access both normal- and
anomalous-dispersion regimes and, in contrast to ring resonators, eliminates counter-propagating
modes associated unintentional mode splitting that can perturb soliton formation.

The devices achieved average intrinsic linewidths of about 47 MHz, with FSR =~ 18.55 GHz, and
more strongly coupled soliton devices exhibited total linewidths on the order of 56 MHz.

Figure 1.21(a) shows the experimental setup used to excite solitons: a TM-polarized pump laser is
amplified and injected into the FP cavity via a circulator that collects the reflection dips from the
resonator. An auxiliary TE-polarized laser is co-propagated to thermally stabilize the resonance
during the pump scan.

Soliton states are accessed by tuning the laser pump from the blue to the red side of a cavity
resonance in the anomalous-dispersion regime (at 1587 nm), so that the intracavity field first
undergoes modulation instability and then transitions to quantized power steps corresponding to
single- and multi-soliton states, as illustrated in the laser transmission response of Fig. 1.21(b) and
the associated RF spectra as function of the time scans in Fig. 1.21(c).

The final single-soliton spectrum corresponded to a transform-limited pulse duration of about 300
fs. This work established that coherent Kerr-comb generation is not limited to travelling-wave

topologies and can be implemented in standing-wave architectures with engineered dispersion.
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Fig. 1.21: Soliton generation in chip-integrated photonic crystal Fabry-Pérot cavities: (a) schematic
setup, (b)-(c) cavity transmission as function of pump detuning, and corresponding RF power spectra
during soliton formation scans (i-iv) [117].

Coupled-cavity engineering has further been used to address one of the main practical limitations
of bright anomalous-dispersion soliton combs, namely their typically low pump-to-comb
conversion efficiency under single-cavity continuous-wave pumping.

In a high-efficiency coupled-resonator architecture [118], two linearly coupled
anomalous-dispersion SiN MRRs are employed to impose a controllable frequency shift on the
pumped resonance of the main cavity, thereby decoupling the usual link between pump detuning
and intracavity coupling that limits bright-soliton efficiency in single resonators.

The pump laser is coupled into the bus waveguide and amplified before exciting the main ring,
while an auxiliary, smaller-FSR ring is side-coupled to the main cavity to create a controlled modes
hybridization that selectively shifts only the pumped longitudinal mode, leaving the rest of the

comb modes essentially unperturbed.
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Figure 1.22 illustrates the schematic of the proposed microcomb laser: a continuous wave fiber
laser, filtered and amplified, is edge-coupled to the chip hosting the photonic-molecule device, and
the generated soliton comb is monitored via an optical spectrum analyzer and a high-speed
photodiode connected to RF diagnostics, while the inset in the bottom part of the figure highlights
the main and auxiliary cavities and their coupling region on the chip.

This engineered pump-mode shift allows the laser to remain close to the center of the shifted
resonance, so that the pump is efficiently coupled into the cavity while the comb lines experience

the large effective red detuning needed to sustain a single dissipative Kerr soliton.
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Fig. 1.22: Schematic of the photonic-molecule microcomb setup implemented in [118], showing a

zoom-in of the main and auxiliary cavities with integrated heater pads powered via electrical probes.
The resulting DKS microcombs exhibit conversion efficiencies exceeding 50%, with a remarkably
flat spectrum (35 consecutive lines above —13 dBm and 73 lines above a slightly lower power
level). The same concept, implemented in a larger-radius photonic molecule, yields a 49.85 GHz
repetition-rate soliton comb with about 35% conversion efficiency and a narrow, low-phase-noise
RF beat note directly suitable for microwave-photonics applications.
Finally, soliton Kerr microcombs have been demonstrated in a compact, electrically driven
architecture that dispenses with external pump lasers, feedback electronics, and active temperature

control while remaining compatible with CMOS-oriented integration [119].
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In this reference, an ultra-low-loss SiN microresonator is combined with an electrically pumped
RSOA to form a dual-cavity system, in which the high-Q microresonator is embedded directly
inside the external-cavity laser so that lasing and comb generation are co-designed on chip.

As schematized in Fig. 1.23(a), the RSOA is edge-coupled to the SiN chip, Vernier microring
filters and an adjustable cavity-phase section select and tune the lasing wavelength, and the main
microresonator provides both a narrowband back-reflection (due to frequency degenerate counter-
propagating modes originated by backscattering) that closes the laser cavity and the nonlinear
four-wave-mixing interaction responsible for Kerr-comb formation.By eliminating the bulky,
power-hungry external lasers used in earlier demonstrations, this self-contained dual-cavity design
offers a practical route toward portable precision-comb systems, including battery-operated

operation.
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Fig. 1.23: Two different microcomb sources implemented in [119]: (a) RSOA gain chip coupled to SiN
tunable microring filters and high-Q nonlinear micro-resonator acting as second cavity reflector in the
generated external-cavity laser. (b) Integrated pump laser (RSOA with Sagnac loop mirror and microring
filters) injected into high-Q resonator for comb generation.

In the primary integrated configuration, as the microresonator is thermally tuned into resonance
with the on-chip laser, the device evolves from single-frequency lasing to a noisy, chaotic comb
and finally to a mode-locked single-soliton state with the characteristic sech? spectrum and strong
RF-noise suppression. The latter, yields a 194-GHz-repetition-rate comb near 1550 nm that spans
more than 8 THz and exhibits an optical linewidth of about 40 kHz, all using only 98 mW of

electrical pump power, sufficient for operation from a standard AAA battery. A more modular
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variant, schematically illustrated in Fig. 1.23(b), separates the laser cavity from the nonlinear
resonator by inserting a broadband Sagnac loop mirror as the laser output coupler.

In this case, the integrated laser first operates independently, and tuning the second resonator into
resonance generates a multiple-soliton comb spanning 13.4 THz (105 nm) with a measured
conversion efficiency of 1.6%, demonstrating the flexibility of the platform in trading efficiency,

bandwidth, and control over the pump and comb sections.
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In this chapter, the theory of distributed Bragg grating reflectors and Fabry—Pérot cavities are
detailed, extracting the key figures of merit such as stopband, reflection and transmission response,
quality factor, free spectral range, finesse, linewidth, and penetration length that will be
investigated along the thesis framework. The conventional theoretical approach based on coupled-
mode theory and Fabry—Pérot multiple-reflection interference derivation is extended to modified
transfer-matrix method consisting of effective refractive index numerical simulations extraction.
The employed methodologies ensure precise design and modelling of integrated FP optical micro-
resonators, based on DBR reflectors, which form the core devices of this thesis. Specifically, the
full derivation of the FP dispersion is detailed, enabling tailored engineering of resonator
performance for targeted applications such as single- and multi-wavelength hybrid lasers, as
explored in subsequent chapters.

The final sections develop the fundamental theory of a three-mirror external-cavity lasers, that
integrates a side-coupled Fabry—Pérot resonator acting as a frequency-selective reflector, deriving
the laser threshold and output power expressions. The resonant reflector is modelled using a
temporal coupled-mode theory (TCMT) to retrieve its reflection and transmission responses. In
addition, this chapter provides a description of the main laser noise contributions, a derivation of
the intrinsic and effective laser linewidths, and an overview of the main y®-related nonlinear

effects that can be exploited for laser emission, discussing their impact on the optical field.

2.1 Uniform distributed Bragg reflectors

A distributed Bragg reflector (DBR) [1],[2] is a wavelength-selective reflector formed by a
one-dimensional periodic modulation of the refractive index along the direction of propagation,
realized in multilayer stacks of alternating refractive indices or in periodically corrugated guiding
structures. In integrated photonics, DBRs are commonly implemented directly in a waveguide by
periodically modulating its geometry, which induces a small perturbation of the effective refractive
index experienced by the guided mode [3],[4]. The periodic structure is composed of N identical
grating elements, each with length A, referred to as the grating periodicity, which generates a weak
reflection from the propagating optical field.

While individual reflections are negligible, their cumulative effect yields strong overall reflection
when the phase alignment satisfies the Bragg condition. This distributed feedback distinguishes
DBRs from discrete reflectors, such as end facets or mirrors. Constructive interference among

backward-propagating fields occurs only near the Bragg wavelength A5, defined as:
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Ap = 2 g A, (2.1)

where 7lq¢r is the average effective index.
Specifically, in waveguide-based integrated DBRs employing geometric modulation (e.g., width
corrugation), the perturbation yields an alternating effective index profile neg(z) between high-
index sections (n.¢f,) and low-index sections (nefr ). The average refractive index in general is a
duty-cycle-weighted value figgr = DC - Mgy + (1 — DC)negry, where DC is the duty cycle
(defined as high-index region length divided by the period). In case of DC=50%, this reduces to
Tlegs = (Megr1 + Mefr2) /2.
At wavelengths near Ag, the distributed reflections combine coherently, producing strong
reflection. For wavelengths detuned from this condition, the reflections interfere destructively and
the grating becomes largely transparent. As a result, a DBR operates as a wavelength-dependent
reflector with a well-defined stopband centered at Ap.
According to the coupled-mode theory (CMT), inside the grating region, the optical field can be
expressed as the superposition of forward- and backward-propagating waves [1]. Under the slowly
varying envelope approximation, the total electric field is written as:

E(2) = Ef(z)e™/Po? + Ej (z)elPo?, (2.2)
where E»(z)and Ef(z)represent the complex amplitudes of the backward- and forward-propagating

waves, respectively, while S, = @ is the propagation constant at the Bragg wavelength. The
B

envelopes E5(z) and Er(z) vary slowly along the propagation direction, owing to the weak and
distributed nature of the index perturbation. Assuming weak coupling and uniform grating
parameters, the interaction between the forward and backward waves is described by the coupled-

mode equations as:

dEy(z) . .
1z + jJABEL(2) = —jkEf(2),
(2.3)
dEf(z) .
17 — JABEf(2) = jkEp(2)

where Af = f — S, denotes the detuning from the Bragg condition, and k is the coupling
coefficient, representing the distributed reflection strength per unit length. These equations show
that periodic modulation facilitates continuous energy exchange between the two counter-
propagating waves. Solving the coupled-mode equations for a uniform grating of length L yields
the complex reflection coefficient:

. —jksinh (yL) 2.4)
~ ycosh (yL) + jABsinh (yL)’

where y? = k? — AB2.
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This result fully describes the spectral response of an ideal, uniform DBR within the coupled-mode
approximation. At the exact Bragg resonance (Af = 0), the expression simplifies to:

r = —jtanh (kL), 2.5)
and the corresponding peak power reflectivity is Rpea = tanh 2(kL). The reflectivity is governed
by the product kL, representing the cumulative coupling strength over the grating length. High
reflectivity can therefore be achieved either by increasing the grating length or by enhancing the
coupling coefficient. The spectral bandwidth of a uniform DBR can be estimated from the

condition corresponding to the first zero of the reflection spectrum, given by:

Mm\? 2.6
Aﬁz - Kf2 = (T) ,M = 1,2, ( )
For the first-order null (M = 1), the null-to-null bandwidth becomes [5]:
2 2 2.7
A =— [K? + (—) )
ng L
Neff

. d S .
where the group index ng = negr — 4 L, accounts for waveguide dispersion.

The analytical results above rely on the assumption of a uniform coupling coefficient x and
constant Bragg condition across the grating. Moreover, the model approximates well only weak-
coupling regimes (shallow corrugations); for strong coupling (high index contrast), standard CMT
deviates from real measurements. In order to have additional degrees of freedom for spectral
tailoring, particularly aiming for high-Q and dispersive resonators, DBRs beyond the uniform case
are employed. These demand predictive models extending classic CMT. The following sections

will introduce grating variants and a modified transfer-matrix method (TMM).

2.1.1 Apodization and chirping

In an apodized Bragg grating, the coupling coefficient, is deliberately varied along the longitudinal
coordinate to suppress unwanted sidelobes and tailor the spectral response [1],[6]. Within the
coupled-mode formalism, this is modelled by replacing the constant coupling coefficient k to a
real, slowly varying function x(z), while retaining the same detuning parameter AS. In the

coupled-mode theory, Eq. (2.3) becomes [1],[7]:

dEy(z) . .
d + JABEy(2) = —jKr(2)Ef(2),
Z (2.8)
dEf(z) ,
dyJABEs(2) = jr(2)E,(2)

In practice, k(z) may be implemented through a controlled variation of the corrugation depth

(high-index region), duty cycle, or low-index waveguide width [4],[6],[8]. The longitudinal profile
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Kk(z) effectively acts as an envelope on the local reflectivity, so that smooth tapering of
k(z)towards the grating ends reduces the abrupt index discontinuities responsible for spectral
sidelobes. Analytical solutions are generally not available for arbitrary k(z), and the spectral
response is computed either via transfer-matrix or piecewise-uniform approximations, in which
the apodized grating is discretized into short segments with locally constant coupling.
Chirped Bragg gratings are characterized by a longitudinally varying Bragg period, such that the
local Bragg wavelength Az (z)changes along the structure. In the simplest case of a linearly chirped
grating [9],[10], the period can be written as:

A(z) =Ag +Cz, 2.9
where C is the chirp parameter, leading to a position-dependent Bragg condition Ag(z) =
2negA(2). In the coupled-mode description, chirp is introduced as a longitudinal variation of the

phase mismatch:

AB(z) = B — Bo(2), (2.10)
where By(z) = 2mnes/Ag(2) is varying along the z-axis. The governing Eq. (2.3) can be
written as:

dEy(z) = . (2.11)
1y TJBB(2)Ey(2) = —jKEf(2),
dE¢(z)

T~ JBB(2)E;(2) = jKEy (2)
Since distinct wavelengths Bragg-match at different positions, chirped gratings inherently broaden
the reflection spectrum and impart strong wavelength dependence to group delay [11]. These
attributes render chirped gratings potential candidates for dispersion compensation and

engineered-delay applications.

2.2 Fabry Pérot etalon

Fabry—Pérot resonators form the foundation of many optical cavities, ranging from simple mirror
pairs to advanced integrated devices. They represent the most elementary realization of a dielectric
segment bounded by two partially reflecting interfaces and therefore provide a basic building block
for more complex mirror and resonator structures in semiconductor and integrated photonics.
In this section, the Fabry—Pérot cavity is modeled as a two-port optical network and described in
terms of its scattering coefficients and the associated round-trip phase.

Furthermore, the principal characteristics of the resonator, namely the resonance condition, free

spectral range, finesse, linewidth, and quality factor Q, are derived within this framework.
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2.2.1 Scattering matrix analysis

Fabry—Pérot (FP) resonators can be modeled as a dielectric block of physical length L and
refractive index n,, bounded on the left and right by semi-infinite regions of refractive
index n, and nj, respectively. The interfaces at z = 0 and z = L are characterized by the complex
amplitude reflection and transmission coefficients (ry, t;) and (13, t,) defined at reference planes
coincident with the physical boundaries. Wave propagation inside the section is governed by the
(in general complex) propagation constant 5, which for a monochromatic wave of angular

frequency w in a medium of refractive index n, is defined as § = nsz, with c that is light speed in

vacuum.
A single pass across the cavity corresponds to a phase shift SL, and the associated round-trip phase
is § = 2BL. In this chapter, material absorption and gain are neglected, so  is taken to be real and
the magnitude of the propagation factor is unity. Under these assumptions, the propagation
relations for a lossless, uniform segment are [12]:

{a; = bje JPL, (2.12)

a; = bye AL

where aj and b (respectively a; and b3) denote the forward- and backward-propagating field
amplitudes at the left (right) interface. At the left interface, relating external fields (a4, b;) to
internal fields (a1, by), yields:

{bl = —1naq + tlall, (213)
b]’_ = t1a1 + Tla’1

On the contrary, at the right interface, the internal fields (aj’ by) are related to external fields
(ay’ by) through:

{bz = —nya, + tyaj, (2.14)

b, = tya, + raj

Equations (2.12)— (2.14) fully describe the fields in the FP cavity, while the schematic in Fig. 1.1
illustrates the geometrical parameters and the forward and backward propagating field inside and
outside the dielectric block under analysis. The Fabry—Pérot etalon can then be viewed as a
two-port network with normalized forward and backward fields (a;’ b, )at the left port and (a,’ b,)

at the right port. Its scattering description, results:

bl]z[sll 512“611] (2.15)
b, So1 Sppllagl
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T1< ;7'2

Forward
a; b2
-————— -
€ ————— =
bl a,
Backward
nq ns

z=0 =L z

Fig. 2.1: Schematic of the Fabry-Pérot etalon: transmission and reflection amplitude fields at the
three interfaces are reported.

where S;;and S,, are the complex amplitude reflection coefficients as seen from the left and right,
respectively, while S,;and S, are the corresponding transmission coefficients. For the symmetric,
lossless Fabry—Perot considered here, the network is reciprocal and passive, and therefore
S12 = S,1. By solving the interface and propagation relations for the internal fields and eliminating

the intermediate amplitudes, the scattering coefficients of the Fabry—Pérot etalon are obtained as:

( S -1y + t?r,eJ2BL
171 — e 2L
t t,e BL
1 521 == 521 - 172 (216)

1 —ryryej2BL
S —1, + tir,e J2PL
22 = —
\ 1 —ryryeJ2hL

These expressions are the standard FP etalon formulas in scattering-matrix form, and the full

derivation has been reported in Appendix A.1.

2.2.2 Fabry-Pérot resonator intensity transmission

The standard Fabry-Pérot resonator configuration considers just excitation driven from a single
side. Assuming excitation from the left side, such that the incident and outgoing fields at the left
port satisfy a; = E;, and a, = 0, respectively. Under this condition, the transmitted field at the
right facet is obtained directly from the scattering coefficient S,;, which yields:
E,=b, = S50y = —tltze_jB.L . @17)
1—rrej2BL 7
The associated intensity (power) transmission coefficient is defined as the ratio between the

transmitted and incident powers. Using Eq. (2.17), this ratio can be written as:
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2

| tyt, |2 (2.18)
= |521|2 = —

| 1 —ryryeJ2AL |2

t

T(v) = E

Where the dependence on optical frequency v enters through the propagation constant
B(v) = 2mn,v/c. Further analytical simplification is possible in the common case of identical,
lossless mitrors. If |7y |=| 1, =7, 1 t; 1?°=It, I?’=1—7r%2 =1 —R, and the round-trip phase

6=2pL is replaced in the denominator in (2.18), it can be rewritten as:
| 1—Re % |2= (1 — R)? + 4Rsin 2(5/2). (2.19)

Substitution of this expression into (2.18) leads directly to the standard Airy form for the Fabry—
Pérot intensity transmission (see full derivation in Appendix A.2):

(1-R)? 1 (2.20)
A—R)? T 4Rsin?(3/2) 1+ Fsin?(3/2)"

T(6) =

where the coefficient of finesse is defined as F = 4R/(1—R)?2. Equations (2.17)— (2.20) provide
a complete description of the Fabry—Pérot resonator in terms of its scattering parameters and
round-trip phase, and they form the basis for the analysis of more complex resonant cavities in the

next chapters.

2.2.3 Resonator quality factor

The quality factor (Q) is a central parameter for characterizing optical resonators, as it quantifies
how efficiently electromagnetic energy is stored relative to the rate at which it is dissipated. In
general, it is defined as [13]:

energy stored Vo (2.21)

Q =2m X

energy lost per cycle A

where v, is the resonance frequency and Av is the FWHM of the resonance peak.
This form highlights that high-Q cavities exhibit narrow spectral linewidths and therefore
enhanced energy storage. Since the linewidth is directly related to the total energy decay rate «,
the quality factor can equivalently be written as:

Q=20 _ @ (2.22)

Ko Ko t Kext’
with wy = 2mv,. The total decay rate x generally contains multiple contributions, which are
commonly separated into internal losses k, and coupling losses Keyt.
Internal losses () arise from mechanisms such as absorption, scattering, or imperfect mirror
reflectivity, while external losses (kqy;) describe energy coupling between the cavity and the

external optical field.
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Following this decomposition, it can be defined three related quality factors [14]:

(i) Intrinsic quality factor (Q;) that describes the cavity in the absence of external coupling and

therefore reflects only internal dissipation mechanisms, defined as Q; = %;
0

(ii) The coupling quality factor (Q.) characterizes how strongly the cavity exchanges energy with

the external optical field. This parameter is determined primarily by mirror transmissivity or

coupling geometry: Q. = =

Kext
(iii) The loaded quality factor (Q,) experimentally observed, including both intrinsic and coupling

. 1 1 1
losses obtained as: — = — + .
QL QO Qext

By considering the finesse parameter (F), defined as the ratio between the free spectral range
and the full width at half maximum of a resonance, this is linked to the coefficient of finesse F
as:
_FSR_nvF (2.23)
Av 2’
This definition allows to express the photon lifetime as: 7, = F/2m - FSR, and the Q-factor as
follows:

Q_@_ wg _wo F (2.24)
~ k  2mAv  2mFSR’
2mr FSR
F= 0. (2.25)
Wo

While the ideal Fresnel mirror is characterized by constant reflectivity and a flat phase response
across frequency, integrated or dielectric resonators that use DBRs as cavity mirrors exhibit
several important deviations from this behavior. Firstly, the reflectivity and phase of a DBR are
inherently frequency dependent.

Reflectivity amplitude reaches its maximum at the Bragg wavelength within the stopband, while
its phase varies strongly across this spectral region due to the dispersive nature of the corrugated
waveguides. This frequency-dependent behavior also affects the cavity geometry, as effective
reflection does not occur at the physical interface but rather at a finite penetration depth inside the
mirror, effectively shifting the position of the optical reflection plane and thereby altering the
cavity’s free spectral range. The achievable finesse is constrained not only by the finite reflectivity
of the DBRs but also by additional losses arising from scattering and absorption within the mirror
layers and the spacer regions. Moreover, the cavity mode structure can be influenced by
polarization effects: birefringent or polarization-dependent DBRs may introduce a small splitting
between transverse electric (TE) and transverse magnetic (TM) resonances, leading to a more

complex modal response.
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2.3 Modelling of Bragg gratings-based FP resonators

The numerical model that is able to simulate and predict the features of integrated Bragg grating
mirrors, and the consequent dispersion effects in the Fabry—Pérot cavities, is a modified Transfer
Matrix Method based on effective refractive index (ERI) calculation for each grating period,
defined as TMM-ERI [15].

In this approach, the physical grating geometry is mapped into a sampled, wavelength-dependent
effective index profile ngs(z, 4) along the optical path z, and the overall optical response is
obtained by cascading interface and propagation matrices across the discretized structure.

This method is particularly suited for analyzing gratings combining different apodization profiles
along the optical path (yielding spatially varying nes) and extends beyond the limitations of
classical TMM [2] and weak-coupling DBR theory.

The modelled structure accommodates rectangular-shaped integrated Bragg grating, implemented
by alternating layers every half-period A/2 (in case of duty cycle equals to 50 %) with effective
indices negr; and negr, corresponding to the low-index grating region and the high-index
perturbed region, respectively. It allows to consider both uniform DBR periods N, and apodized
grating periods Ny, whose combination fixes the physical mirror length Lyirror = Nior A. The
main outputs are the single-mirror reflectivity and transmissive spectra, the reflection phase and
group delay, combined with the penetration depth Leg, that consequently is used to define the

side-coupled FP resonator free spectral range.

2.3.1 ERI-TMM model

In the ERI-TMM [15] approach, the grating geometry is translated into a longitudinal effective
index profile ng(z) via the waveguide's width-dependent dispersion. In the implemented model,
the waveguide effective index neg(4, w) is extracted using Lumerical MODE solver running a
nested sweep, that incorporates an outer sweep over a dense wavelength grid 4 in the C-band
regime and an inner sweep over the corrugation width W (from W;to final corrugation depth in
uniform section W5).
For each wavelength step, the effective indices are loaded, and represented by a Sth-order
polynomial fit as function of the corrugation grating width W as:

Nef(A, W) = Co(A) + CLADW + C,(DW?2 + C3(DHW3 + CL(DW* + Cs (D)W, (2.26)
with each Cj (1), that are the coefficients extracted fitting as a quadratic polynomial in A:

Cr(A) = Py + Pyyd + PypA® k =0..5, (2.27)

where Py i, P i, and P, ;, are the coefficients of the quadratic polynomial defined for each k.
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This approach is consistent with the ERI-TMM methodology, where the waveguide is first
characterized to obtain ngg (A, W), then the integrated Bragg grating geometry W (z) is mapped
onto ngg(4, 2) = neff(l, W(Z)). Once the effective index values ngg(z, 1) are calculated from the
grating geometry, the structure is sampled into discrete layers, each with constant effective index
nege; and thickness d;(typically half period in case of duty cycle equals to 50 %).

The ERI-TMM core then proceeds calculating the Interface matrix I; at the boundary between
layers i — 1 characterized by n.rs;—1 and the i-th layer possessing n,r;: this matrix enforces

continuity of tangential electric and magnetic fields for TE polarization and results:

I = 1 (ni—l +n; ni_q1-— Tli) (228)
bo2nm \Nyg — 1y g A/

where the off-diagonal terms capture local reflection/transmission at index steps. Then is defined
the propagation matrix C;through layer i of thickness d;. This describes phase accumulation for

forward and backward waves:

. = (etomd 0 (2.29)
L 0 e—ikgnidi '

with kg = 2771 and the diagonal exponential terms tracking the phase delay over distance d;.

For each layer, the combined step matrix is M; = I;C;. The total transfer matrix M for the entire
grating sections is then matrix product from input to output:

M11 m12)_ (2.30)

My = MyMpy_1 - MM, = (m21 My,

From M; elements, complex reflection and transmission coefficients are directly extracted:
(2.31)

myq 1
r(d) = m—ll, t(d) = m—11

With corresponding reflection power R(A) =| 7 |2, and transmission spectrum T (1) =| t |2.
Once estimated the reflection coefficients, the phase term ¢, (1) = arg (r(4)) allows to define
the reflection group delay 7(1)[16]:

2
0 A dg, (2.32)

The penetration depth, interpreted as the effective length of a single Bragg reflector, is computed
from the group delay as:

ct(d) (2.33)
2ng(A)

Legr(A) =

The accurate modelling of this term allows to estimate and predict the FP resonator free spectral

range as will be detailed in the next paragraph.
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2.3.2 FSR modelling in the FP cavity

The guided mode forward propagation in z-direction inside a uniform waveguide can be written
as:

E(x,v,2) = Ey(x,y)e” BADz, (2.34)
where Ey(x,y) is the transverse mode profile and S (1) = 2Tﬂneff(/l) is the propagation constant.

Considering a Fabry—Pérot cavity of physical length Ly, an optical wave completing one full

round trip travels a distance 2L, and thus accumulates a propagation phase of:

phys

q)prop = ZB(A)Lphys; (2.35)
This is the phase gained purely from traveling through the waveguide, excluding mirror effects.
At the resonance, a wave returning after one round trip must interfere constructively with the newly

emitted wave. This requires that the total round-trip phase be an integer multiple of 27:

Prr(Am) = 2B (Am) Lpnys + 1 (An) + ¢y 2(A) = 27Tm, (2.36)

where ¢, ; and ¢, , are the phase shifts upon reflection at the left and right mirrors, and m € Z is
the longitudinal mode order. This is the fundamental resonance condition. Considering two
consecutive longitudinal modes with orders mandm+ 1, occurring at wavelengths

Ay and A, 1, their resonance conditions are, respectively:

{ 28 (Am) Lypnys + dr (A1) = 21m, (2.37)
Zﬁ(Am+1)Lphys + ¢T(Am+1) = 27'[(711. + 1):

Subtracting the first equation from the second eliminates the mode order m and gives:

2Lphys[B(Ams1) = B(An)] + [ (Ams1) — dr(An)] = 271, (2.38)

The wavelength spacing AA = A,,,41 — A,,, represents the free spectral range in wavelength
domain. Since A4 is typically smaller compared to 4, the difference can be approximated using

first-order Taylor expansions:

ap
B(Am+1) — B(Am) = —> A4,
dA (2.39)
doy '
B Cimi1) = & () ~ —-L A1,
Substituting these into the subtracted equation yields:
B (2Lphys a5, %) AA = 2m. (2.40)

This relates the FSR to the derivatives of both the propagation constant and the mirror reflection
phase. The derivative of § with respect to wavelength is not simply constant; it depends on

waveguide dispersion. Using the standard identity:
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ap 21 (2.41)
- e ?
where the group index n, () is defined as: ng (1) = np(4) — /1%?. Substituting Eq. (2.41) into
Eq. (2.40), and solving for A4 (i.e. FSR,), it gives:
A2 (2.42)

A2 d
21 (D) Loy + 5= d‘é’{

FSR;(1) ~

In conclusion, the resonator FSR (that can refer to both the in-plane or side-coupled FP cavity)
depends not only on the length and group index of the resonant cavity, but also on the wavelength
derivative of the mirror reflection phase.

For simple Fresnel facets, d¢,./dA = 0, and the expression reduces to the familiar ideal Fabry—
Pérot FSR. However, for DBR mirrors, ¢, (1) is strongly dispersive and this term cannot be
neglected. A DBR mirror is characterized by its complex reflection coefficient: (1) =
[r(1)|e¢r@®, where |r(A)| determines the reflectivity magnitude and ¢,.(1) = arg(r(1)) is the
reflection phase.

The reflection phase encodes a phase penetration depth: light effectively reflects from a virtual
plane inside the DBR rather than at its physical front facet. This phase shift modifies the cavity
round-trip phase and consequently the FSR. The group delay associated with the DBR reflection
is:

d(l) /13 d¢, (1) (2.43)

T(A) - |(1) wp = 27TC dA )

where wp = 2mc/Ap is the Bragg angular frequency. The penetration depth of the DBR is then
defined as:

L) = s 7). (249
ng
Substituting Eq. (2.43) into Eq. (2.44):
B A2 dp.() (2.45)
Lerr (1) = = 4mng () dA

When both cavity mirrors are DBRs, the total effective cavity length becomes
Liot(4) = Lphys + 2Legr(4), and the FSR expression Eq. (2.42) can be re-written as:
A2 (2.46)

FSRA(A) = W.
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2.4 Microresonators dispersion

Chromatic dispersion is the fundamental wave-propagation phenomenon where the phase velocity,
and consequently the group velocity, varies with optical frequency (or wavelength).

This occurs because the propagation constant (w) is not perfectly linear with angular frequency
o, causing different spectral components to travel at different speeds through a medium or
waveguide. In integrated photonics, chromatic dispersion stems from two primary sources:
material dispersion, due to the intrinsic frequency dependence of the refractive index n(w) in the
core and cladding materials; and waveguide (geometrical) dispersion, arising from frequency-
dependent modal confinement and evanescent field penetration into the cladding.

The latter alters both the effective index n.sr(w) and the fraction of optical energy distributed
between core and cladding regions.

Micro resonator dispersion represents the manifestation of chromatic dispersion at the level of
cavity eigenfrequencies in integrated micro resonators. It appears directly as deviations from
perfectly uniform spacing between discrete resonance frequencies in the measured spectrum.
These deviations arise because the resonator's round-trip phase accumulation, which determines
the resonance condition, itself depends on frequency through the underlying chromatic dispersion
of the guided modes. Together, these effects create the anomalous or normal dispersion profiles
essential for applications like Kerr frequency comb generation and broadband micro resonator
lasers. For a single spatial mode of Fabry—Pérot resonator of physical length L, a resonance occurs
when the roundtrip phase accumulation is an integer multiple of 27, which leads to the resonance
condition:

B(wpy) L = 2mm, (2.47)
where m is the longitudinal mode number and S (w) is the propagation constant of the guided
mode. Only the discrete frequencies w,, that satisfy this equation can resonate. Choosing a
reference resonance at wy = w|p=o and defining the relative mode index as 4 = m — m,, the
same condition can be rewritten as:

[B(w,) — B(wy)] L = 2mp, (2.48)
The resonance condition provides an exact link between the discrete spectrum w, and the
continuous propagation function f(w). Longitudinal modes are labeled by the integer index ,
with resonance frequencies f, (in Hz) or corresponding angular frequencies w, = 27f, (inrad/s).
The central resonance wy is typically chosen at the center of the grating stopband, and it serves as

reference to express the spectrum in the local basis w, (1) as a function of mode number p.

Deviations of w, from a perfectly linear dependence on p provide a direct, experimentally
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accessible measure of the underlying chromatic dispersion of the guided mode. Chromatic

dispersion [17], in this framework, is quantified by expanding the propagation constant around

Wo:
1 1 2.49
B(@) = Bo+ Bro(@ = 00) + 5 Bou(® = 00) +2fap(@—wp) + o )
where B, , = Zw—i lw, are the n-th order dispersion coefficients in the angular frequency domain.

In detail, 5, ,,1s the group delay per unit length defined in s/m, 3, ,is the group-velocity dispersion
(GVD) in s?/m, and B ,is the third-order dispersion (TOD) expressed in s* /m.

The total micro-resonator dispersion can be measured as the deviation Aw, = (w — w,) of the
resonance frequencies from equidistance, which encodes the frequency dependence of
B (w)experienced by the guided mode.

1 1 2.50
[Brobwy + 5 Bowhf + 2 fawbwf + ] L = 2mp (2.50)

Considering the chromatic dispersion contribution for each resonance w,, the latter varies

smoothly with u, and expanding the modal spectrum in a Taylor series about u = 0, can be

obtained [18],[19]:

1 1 (2.51)
wy = wo + Dyu+ EDZ,w.UZ + €D3'“’M3+"'
. . . . om . . .
with dispersion coefficients D, ,, = Wa;” | 4=o- Equivalently, in optical frequency f,:
(2.52)

1 1
fu=fo+Dysu+ EDZ,f.UZ + gDs,fIi3 + -
and since w, = 2mf,, the expansion coefficients satisfy:Dy, ,, = 2mDp, f.
To isolate the dispersion from the trivial offset and linear FSR, the most commonly used figure of

merit is the integrated dispersion, that is indicated in the angular-frequency domain as:
Dint,(u (/'t) =W, — (wO + Dl,w.u)J (2.53)
or equivalently in the frequency domain: Dy r (1) = f, — (fo + Dy p10)-

In the following chapters, the integrated dispersion D, ,(u) is retrieved by fitting the

experimentally measured resonant frequencies f,, with a cubic polynomial as:
fQ) = pip® + pap® + papt + pa, (2.54)

where p;| i = 0,4 corresponds to the coefficients described in Eq. (2.52). From this fit, the

frequency-domain dispersion coefficients in THz units are obtained analytically as:
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d
m=g,= 3p11? + 2pyp + ps,

: 0% f (2.55)
< DS}O () = auz -~ Ok + 2pa,

=6
3f
(fit)
D =—
(w e
While higher orders dispersion terms (D, ,) provide a complete description of the resonator
dispersion in mode space, many physical processes, in particular the formation and dynamics of
intracavity pulses, are more naturally discussed in terms of the propagation constant 3(w)of the
underlying guided mode.
The link between the discrete coefficients D, ,, and the coefficients f,, follows from the

resonance condition of the cavity and are reported in Eq. (2.56) (see Appendix B for a complete

derivation).
( brol) = 755"
| =Bt
Baas1) = ~ 555 8101 Doy (0 + 3 82010 D1 0) D 10)

The dispersion can be defined in terms of figures of merit directly linked to pulse propagation
effects, such as group delay 7, (w)and group-delay dispersion (GDD). The total round-trip phase
of the resonator is ¢(w) = S(w)L. The group delay per round trip is the first derivative:

d 2.57
Tg(w) = % = Lﬁl,wr ( )

representing the round-trip time for the mode at frequency w. The group-delay dispersion (Eq.
(2.58)) directly measures the curvature of the round-trip phase, and thus the temporal broadening
experienced by an intracavity pulse. Positive GDD (positive f3,,,) means that higher-frequency
components take longer per round trip than lower-frequency ones, stretching the pulse; negative

GDD implies pulse compression.

0% (2.58)
GDD = W == L:BZ,(DJ
To align with straight waveguides and fibers, the group-velocity dispersion can be expressed as

the chromatic dispersion parameter: D; = —% B2,0> expressed in ps/(nm-km). Here, D; <0

signals anomalous dispersion at wavelength A, while D; > 0 indicates normal dispersion, as

referred in Kerr soliton microcomb context.
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2.5 Laser theory

A single-mode semiconductor laser featuring an active region volume V,, carrier density
N(carriers/cm?®) in the active region, and photon density S in the lasing mode (defined as photons

per unit volume), is characterized by the following coupled rate equations [12]:

dN I
ar Mg Rsp(N) = Ry(N) — vy T g(N) S, (2.59)
S S
- = Vg Fg(N)S __+ﬁspRsp(N)' (2.60)
dt Tp

In the rate-equation model several physical quantities appear. The drive current [injects carriers

. . . . I .
into an active region of volume V, with g elementary charge and consequently pr sets the carrier

injection rate. Only a fraction n;,; of these carriers contributes to stimulated emission, which is
described by the material gain coefficient g (defined in cm™1), that refers to the amplification per
unit length as a function of carrier density.

The optical field propagates with group velocity v, = ¢/ng,, where ng is the group index of the
guided mode, and only the fraction 'of the modal energy that overlaps with the gain region
experiences this amplification. Carriers are removed from the active region by spontaneous

radiative recombination at rate Ry, and by non-radiative processes at rate R, both expressed in

[carriers-cm™3- s™1]. A small fraction 8 of the spontaneous emission couples into the lasing mode;
this parameter links the carrier dynamics to the build-up of photons in the cavity. Finally, 7,, is the
photon lifetime in the cavity (expressed in seconds), and accounts for all optical losses, including
internal absorption and mirror output coupling and is defined as:

(2.61)

% = vg((a;) + am),

where (a;) is the average internal loss and «,, indicates the equivalent distributed mirror loss.
At threshold, in steady state, the photon density is only just beginning to increase, so dS/dt = 0,
while S remains finite. Neglecting the spontaneous-emission term in Eq. (2.60) and substituting
Eq. (2.61) into it then yields:

(2.62)

1
Yyl g =—= Ug((a’i) + any),
Tp

Re-arranging, Eq. (2.62) becomes:
[ gn = (i) + an,. (2.63)

Thus, at threshold the net modal gain exactly balances the sum of the internal loss and the mirror
loss per unit length. For the specific laser cavity under consideration, explicit expressions

for gy, @; and a,,, are obtained from the round-trip amplitude condition.
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2.5.1 Two-mirror laser cavity

A generic two-mirror semiconductor laser [12] characterized by an active section of length Ly, a
passive section of length L,, and facets amplitude reflectivity r;and r,, can be represented as in

Fig. 2.2. For this laser structure the steady state threshold condition is equivalent to Eq. (2.63),

while the average internal loss and the equivalent distributed mirror loss parameters are defined

as:
gLy + L (2.64)
(ai):w’ L=1Ly+Ly,
1 1 2.65
Uy = I In <E)’ R, = 1115. ( )

Fig. 2.2: Schematic of a conventional two-mirror laser system: L, denotes the gain section
length, L, the passive device section, with emission extracted from the second mirror characterized
by lower amplitude reflectivity r,.

These quantities are retrieved by carrying out mathematical calculation based on the round-trip
amplitude condition for the specific two-mirror laser architecture as detailed in Appendix C.1.
Moreover, it can be defined the threshold current (I;,), and the output power (P,,;) extracted from
a mirror facet, which increase linearly with the driving current as follows:

hv 2.66
Pout = Na Il I = I), (2-66)

with the differential quantum efficiency 14, given by the ratio between the output-facet mirror
loss @y, ot and the total loss multiplied by the internal quantum efficiency 7;:

®m,out (2 . 67)

Na =M m,
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2.5.2 Three-mirror external-cavity laser: SC-FP reflector

The laser architectures implemented in this thesis, that will be treated in Chapters 4,5, are based
on a three-mirror external-cavity configuration, which requires extending the cavity equations
introduced in the previous section to include an additional wavelength-selective reflector in the
laser dynamic. The ECL implemented in Chapter 4 incorporates a SOA as gain section combined
with a fiber-based reflector, while in Chapters 5, the laser cavity comprises a reflective amplifier
(RSOA) with HR back mirror with amplitude reflectivity 77, an active section of length Ly, and an
AR-coated front facet with amplitude reflectivity 1, = 0.

Both the systems are butt-coupled to a photonic PIC that include an integrated passive resonator
that ensure a wavelength-dependent reflection contribution 73. The ideal schematic of the three-
mirror laser system is illustrated in Fig. 2.3(a) while Fig. 2.3(b) depicts its practical
implementation. In the following, the analysis focuses on the configuration in which the generic
gain section in Fig. 2.3(a) is replaced by an RSOA; however, the same considerations apply

directly to the corresponding SOA-based architecture.

(@) r G o —1

z
—_—
- -
o
o o
L, L,
(b) m - = l-‘E ------------ >
L T
- = = = = = g— ————— > 3
OPTICAL
COUPLING
]
A== z——
k

Fig. 2.3: (a) Ideal schematic of the implemented three-mirror laser system: longitudinal cavity
representation highlighting the gain section, passive resonator, mirror reflectivities r, r,, 3, and the
coupling coefficient k. (b) Chip-level implementation showing the RSOA with HR/AR facets
butt-coupled to the SC-FP PIC, where the side-coupled FP section provides the wavelength-selective
third mirror.
The passive resonator in the schematic is implemented as a Fabry—Pérot cavity formed by DBRs,
side-coupled to the waveguide optically coupled to the gain section.
This side-coupled FP (SC-FP), that is described in detail in the next chapter, acts as a

wavelength-selective reflector in the cavity providing resonance peaks, whose amplitude
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reflectivity is referred as r3(4), in the input section and corresponding dips in transmission at the
output of the passive chip. The AR-coated front facet of the RSOA couples light into a passive
PIC that contains the SC-FP resonator. Together with the HR back facet of the RSOA and the
effective reflection of the SC-FP, this creates a three-mirror cavity: the HR RSOA facet provides
the first mirror, the AR-coated RSOA facet combined with the coupling interface acts as the second
mirror, and the wavelength-dependent SC-FP reflectivity 13 (A4) forms the third mirror in the
external section. The RSOA-PIC interface is characterized by a power-coupling efficiency
kK (0 < k < 1)[22], while the passive section length L, is defined as the distance from the
AR-coated RSOA facet to the effective reflection plane of the SC-FP along the longitudinal z-
axis.
By appropriately designing the SC-FP resonance condition and linewidth, the structure acts as a
spectrally selective mirror that stabilizes the lasing wavelength and can be used to tailor the
longitudinal mode spectrum of the three-mirror cavity. Under a steady-state assumption, the effect
of the external mirror can be described by replacing the entire passive section L, with a single
effective mirror of amplitude reflectivity r.;. Assuming all the reflectivity terms y are real and
positive, the corresponding effective amplitude reflectivity at the gain—passive interface can be
written as:

Te(A) = K2 13(R), (2.68)
In this configuration, x that is the field coupling coefficient between active and passive region,
accounts for all coupling-related losses between the RSOA and the external reflector (mode
mismatch, alignment, Fresnel reflection), so that only a fraction k? of the forward field reaches
the resonant reflector and the same fraction of the reflected field is coupled back into the gain
section. Under these considerations, the three-mirror external-cavity scheme can be treated as an
equivalent two-mirror cavity with amplitude reflectivities r;and 7., with the laser output collected

at the mirror of reflectivity 7. The corresponding threshold expression becomes [21]:

)’ (2.69)

) = ai,aLg + ai,pr + In (

Lgnlyg = ajqlg + @iply +1n (rlr -
C

riK2T3
which shows that the round-trip modal gain in the active section (left-hand side) balances all
internal losses in the active and passive regions and the effective output coupling provided by the
HR mirror and the side-coupled FP-based mirror (right-hand side).The corresponding mirror-loss
term is obtained by dividing the logarithmic term by the total cavity length L, yielding [21]:

(2.70)

A1) = ! 1 —1
am(A) = L (r1K2r3(/1))’

with L = L; + L.
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For the long-passive section considered here, it is more accurate to write L = Ly + Legr(4), where
Let(A) includes both the physical passive section L, and the wavelength-dependent penetration
depth associated with the phase of the Bragg grating section that affects the FP resonant modes
spacing (as defined in Section 2.3.) and the laser emission. Using the mean mirror intensity
reflection:

Ry (D) = rires(D) = rix’r3(A), (2.71)

Finally, the threshold condition can be written in a compact form as:
Lgin(D) = (a;) + am(4), (2.72)

where («;) is the length-weighted average internal loss and the wavelength-dependent term a,,, (1)
is given by Eq. (2.65). In this scenario, the DBR-based resonant reflector and its coupling to the
gain chip affect the laser threshold current. Consequently, also the output power and the

slope-efficiency parameters result wavelength dependent as follows:

h
Pout(D) = 14(D) 7” (1 - Ia(@), (2.73)
oy Pm1 (2.74)
1a® =y T am

where a,, ;is the mirror-loss contribution of the HR back facet.

Increasing either k or 7. reduces the overall mirror loss a,, and therefore lowers the lasing
threshold, but this comes at the expense of a smaller fraction of the total loss being extracted at
the laser output and thus a reduced differential efficiency. Additional laser figures of merit are
extracted in Appendix C.2. In particular, the reflectivity provided by the side-coupled FP device
13(A), can be modelled using temporal coupled-mode theory (TCMT), as will be discussed in the
next section, which allows precise tuning of the laser operating conditions by adjusting the

geometrical design parameters of the passive resonator.

2.5.3 TCMT: side-coupling between waveguide and resonator

Temporal coupled-mode theory (TCMT) provides a general framework for modelling resonant
photonic systems under the weak-coupling approximation [22]. Specifically, this approach can be
applied to describe the dynamics of a side-coupled cavity—waveguide configuration, in which a
single cavity mode exchanges energy with a guided mode through a localized coupling region.
Figure 2.4(a) depicts the generic side-coupled geometry, where a single-mode resonator is placed
in close proximity (side-coupled) to a straight bus waveguide, while Fig. 2.4(b) illustrates the
specific implementation used in this work, namely a standing-wave Fabry—Pérot cavity based on
DBR mirrors, comprising a combination of uniform and apodized sections, side-coupled through
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bent-waveguide coupler. The cavity is treated as an oscillator with complex amplitude a(t) and
resonance frequency w,, while the waveguide is modelled as a transmission line carrying
travelling power waves s, ;;, and backward wave s_ ;. The TCMT equation is:

da . (2.75)
€ (Jwo —To —T)a + keSyim,

where I denotes the energy decay rate from the cavity into the waveguide, in both the
directions, [y is the intrinsic energy decay rate of the cavity, accounting for the radiation,
absorption and scattering losses of the waveguide cavity, while Iy + I'c consider the total decay

rate (also referred to as loaded decay rate).

) 0
Ic | Il Waveguide
| »
Resonator
cavity

(b)

Fig. 2.4: Schematic of waveguide side-coupling to a resonant cavity: (a) generic representation, and
(b) implemented side-coupled Fabry-Pérot architecture modeled using TCMT approach.

Energy conservation and time-reversal symmetry require | k. |>= 2I, so that the power flowing
from the cavity into the waveguide is equal to the power extracted from the cavity mode.
For a single-mode resonator cavity in the side-coupling geometry, the standing-wave cavity mode
has no preferred propagation direction along the waveguide. As a result, the coupling to the
forward and backward waveguide modes is identical, i.e. [} =T =T,/2.

The forward output field is given by the coherent sum of the incident wave and the field re-radiated
by the cavity, whereas the backward-reflected field originates solely from the cavity:

{S+,out = Siin T KcQ, (2.76)
S_out = Kca

Solving the steady state cavity equation for a monochromatic excitation at angular frequency w,
with input field a(t) = Ae/®t, and defining the detuning parameter as Aw = w — w,, i.e., the

frequency offset between the incident light and the cavity resonance at w,, yields:
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4= tfeStin (2.77)
jAw + Ty + T,
which is fully demonstrated in Appendix C.3, and it directly links the stored energy to the input
amplitude and the total decay rate. Using these relations, the power transmission and reflection

coefficients are:

(@) = [S4.0ue|” Aw? +T¢
Y oo | Th0+ (4102 (2.78)
2 2
S_ out FC
R = 2 =
@ =5 | T arr @+

At the exact resonance (Aw = 0), the expressions simplify to:

Iy
Tres = r—
(To+Te) (2.79)
ré
Ries = ———
res (F0+FC)2
Relating the decay rates to quality factors via Qy = wy/2[, and Q. = wy/2T,, it results

. wo 11,1 . o S . ..
Q.= T and wow + o which highlights how intrinsic and coupling losses jointly

determine the transmitted and reflected powers. Considering the relationship between the decay
rates and quality factors, the intensity reflection and transmission terms at the resonance

wavelength result:

( Q2
I Tres = _L:

Qo (2.80)
P
res — A2
Q¢

Equation (2.78) can be recast as functions of wavelength by expressing the detuning in terms
of 4 and replacing the decay rates with the corresponding quality-factor definitions.

Near resonance, considering w = 2mc/A and wy = 2mc /Ay, the detuning term becomes: Aw =

2mc (%—%) Under small detuning condition, | A — A4, K 4y, a first-order expansion
0

of 1/A around A, gives Aw = — '%c (A — Ag). Defining the intrinsic and coupling decay rates in
0

terms of the Q-factors in the wavelength domain, the transmitted (T'(1)) and reflected powers

(R(A)) are defined as:

Ao — )2 1
(*77) + a0y
T(A) = >
(/10—,1) L
A (2Q.)2 (2.81)
1
_ (2Q.)?
R(/D_ </1_/10)2-|_ 1
Ao (2Q.)?
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The expressions in Eq. (2.81) take the form of Lorentzian functions whose linewidths are
determined by the loaded quality factor Q;. These analytical formulas will be used in this thesis
to fit the experimental spectra of the SC-FP resonators and thereby extract the relevant quality
factors and resonator figures of merit. Using the side-coupled resonant reflector reflectivity
defined from the TCMT derivation at the resonance A, the term 75(4y) in the three-mirror laser

architecture results:

Ic _ 1/Qc _ QL (2.82)
To+Tc 1/Q+1/Qc Q¢
And the effective mirror reflectivity at resonance is:

2.83
ags (o) = x% 283)
Cc

In addition, the threshold condition can be re-arranged in terms of the Q-factor terms. The mirror

r3(Ao) =

loss term can be retrieved as:
1 1 1 1 1 2.84
= —In ( ) = —[ln (—) +In (—) +In <&>] (2.84)
L rlreff L el K QL

2.6 Laser noise

A single-frequency laser can be described as an optical oscillator whose amplitude and phase
undergo small fluctuations due to intrinsic processes in the laser cavity as well as external
environmental perturbations [23]. The electric field emitted by the laser can therefore be expressed
as:

E(t) = Ey[1 + a(t)]cos (2mvyt + ¢(t)). (2.85)
where E, denotes the nominal electric-field amplitude, t is the time, v, is the optical carrier
frequency, a(t)represents relative amplitude fluctuations, and ¢ (t) represents phase fluctuations.
These stochastic variations determine the spectral purity of the laser emission. In narrow-linewidth
lasers, spectral broadening is primarily governed by phase fluctuations rather than amplitude
fluctuations, since variations of the optical phase directly perturb the instantaneous optical

frequency. The instantaneous frequency of the laser can be written as:
v(t) = vy + Av(t). (2.86)

where Av(t) represents the frequency fluctuation around the carrier frequency. This fluctuation is

directly related to the temporal evolution of the phase through:

1 do(t 2.8

This relation shows that frequency noise corresponds to the time derivative of the phase noise.

Consequently, understanding the spectral properties of ¢ (t)provides direct information about the
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frequency stability and linewidth of the laser. Laser noise is commonly characterized, in the
frequency domain, using the power spectral density (PSD) of the fluctuations. For a general
random process x(t), the statistical properties of the signal can be described through its
autocorrelation function:

R, (1) = (x(t)x(t + 1)) (2.88)
which measures the degree of correlation between the signal at two different times separated by a
delay 7. The PSD is then obtained as the Fourier transform of this autocorrelation function and

represents how the noise power is distributed over Fourier frequency as follows:
Sx(f) = j Ry (v)e~ ™" dr (2.89)

This spectral description is especially valuable for laser characterization, since it enables the
respective contributions of phase and frequency fluctuations to be distinguished through their
power spectral densities and associated with the physical processes that broaden the laser
linewidth. Because frequency noise is the time derivative of phase noise, their corresponding

power spectral densities are directly related [23]:
Sam(f) = 254 (f) (2.90)

2.6.1 Noise Processes

The phase and frequency-noise spectra of a laser typically contain multiple components with
different frequency dependences, reflecting the presence of distinct underlying physical noise
processes. Accordingly, the frequency-noise power spectral density can often be expressed as a
sum of power-law contributions [24]:

% 4 % (2.91)

where h, denotes the frequency-independent (white) frequency-noise level, usually dominated by

Sav(f) = ho +

spontaneous-emission noise, h_; is the coefficient of the 1/f (flicker) frequency-noise term,
often associated with slow electronic or environmental fluctuations, and h_, quantifies the
1/f? random-walk frequency-noise contribution, typically linked to slow thermal and mechanical
drifts in the laser or its surroundings. Since phase and frequency noise are related by Eq. (2.90),
and re-naming the coefficients, the corresponding phase-noise spectrum becomes:

o) = s+ s+ 2% -

where v denotes the white frequency-noise term, which is directly associated with the intrinsic

Lorentzian linewidth, ks, accounts for flicker frequency noise, and k., represents random-walk

frequency noise.
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This expression is commonly employed in the analysis of experimentally measured phase- or
frequency-noise power spectral densities to identify and separate the physical noise processes

contributing to linewidth broadening.
2.7 Intrinsic and effective laser linewidth

The intrinsic linewidth of a laser is the minimum linewidth determined by quantum noise processes
inside the cavity. The fundamental mechanism is spontaneous emission, which randomly perturbs
the phase of the optical field. This effect leads to the Schawlow—Townes linewidth, given by [25]:

Ver = hvLio:Toc (2.93)
21T, Poyt

In this expression, h is Planck’s constant, v denotes the lasing optical frequency, L, accounts for
the total round-trip cavity losses, T, is the output coupler transmission, T is the cavity round-trip
time, and P, is the emitted optical output power. The Schawlow—Townes limit corresponds to
white frequency noise, producing a Lorentzian spectral line with full width at half maximum
(FWHM), v = 1Sy, as defined above in Eq. (2.92).

However, in semiconductor lasers, a more accurate expression for the intrinsic linewidth must also
account for the coupling between optical gain and the complex refractive index of the gain

medium, usually written as n + jn'. This amplitude-phase coupling is described by the linewidth

enhancement factor a;;;, [26]:

Qiin = 7
Taking this effect into account, it modifies the Schawlow—Townes limit to:
RVL; o Toe (2.95)
Sv=—"7-7-—(1 in?).
v 47TTrPout ( + Quin )

Whereas, in the presence of a high-finesse external-cavity, the linewidth is reduced approximately
2
as Av = Ay, / (1+\/ 1+ a;2VK %) [27], where Av, denotes the free-running linewidth, x the
int

power mode-coupling factor, and Q. and Q;,, the quality factors of the external and internal
cavities, respectively. An equivalent interpretation is obtained by treating the device as a solitary

laser with an effective extended cavity, for which Av = Ay, (LL”“)Z
NintLint+NextLlext

The parameters n;,; and L;,; denote the effective refractive index and physical length of the

internal cavity related to the gain section and its own reflective facets, respectively,

while n.,; and L, are the corresponding quantities for the external-cavity section based on the

passive PIC.
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These expressions indicate that a wavelength-selective resonant mirror reduces the intrinsic
linewidth of the hybrid laser through the increase of the effective cavity quality factor and photon
lifetime, while also enforcing frequency-selective feedback around the resonant wavelength.
Nevertheless, the experimentally measured linewidth is generally larger than the intrinsic
linewidth, since it is determined not only by the fundamental quantum limit but also by the
presence of technical noise sources, such as thermal fluctuations, mechanical vibrations, acoustic
perturbations, optical feedback, and slow frequency drift. Because the instantaneous laser
frequency may vary during the acquisition time, the measured spectrum corresponds to the
superposition of instantaneous spectra centered at different frequencies. As a result, the effective
linewidth depends on the observation time and is particularly sensitive to noise contributions at
low Fourier frequencies.

In the presence of low-frequency noise processes, such as flicker frequency noise or random-walk
frequency noise, the definition of a unique linewidth becomes less rigorous, since the resulting

spectral profile may deviate significantly from an ideal Lorentzian line shape.

2.8 Nonlinear effects

An optical device must be characterized by accounting for both linear and nonlinear phenomena
that govern its response to an applied optical field. The dipole moment per unit volume, or
polarization vector P(t), describes this behavior and can be decomposed into a linear and a
nonlinear contribution [28],[29]:
P(t) = P.(t) + Py, (D). (2.96)
Each term, indicated with bold text to represent the vector notation, is expressed as:
+o00
( P.(t) = sof xD (-t E(rt)dt’,
o -0 (2.97)
Puo=c [[| 29 =t = ot = 1) B 0B 1B ) sz

In these expressions, & (8.85-10'12 F/m) is the permittivity of free space, while the
variables t' and t;, t,, t; are dummy integration variables representing the time-dependent
response of the optical field; they account for the non-instantaneous response of the material. The
linear response is governed by the first-order susceptibility ‘), while the nonlinear response
arises from higher-order susceptibilities. For inversion symmetric materials, such as Si and SiN
treated in this thesis, the second-order polarization vanishes, so the dominant nonlinear
contribution arises from the third-order susceptibility . The latter, originates from various
physical effects with different characteristic response times. In the context of frequency comb
generation, the dominant effect is the electronic polarization of the medium, which can be
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considered instantaneous, with a response time on the order of 1075 s [29]. On longer time scales,
additional mechanisms, such as molecular orientation and electrostriction, may also contribute to
the overall ¥ nonlinearity. The y® term provides information both on nonlinear Kerr-related
effects and nonlinear loss contribution. In guided structures, the overall strength of the third-order
response is conveniently described by the complex nonlinear parameter y (w)[30]:

@) _ @2 . PBrea (2.98)
2 2 X (w) - 4
4egC* AetfNege CAetr = 2Aetr

yY(w) =

where the real part (< n,) accounts for the Kerr effect and the imaginary part (< Brpa) includes
the TPA effect. In semiconductors, TPA is typically the dominant nonlinear loss at
telecommunication wavelengths and simultaneously generates free carriers.

These carriers contribute an additional absorption term, free-carrier absorption (FCA), and modify
the refractive index via free-carrier dispersion (FCD). The TPA coefficient fSrpa(w) is strictly

linked to the imaginary part of third-order susceptibility )(((li)lag) as:

3) (2.99)
2 X(Imag)

Brea(w) = m
In particular, the absorption coefficient contains a linear term «y;,, which is independent of
intensity, and a nonlinear contribution (Brpa(w)) that introduces a linear dependence of the
absorption coefficient on the optical intensity /:
a(w) = ajip + Prea(w) I, (2.100)
At the material level, the Kerr effect corresponds to an intensity-dependent refractive index:

n=mngy+n,l, +2n,(I; + 1), (2.101)
defined for a field Ej, co-propagating with other fields E;and E,,, where I, |, = %nosoc|E k,l,m|2~

Regarding the real part of the nonlinear parameter y(w), the nonlinear refractive index results:

3 (2.102)
- 2ndeyc (realy

np

The parameter n, is also referred to Kerr term and produces two main effects: self-phase
modulation (SPM) and cross-phase modulation (XPM). SPM occurs when a wave modifies its
own phase through its intensity| Ej |2, leading to spectral broadening and resonance shifts in
cavities. XPM arises when a wave experiences an additional index change Anypy = 2n,(I; + I;,)
due to co-propagating fields; for a given intensity, this XPM contribution is twice as strong as the
SPM term. Instead, the effect of the nonlinear polarization term in Eq. (2.97) is to act as an adding
source component in the nonlinear wave equation [30]:

e, 0°E 02 (Py1) (2.103)

—V2E =
t 2 e Ho ™52
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This equation describes the propagation of light in a nonlinear medium. In detail, when several
frequency components co-propagate, Py, o y® E3couples different spectral components and
enables a variety of y ®parametric processes.
For an input field composed of several tones, E (t) = X, E, e /“nt + c.c., the expansion of E3,
under the instantaneous scalar model, contains products of three field amplitudes that oscillate at
new frequencies. Among these processes, the ones following can be distinguished [31]:
- Third-harmonic generation (THG) at w,, = 3wy:
Pyi(wn = 3w)e™” = ey D EZe, (2.104)

- Triple sum-frequency generation at w,, = 2wy + w; or Wy + W; + Wy,:

{ Py (@n = 20 + wp)en? = 3goy PDEZE e Phictk)z (2.105)

Py (wn = wx + w; + wp)e*n? = 650y P E E|E,, e!Cxtkitkm)z

-FWM at w,, = wy + w; — w,, (non-degenerate) or 2w;, — w;(degenerate):

Py (wn = Wi + 0 — wp)e*n? = 650y P E, E E, et Cktki—km)z (2.106)
Pyi(w, = 20, — w))e*n? = 3¢,y D EZE; el Zkr—k))z

In these expressions, w; denotes the optical angular frequency, E; with j = n, k, [, m represents the
complex amplitude of the electric field at frequency w;, and E; the complex conjugate of the
electric field component E;. The FWM process corresponds to the annihilation of two photons and
the creation of two new photons such that energy is conserved and it can be distinguished in a non-
degenerate case (wy, + w; = w,, + w,) and the degenerate case (2w;, = w; + wy).

For efficient frequency conversion, the nonlinear polarization Py must act as a coherent source
for the newly generated wave, which requires phase matching. In the case of FWM, this condition

can be written as:

{Ak =k, —ky —k;, + Ky, ~ 0, (2.107)

where k; = neff((l)j) W) j=n k,1,m are the propagation constants of the interacting waves.

When Ak = 0, the generated field and the driving nonlinear polarization remain in phase and
interfere constructively along the propagation direction, allowing the new frequency components
to build up efficiently. In guided-wave devices, this phase-matching condition is determined by
the dispersion of the effective index n.s(w).By appropriate dispersion engineering and exploiting
the Kerr-induced nonlinear phase shift (which modifies the effective k through the
intensity-dependent index), can be realized broadband four-wave mixing and Kerr-comb

generation, all within the nonlinear-polarization framework described above.
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Chapter 3: Integrated SC-FPs based on engineered Bragg
gratings mirrors

Chapter 3 presents the design, fabrication and characterization of the core resonators implemented
in this thesis, that are integrated SC-FP resonators on a silicon nitride platform. A comparison with
established micro-resonators, such as microring resonators and in-plane FPs, is performed,
highlighting key design parameters. The implemented SC-FPs incorporate a combination of
uniform and apodized Bragg grating reflectors, investigating different DBR architectures
alongside parametric sweeps of FP cavity geometrical parameters.

These structures enable precise tailoring of integrated dispersion and broadening of the optical
stopband in the near-infrared (NIR) wavelength range through engineering of grating corrugation
width and profile, duty cycle, and taper length in apodized reflectors.

The fabricated SC-FPs can achieve stopbands exceeding 70 nm and offer controlled transitions
from strongly anomalous to strongly normal integrated-dispersion regimes. Furthermore, this
chapter demonstrates that these devices can operate either as high-Q micro-resonators with
resonant modes up to Q122.3X105 , or as compact resonant reflectors with high peak reflectivity
(ERjpser-pear = 6.8 dB), depending on the specific geometrical parameters and mirror design. These
characteristics make SC-FP resonators highly attractive building blocks for hybrid integrated
lasers, nonlinear photonic circuits, and high-sensitivity on-chip sensing platforms. The work
presented in this chapter has led to a journal publication in Scientific Reports, listed as [j1] in the

list of publications section.

3.1 Optical resonator: in-line and side-coupled FPs

In the last decades, the rapid expansion of PICs across mature CMOS-compatible platforms, such
as SOI, SiN on insulator, and heterogenous photonic integration [1-6], has been facilitated by
advancements in fabrication, integration and packaging techniques. This progress, enhancing
manufacturability and minimizing performance losses, has driven the development of more
complex photonic structures that ensure compactness and efficient photonic performance.
Integrated optical resonators are fundamental building blocks in PICs, enabling scalable
deployment of high-performance optical systems on a single chip. Their scalability unlocks the
full potential of integrated photonics for next-generation communication, sensing, and lasing
applications, such as frequency selection and feedback [7-11].

The cavity's ability to store light over many round trips in a tightly confined mode enhances light—

matter interactions, boosting the efficiency of nonlinear processes and the sensitivity of
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measurements relying on absorption or refractive index changes. Consequently, integrated micro-
resonators underpin applications including dense wavelength-division multiplexing (DWDM)
filters, cavity-enhanced spectroscopic sensors, optical frequency comb generators, and hybrid
on-chip lasers. The continued pursuit of higher performance and stronger miniaturization in optical
sensing, laser technology, and telecom systems has therefore intensified the development of
compact, high-performance micro-resonators, establishing them as pivotal components of
next-generation photonic integrated platforms.

Among the implemented architectures, traveling-wave resonators, such as microring and
whispering-gallery-mode cavities, have been extensively investigated [12-14] and adopted thanks
to their high-quality factors, compact footprint, and straightforward compatibility with planar
waveguide platforms. Nevertheless, the ring-shaped geometry inherently constrains the maximum
achievable free spectral range, as increasing the FSR requires reducing the resonator radius, which
in turn increases bending-induced losses and introduces additional complexity in the device design
required to mitigate the associated propagation losses [15].

Additionally, at ultra-high quality factors, typically beyond about 106, random backscattering
from sidewall roughness can couple counter-propagating modes, leading to strong and stochastic
resonance line splitting, mode crosstalk, and resonance shifts that degrades device reproducibility
[16]. These structures offer limited flexibility for dispersion engineering, crucial for nonlinear
applications such as Kerr comb generation and soliton formation, and their performance can be
highly sensitive to fabrication tolerances. The main design degrees of freedom available to
mitigate these limitations are associated with careful waveguide cross-section engineering in the
microring layout.

This includes tailoring the ring path geometry, for example driving to long racetrack
configurations or different waveguide shapes along the ring circumference, as well as engineering
the waveguide cross-section (designed material thickness and/or waveguide width) for reducing
sidewall-scattering losses and varying dispersion features. In this regard, a common approach has
involved broadening the waveguide width to achieve the desired optical properties; however, this
inevitably drives the structure into a multimode regime [17], thereby requiring the implementation
of carefully engineered adiabatic taper-based mode converters to suppress inter-modal coupling
and minimize crosstalk between guided modes.

To address the drawbacks of traveling-wave resonators, standing-wave resonators, and in
particular integrated FP cavities, have emerged as an attractive alternative, providing a

complementary route to high-Q operation while maintaining a compact footprint [18],[19].
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In FP cavities, light oscillates between two partially reflecting mirrors, forming a standing-wave
pattern whose resonances are set by the cavity length and the phase response of the mirrors, rather
than by a curved propagation path. The response of these integrated resonators conceptually
follows the FP analysis presented in Section 2.2, with the key distinction that the ideal reflectors
are replaced by PIC-based structures. Such integrated reflectors leverage CMOS-compatible
technologies, including SOI and SiN platforms, which enable low propagation losses and
consequently improved resonator performance.

Among the different strategies investigated in the literature, ranging from integrated Sagnac loops,
to waveguide retroreflectors [20], on-chip mirrors are typically realized as DBRs implemented by
periodically modulating the effective index of a waveguide via cladding modulation [21],
waveguide-width corrugation [22],[23], or patterned features in the waveguide and full air-gap
gratings [24],[25]. The implementation of DBR gratings as reflectors provide precise control over
mirror reflectivity, stopband width, and group-delay dispersion, and their spectral response can be
engineered via parameters such as periodicity, duty cycle, and corrugation depth, as well as
through chirped or apodized envelopes along the mirror length.

In particular, apodized DBRs allow the optical penetration length into the mirrors to be tailored
[21], which directly sets the effective cavity length, free spectral range, and dispersion profile,
while simultaneously reducing side-lobe levels.

Compared to MRRs, the linear FP geometry offers more direct and independent control of
resonance spacing and dispersion. It allows for implementing shorter cavity lengths, enabling
single-resonance operation within the DBR stopband, together with improved robustness against
bend-induced loss. Moreover, backscattering in the FP cavity is mainly attributed to random
fabrication-induced imperfections in the DBR mirrors and to stochastic mode perturbations, which
manifest predominantly as additional scattering loss. In this configuration, the mirrors inherently
couple the forward and backward waves into a single standing-wave eigenmode, so there are no
separate frequency-degenerate clockwise (CW) and counterclockwise (CCW) modes that random
scattering can hybridize into mode-splitting, unlike in MRRs (Supplementary material of [16]). FP
resonators can employ either in-line or side-coupled (SC) configurations, depending on whether
light accesses the cavity through one of the reflectors or via evanescent coupling from an adjacent
waveguide.

When light is launched collinearly into the cavity and along the grating mirrors, the structure is
referred to as an in-plane FP resonator. Recent demonstrations of high-Q in-line FP resonators
have significantly advanced the state of the art, enabling dispersive photonic functionalities [16],

non-linear applications [19],[26] and engineered-grating designs [18],[27].
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In this work, the FP architecture consists of a waveguide resonant cavity characterized by a
geometrical length L, bounded by two integrated symmetric rectangular shaped DBRs. Each DBR
is implemented as a corrugated rectangular waveguide featuring alternating high- and low-index
regions, whose widths are W; and W, respectively, defined by a periodicity (A), and a duty cycle
(DC). These DBRs act as high-reflectivity mirrors that confine light within the cavity. The total
grating sections are composed of a total number of gratings Ny, that can accommodate for
combined uniform DBR periods (N) and apodized periods (N7 ).

Figure 3.1(a) illustrates a schematic of the in-plane FP cavity, summarizing the main design
parameters and reporting the reflection dips (b), in the input section, and the transmission peaks

(c), in output, extracted experimentally.

.. 0
0 1560 1570 1580 1560 1570 1580
X [nm] A[nm]

Figure 3.1: In-plane FP resonator: (a) schematic of the implemented architecture with the main design
parameters. Example of experimental reflection dips (b) and transmission peaks (c) extracted in input
and output, respectively.

In this configuration, the Bragg mirrors are part of the same waveguide that carries light on and
off the chip: the corrugated section is directly connected to the input and output waveguides, so
the DBR simultaneously acts as the cavity mirror and as coupling interface.

While this approach is conceptually simple and can deliver high reflectivity and strong resonant
enhancement, it intrinsically links mirror design to both internal and external coupling conditions,
and any imperfections or roughness in the mirror region directly affects the propagating signal,
potentially increasing scattering losses into the surrounding circuit. Moreover, as mirror
reflectivity improves by increasing the grating periods A, transmission efficiency decreases,
resulting in elevated insertion losses.

In the side-coupled configuration [15],[20],[28-30], by contrast, the resonant cavity is formed by
a straight waveguide segment terminated by two mirrors (in this work will be still treated DBRs
as mirrors), whereas a separate bus waveguide is coupled to the cavity via evanescent interaction

over a defined coupling region. In this scheme, the DBRs in the waveguide cavity define the
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resonator longitudinal modes, spectral selectivity, and dispersion, while the external coupling rate
is set independently by the geometry of the side coupler, specifically through the coupling gap,
length, implementation of low-loss bends (such as Bézier or Euler bends), and relative alignment
between the bus and cavity waveguides.

The SC-FP architecture offers several advantages that are particularly relevant for
high-performance PICs. The access waveguide is decoupled from the resonant feedback path. As
a result, scattering and radiation loss in the etched DBR sections occur inside the cavity and do
not translate directly into additional insertion loss at the input/output ports.

By adjusting the side coupler geometry, the external coupling can be optimized to minimize the
impact of mirror losses on the bus waveguide, while the DBR mirror reflectivity can be designed
independently. This decoupling between mirror and coupler design allows precise control of the
coupling conditions and modal selectivity and enables a drastic increase in the number of grating
periods without incurring in additional insertion losses as in the in-plane FP. Accurate engineering
of the photonic platform and reflector geometry can further enhance system stability and noise
performance.

Implementing the resonators on a low index contrast such as SiN platform and operating at
moderate group index renders the cavities intrinsically less susceptible to disorder induced
backscattering than devices on high index contrast SOI platforms [31].

In addition, adiabatic cavity—reflector transitions at the DBR interfaces minimize mode mismatch
between the uniform waveguide mode and the Bloch mode of the high-contrast grating, thereby
reducing radiation losses, enhancing the intrinsic quality factor, and lowering sensitivity to
fabrication-induced perturbations. [27], [32]. The bidirectional propagation inside the FP cavity
simultaneously produces transmission dips and reflection peaks in the input and output section of
the adjacent waveguide, whose extinction ratio is set by the balance between intrinsic losses and
external coupling [33].

In contrast to travelling-wave resonators, the standing-wave SC-FP cavity exhibits a different
critical-coupling behavior, without a coupling condition for which the reflected power vanishes.
Specifically, the coupling regime can be tuned from under-coupled to over-coupled. Increasing
the coupling gap reduces insertion losses and enhances the loaded quality factor, whereas tighter
coupling leads to broader resonance linewidths with higher peak reflectivity. Fig. 3.2(a) shows a
schematic of the SC-FP resonator structure and the relative reflection peaks (b), defined in input,

and transmission dips (c) obtained in output.
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Figure 3.2: Side-coupled FP: schematic of the implemented architecture featuring a Bézier-based side-
coupler spaced G from the FP structure detailed in Fig. 3.1. Example of experimental reflection peaks
(b) and transmission dips (c) extracted in input and output of the bus waveguide, respectively.
In this work, an experimental study is presented on different SC-FP resonator architectures on a
300 nm SiN platform, realized using DBRs based on waveguide-width modulation and air-gap
structures [34]. Particular emphasis is placed on grating-section engineering, with a systematic
analysis of how different taper lengths in apodized DBRs affect the resonator dispersion and
optical penetration length, while the enhanced effective index contrast provided by accurate DBR

designs enables exceptionally broad stopband widths in SiN.

3.2 Resonator design

The proposed integrated SC-FP consists of a straight SiN waveguide forming a Fabry—Pérot
cavity, terminated on both sides by identical DBR sections. A third-order Bézier [35] bent
waveguide, separated from the cavity by a designed coupling gap G, provides evanescent
side-coupling between the waveguide and the FP cavity.

Among the key design parameters, the cavity length L and the gap G are systematically varied,
and, in combination with the DBR features (period P, duty cycle, and apodization profile), they
determine the coupling coefficient between the coupler waveguide and the FP cavity, the SC-FP
reflectivity, the FSR, and the dispersion properties of the resonator.

Figure 3.3(a) presents a schematic of the SC-FP based on integrated Bragg gratings realized by
periodically modulating the waveguide width with a rectangular-wave profile of period P.

Fig. 3.3(b) highlights the gratings region, showing both uniform and apodized DBR sections, as
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illustrated in the SEM image, while further details on the fabrication process and inspection of the

realized devices are discussed in the next sections.
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Fig. 3.3: (a) Schematic of the integrated SC-FP resonator with details on the geometrical parameters
(coupling gap and cavity length) and thickness of the technological platforms used. (b) SEM image of
the fabricated DBR section incorporating a combination of uniform and apodised gratings.

The high tunability offered by the SC-FP structure allow to implement distinct architectures
obtained by tailoring the corrugation waveguide width in both the DBR and in the resonant cavity
waveguide. In particular, Fig. 3.4(a) summarizes the main geometrical parameters that can be
tuned in the DBR section to realize different SC-FP configurations. In the apodized version of the
DBRs, the narrower and larger width of the modulation are linearly tapered from W5 to W; and
W,, respectively, over the first Ny periods of the DBR a schematized in Fig. 3.4(a). At both edges
of the cavity waveguide the DBR begins with the same width W3, where W, < W;<W,. Hereafter,
if not specified, the nominal duty cycle (DC=lg;55/P) of the DBR corrugation is assumed to be
DC =50%.

An additional degree of freedom is the variation of the waveguide width in the FP cavity (W,).
This parameter can be increased so that W, > W3, using a short linear taper to connect the wider
central section to the DBRs, to reduce sidewall scattering losses in the resonator cavity. The
uniform DBR sections differ from the apodized sections for a constant corrugation profile over N
grating periods. Figure 3.4(b) depicts an extreme variation of the corrugation parameters, in which
the waveguide width is reduced from W; down to a narrow tip W;, corresponding to the minimum
feature size allowed by the fabrication process (approximately =50 nm).

Beyond this point, the structure transitions to a sequence of air gaps separating the SiN segments.

This particular configuration will be referred to, in the following as air-gap grating [34].
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Fig. 3.4: (a) On-chip DBR key design parameters: distinct grating families are achieved by varying these
quantities. (b) Air-gap DBR configuration: the high-index gratin region is tapered down from W to Ws,
while the low-index region is tapered down from W3 to a small tip width (W;=50 nm) and then the
structure transitions to a sequence of air gaps separating the SiN layers (W;=0).
The mask layouts of the DBR architectures and the corresponding side-coupled SC-FP resonators
are designed using GDSII file format. GDS (Graphic Design System), widely recognized as the
industry standard for PIC layout exchange, represents planar geometries into a hierarchical
structure. Within this framework, geometric elements are organized into distinct layers, where
each layer groups features distinct fabrication relevance. The information encoded in individual
or combined layers is subsequently used to generate photomasks for lithographic fabrication and
wafer patterning. In this work, electron beam lithography is employed, and its process will be
detailed in the following section. The patterned structures are designed using appropriate layout
software. In this work, KLayout CAD [36] is employed for standard designs, while more complex
geometries are generated using the Python-based Nazca design framework.
The GDS layout is typically finalized following a preliminary cycle of numerical simulations
aimed at assessing device performance and optical behavior. These simulations are used to
evaluate light propagation, optimize key design parameters, and, in the case of DBR gratings,
determine the grating period, ensure proper mode matching between tapered sections, and analyze
transmission and reflection spectra.
ANSYS Lumerical [37] software is primarily employed for this purpose. In particular, the finite-
difference eigenmode (FDE) solver is used to extract modal properties such as effective index and
group index. Time-domain analysis is initially performed using a simplified variational finite-
difference time-domain (varFDTD) approach in a 2.5D environment, enabling rapid parameter
exploration. Once the main design parameters are established, high-resolution simulations are
carried out using the full 3D finite-difference time-domain (FDTD) solver to achieve more

accurate results. MATLAB and Python are used for the post-processing of both simulated and
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experimental data, enabling the extraction of key figures of merit, data fitting, and the analysis of

both passive and active responses of the photonic devices under test.
3.3 Fabrication process

Fabrication was conducted at the University of Glasgow cleanroom using electron beam
lithography (EBL) process. EBL offers key advantages over conventional photolithography,
including maskless direct-write capability that eliminates costly mask fabrication and enables
rapid design iterations. This direct-write EBL technique, leveraging the short de Broglie
wavelength of high-energy electrons, enables the precise definition of critical elements such as
narrow coupling gaps and photonic structures with features size well below the diffraction limit of

optical lithography. The main fabrication steps are illustrated in Figure 3.5.

HSQ-400 nm
SiN-300nm SiN-300nm

Si05-8um SiOz-8um

(a): Silicon (b): Silicon dioxide (c): SIN PECVD (d): HSQ spin
substrate cladding coating and baking

SiN-300nm SiN-300nm

SiO5-8pym SiOz-8um

(e): EBL (f): Development (g): Dry-etching

Fig. 3.5: Description of the PIC-fabrication flow for 300 nm thick SiN on 8 ym SiO: platform.

The technological platform employed for the SC-FP and DBR devices utilizes commercially
supplied wafers from LioniX International BV [38], featuring a 300 nm-thick SiN core deposited

via low-temperature plasma-enhanced chemical vapor deposition (PECVD) on an 8 um-thick
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thermally grown SiO: bottom cladding over a 525 um-thick bulk silicon substrate, with air as the
top cladding (Fig. 3.5(a-c)). Air cladding has been deliberately considered here to support future
refractive-index-sensing applications, as demonstrated in Section 6.1.

Wafers were first cleaned with acetone and isopropyl alcohol (IPA) to ensure optimal resist
adhesion, followed by spin-coating and soft-baking a ~400 nm-thick layer of negative-tone
hydrogen silsesquioxane (HSQ) resist onto the SiN surface (Fig. 3.5(d)).

Device layouts, including DBRs, SC-FP resonators, alignment markers, were digitally designed
on an accurate GDS file and directly exposed at 100 kV via raster-scanning of a focused electron
beam (Fig. 3.5(¢)), delivering superior resolution compared to trench-exposure methods used in
case of positive resist spin-coating. After EBL exposure, where the electron beam crosslinks
exposed HSQ regions, making them insoluble, development selectively dissolves the unexposed
(soluble) areas to reveal the inverted nanoscale pattern (Fig. 3.5(f)). Further details of the EBL
fabrication process on passive photonic platforms, are provided in [39].

This patterned HSQ mask is then transferred into the underlying SiN layer via anisotropic
inductively coupled plasma (ICP) etching with an O2:CHFs (4:21) gas chemistry (Fig. 3.5(g)),
where reactive plasma species chemically attack the nitride while accelerated ions provide
directional sputtering to yield vertical sidewalls essential for low-loss waveguide performance.
From the initial HSQ thickness, approximately 70 nm of residual mask material remained after
etching. This thin overlayer was deliberately left in place, as an additional HF-based wet-etch step
would have exposed the SiO2 lower cladding to HF, which could result in partial undercutting of
the waveguide introducing extra scattering and absorption losses that could degrade device
performance. Fig. 3.6(a) shows a schematic cross-section of the single-mode waveguide after
fabrication, while Fig. 3.6(b) presents a SEM image of the fabricated structure used to verify
dimensional accuracy and process fidelity.

As highlighted in the schematic and SEM cross-section image, the residual HSQ layer and part of
the underlying SiN one deviate from an ideal rectangular profile.

This trapezoidal shape was measured to extend for 50 nm in the SiN with non-vertical sidewalls
that initially exhibit an average top angle characterized by an average top angle 6; = 66°,
gradually transitioning to a shallower angle 8, = 24°, before abruptly straightening into a near-
ideal vertical sidewall (~ 90°). This non-uniform profile, lacking perfectly vertical sidewalls

throughout, arises from a non-optimized ICP dry etching recipe.
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Fig. 3.6: (a) Schematic cross-section of the fabricated single-mode waveguide (W=1.3 pym) in
the y—z plane. Along the y-axis is defined the lateral waveguide width, while in z-axis are defined the
different material thickness layers: ty5,=70 nm, t5;y=300 nm, t50,=8 um, and ts;=525 um. (b)
Corresponding SEM picture of the waveguide cross-section.

3.4 Optical characterization setup

The optical characterization of the passive devices was carried out in the CAPPA photonics
laboratories in Tyndall National Institute (Cork), specifically using an end-fire (butt-coupling)
configuration, in which light is launched directly into the chip waveguide end facets to assess
transmission characteristics, propagation losses, and spectral response. While effective for on-chip
photonics, this method requires precise alignment to mitigate degradation from misalignment,
thermal drifts, or mechanical vibrations that can compromise coupling efficiency. The optical
setup is shown in Figure 3.7.

A broadband amplified spontaneous emission (ASE) source that delivers power up to 40 mW
across 1520-1620 nm exits a fiber holder and passes through a 10x collimation lens, then
encounters a polarizing beam splitter to suppress TM (or TE) polarization and transmit only TE
(or TM) mode. A 60x focusing lens on a 3-axis (x-y-z) stage then tightly couples the beam into
the chip facet.
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Fig. 3.7: Sketch of the end-fire optical setup.

These collimation and focusing lenses efficiently couple light into the waveguide when properly
aligned, using 3-axis translation stages that allow precise positioning of the waveguide relative to
the incident beam, alternatively lensed fibers can be also used ensuring 3 dB insertion losses.
The photonic chip is mounted on a stable holder using conductive carbon tape (Fig. 3.8),
sometimes adding a Peltier cell glued on the sample holder for ensuring thermal stabilization. A
NIR camera with 20x objective lens, positioned on top of the waveguide, allows for monitoring
the light beam spot at the input, at the output and along the waveguide's length to assess visually
the coupling and any scattering that occurs. Transmitted light is symmetrically collected by an
opposing 60% lens on another 3-axis stage, recollimated via 10x lens, and fiber-coupled generally
to a 90/10 beam splitter: 10% diverts to a power meter for intensity quantification, while 90%
routes to an optical spectrum analyzer (OSA) for detailed spectral readout.

Additional optical components like polarizers, fiber optic elements (such as circulators, couplers,
reflectors), or mounts can be implemented based on the device under measurement.

OSA traces are streamed to a PC for live monitoring and post-processing analysis carried out in
MATLAB. This versatile configuration supports the characterization of distinct photonic

structures, including waveguides, DBRs, FP resonators, detailed in following sections.

Fig. 3.8: Representation of the PIC mounted in the T-mount stage, illustrating alignment at the input and
output facets.
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3.5 On-chip DBRs: stopband characterization

Building on the schematics illustrated in Fig. 3.4 in the resonator design section (Section 3.2), the
implemented on-chip DBRs in this work are organized into three design families (A, B, and C),
distinguished by the specific choice of the design parameters. These three DBR families give rise
to three corresponding SC-FP configurations.

The geometric parameters were selected through an optimization workflow aimed at maximizing
the stopband width in air upper-cladding operation, increasing the effective index contrast varying
the corrugation widths and duty cycle, while preventing the structure from entering a strongly
multimode regime. At the same time, the designs were constrained to remain compatible with the
available EBL process, accounting for practical limits on minimum feature size, pattern-transfer
fidelity, etch robustness, so that the final geometry could be reliably fabricated and characterized.
Rectangular-shaped corrugations are a common choice for integrated Bragg gratings and are also
adopted in all the families of this work. The use of a rectangular profile for the DBRs maximizes
the effective index contrast between high- and low-index segments for a given width variation,
thereby providing a relatively large coupling coefficient and a broad stopband. This profile is
straightforward to implement with standard EBL and anisotropic etching, since it requires only
two well-defined width levels, whereas sinusoidal or multi-level modulations would demand
tighter process control and additional patterning steps, increasing sensitivity to lithographic and
etch non-uniformities.

Although rectangular features can in principle be smoothed towards a quasi-sinusoidal shape by
lithography- and etch-induced rounding [40], SEM inspection of the fabricated devices that will
be reported for the fabricated DBRs shows well-defined corrugation edges and a largely preserved
rectangular geometry, indicating that the realized DBRs closely follow the intended square-wave
profile and that fabrication-induced smoothing does not significantly degrade the performance.
Family A DBR is obtained by considering the schematic reported in Fig. 3.4(a) and employing a
low-index region of width W; = W5 = 1.3 um, and a high-index region of width W, = 2.5 um.
This design realizes the largest corrugation width W,, while maintaining a conservative
single-mode waveguide width of 1.3 pm in air cladding. Fig. 3.9 shows SEM images of the
uniform rectangular family A gratings, zooming on the etched features in the SiN core and HSQ
cladding. The rectangular waveguide corrugation is clearly resolved, and the measured
widths W, and W, in the SiN core slightly deviate from the nominal design values of 1.30 um and
2.50 pm to approximately 1.26 pm and 2.47 pm, respectively, while the corresponding HSQ
features exhibit average widths of about 1.114 pm and 1.33 pm. This inspection, combined with

the cross-section SEM shown in Fig. 3.6, confirm the presence of non-vertical sidewalls.
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Fig. 3.9: SEM image of the uniform family A DBR, reporting a zoomed view of the average etched
features for the SiN (white) and HSQ (yellow) layers, after fabrication.

Moreover, the fabrication process impacts also on the effective duty cycles of the implemented
DBRs. Among the same grating family, different nominal duty cycles were designed and
experimentally investigated, and their deviations from the target values were analyzed to quantify
systematic imperfections in the widths of the individual DBR teeth. Fig. 3.10 reports the average
etched dimensions and the corresponding duty cycles extracted from SEM analysis for the family
A DBRs nominally designed with DC = 40%, 50%, and 70%, which after fabrication result in
effective duty cycles of approximately 33.5%, 44%, and 63%, respectively.

(b)

V5=167.6 nm

| I V3=225.7 nm

V4=215.2nm | V5=220.4 nm

Fig. 3.10: SEM images of Family A-based DBR characterized by a rectangular corrugation shape and
designed for duty cycles of (a) 40%, (b) 50%, and (c) 70%. Average corrugation width and etch
dimension after fabrication process, are shown. By simple calculations, it can be estimated that the
effective duty cycles result 33.5%, 44%, and 63%, respectively.
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These measurements provide average indicators of the systematic deviation between the designed
and fabricated devices. All such dimensional variations modify the effective index contrast,
impacting the DBR stopband width, Bragg wavelength, and coupling strength.

Family B DBRs, in contrast, are based on the same schematic of Fig. 3.4 but start from a
single-mode waveguide W; = 1.3 um and then transition to a narrower low-index segment
W, = 0.8 um, while keeping the high-index segment W, = 2.1 um fixed. This configuration
increases the effective index contrast by reducing W;, thereby enhancing the stopband, while
maintaining W, at a width that remains safely away from strongly multimode operation. Fig.
3.11(a) shows a SEM image of a uniform rectangular family B grating, highlighting deviations
from the nominal corrugation widths: the SiN features deviate from the design values of 0.80 um
and 2.10 um to approximately 0.753 um and 2.07 um, respectively, while the corresponding HSQ
features exhibit average widths of about 0.585 pm and 1.92 um. In this architecture, apodisation
is particularly beneficial, as it ensures a smooth transition and mitigates mode-mismatch losses at

both the interface between W, and W,, and the W3 to W, one.

H 200 nm
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Fig. 3.11: (a) SEM image of the uniform family B DBR, reporting a zoomed view of the average etched
features for the SiN (white) and HSQ (yellow) layers, after fabrication. (b) Overview of the double tapering
implementation in the family B DBR: smooth transitions occurs both for the single-mode waveguide (W,
tapered down to W;), and for the teeth corrugation widths (W, tapered up to W,).

Family C DBRs implement an air-gap DBR architecture, corresponding to the schematic in Fig.
3.4(b), by linearly tapering down the high-index regions from W,=2.3 um to W5=1.3 um and the
low-index ones from W5;=1.3 um to the minimum feature size related to fabrication constraints
that for the implemented EBL process results W;=50 nm, over N;y=250 periods.

Beyond the taper tip, the grating transitions to a fully air-gap structure, in which air gaps separate
adjacent SiN segments, thereby maximizing the effective index contrast. For this configuration,

SEM images are not reported in this chapter; a detailed description of the air-gap DBR
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implementation, including high-resolution SEM inspection and fabrication process information
are provided in Chapter 6 (Section 6.2.1) of this thesis.

The stopband characterization of the three grating families was performed using the end-fire setup
described in Section 3.4. Families A and B were measured in transmission using DBRs with N =
1000 uniform grating periods, because the applied apodisation does not significantly modify the
experimentally extracted stopband width, whereas the stopband of family C devices was estimated
from the wavelength range over which the SC-FP transmission exhibits resonance dips, as defined
in [34]. Figure 3.12 (a) shows the comparison between the achieved stopband width between

family A and B Bragg grating reflectors.
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Fig. 3.12: Bragg grating stopband characterization. (a) Measured normalized transmission spectra for
family A DBR with duty cycles of DC = 40%, 50%, and 70%, compared with family B architecture
designed with DC = 50%. (b) Normalized transmission spectrum of air-gap SC-FP based on family C
gratings (DC = 70%): a stopband AA = 74 nm can be extracted.

Specifically, by varying the DC from 40% (grey trace) to 70% (yellow trace), the measured 3-dB
stopband (AA) increases from AL =10.0 nm to A4 = 18.8 nm, with a red-shift of the center of the
stopband position from 1569 nm to 1584 nm, for a fixed periodicity P = 506 nm. For a nominal

duty cycle value DC=50%, A/ results 14 nm, as represented in the red trace in the figure.

101|Pag.



Chapter 3: Integrated SC-FPs based on engineered Bragg gratings mirrors

Family B gratings further broaden the stopband width: the measured 3-dB stopband extends to
AL = 48 nm (green trace in Fig. 3.12(a)), demonstrating the strong dependence of the mirror
bandwidth on the corrugation amplitude modulation, and the consequent effective index contrast.
The periodicity is set to P=530 nm to ensure a stopband center around 1574 nm, similar to the
family A devices. Regarding the family C DBR, the stopband behavior is extracted from the
transmission spectrum of the air-gap SC-FP characterized by N = 1750, Nt =250, L =370 um,
P =526 nm, and DC =70% (Fig. 3.12(b)). This configuration enables the broadest operational
bandwidth. The latter is estimated by evaluating the wavelength range over which the SC-FP
transmission dips, as defined in [34], are supported and exhibit a value of approximately
AA=74 nm. Table 3.1 summarizes the stopbands and the design parameters considered for the three

DBR families.

Table 3.1. Experimental bandwidth among different DBR families

DBR Wi W, Ws AL
family [um] [nm]
DC=40% 10
A 1.3 2.5 1.3 DC=50% 14.2
DC=70% 18.8
B 0.8 2.1 1.3 DC=50% 48
DC=50% 60
C 0 2.3 1.3 DC=70% 74

*For air-gap DBRs, the stopband is approximately estimated by considering the region in which are
supported the SC-FP transmission dips, as carried out in [34].

Furthermore, Table 3.2 provides a comprehensive review of photonic integrated Bragg gratings
and DBRs from the literature, highlighting stopband widths, operating bands, core/substrate
thicknesses, cladding configuration, and minimum feature sizes in order to compare with the
devices presented in this work.

For instance, Ta.Os rib-based DBRs on glass substrates immersed in water achieve A4 =12 nm,
near-UV bands (~850 nm) for label-free biosensing [41].

Triangular corrugation-shaped SiN DBRs (600 nm thick SiN on 1.4 pm silicon dioxide buried
oxide (BOX) and 1.5 um top cladding) exhibit a polarization-independent 15 nm stopband in the
O-band, with 40 dB rejection [42].

SOI strip-based gratings from [43], realized on the 220 nm thick SOI platform, implement a single
mode waveguide width of ;=500 nm and report a stopband ranging from 10 nm to 30 nm in the

C-band, depending on air or silica cladding and corrugation width.
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SiN chirped spiral Bragg gratings demonstrate large group delay dispersion (around 1440 ps) [44]

and stopband of around 9.5 nm for 90 nm thick SiN, under SiO: cladding, while SOI platform-

based [45] delivers AA =15 nm with 50 ps group delay dispersion contribution.

In this work, family B DBRs, implemented on a 300 nm SiN core with double tapering of both

low- and high-index segments, achieve a broadened stopband of approximately AA~48 nm,

enabled by the enhanced effective index contrast engineered through the corrugation widths.

Building on the air-gap between the corrugated DBR waveguides, the proposed family C DBRs

further extend the stopband to about AA =74 nm. Notably, this level of bandwidth enhancement

is obtained only through DBR-corrugation engineering, without requiring customized layer

thicknesses or non-standard cross-sections: all devices are realized on a standard LioniX 300 nm

SiN platform using EBL process.

Table 3.2. Comparative overview of stopband performance for various integrated DBRs.

Structure Platform Footprint [Wxt] Stopband A4 Ref.
Dielectric TaOs core, Rib Core: W=1000 nm ~12 nm:
RIB-based Water cladding, Thickness: t=160 nm UV-band [41]
DBR Substrate: Schott D263 Min. feature size: 40 nm
Triangular- SiN core, 1.5 pum SiO, | Core: W= 600 nm, W>=1000 nm, ~ 15 nm,
shaped DBR cladding Thickness: t=600 nm, ER=40 dB: [42]
Substrate: 1.4 um Min. feature size: 200 nm O-band
BOX
Silicon core, air Core: Wi: 500 nm, W»: 820 nm, ~ 30 nm, [43]:
DBR cladding Thickness: t=220 nm, ER>30dB Fig.2.22
Substrate: 2 pm BOX Min. feature size: P/2=162 nm C-band
Core: Wi: 800 nm, W,: 2100 nm, ~48 nm,
Thickness: t=300 nm, ER=30 dB
DBR SiN core, air cladding Min. feature size: 150 nm C-band This
Substrate: 8 pm BOX Core: W;: 1300 nm, W»: 2300 nm, =~ 74 nm: work
Thickness: =300 nm, C-band
Min. feature size: tip width=50 nm
SiN on SOI core, SiO; | Core: Wi: 2800 nm, W»: 3000 nm, ~9.5 nm, [44]
cladding Thickness: t=90 nm, ER=20/30 dB
Chirped- Min. feature size: 100 nm C-band, 1440 ps
DBR group delay
Si02-on-Si rib core, Rib footprint: N.A., 5 mm length =~ 15 nm: [45]
Air cladding, Min. feature size: N.A C-band,
Substrate: SiO; 50 ps group delay
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3.6. Integrated in-plane FPs

This subsection presents an analysis of the resonator propagation losses, and quality factors
experimentally evaluated for the in-plane FPs incorporating family A DBRs and considering
different duty cycle values.

The designed and fabricated FP cavities follow the schematic depicted in Fig. 3.1 and consist of
two identical DBR sections with a low-refractive index region characterized by a width of W1=1.3
um, while the high-refractive index region has a width of W>=2.5 um. The width of the resonant
cavity is assumed to be W4= W3 = W1, The mirror sections are defined by N=100 uniform gratings
and N7=20 linearly apodized DBR on each side of the cavity.

The total grating number N + Ny is deliberately limited to ensure sufficient transmission through
the mirrors for in-plane FP characterization, while the apodized grating numbers are engineered
to maximize the intrinsic Q; factor. In particular, the tapered (or apodized) DBRs
facilitate adiabatic mode conversion between the waveguide mode and the grating Bloch mode,
avoiding the large Bloch-mode mismatch loss typical at the waveguide-grating interfaces [19]
especially for strongly coupled gratings (as in a 1D photonic crystal), where light experiences
multiple reflections and re-transmissions across the interface that amplify scattering losses.
Following the approach used in [19], it is possible to extract details about the propagation losses
(o) due to the integrated in-plane FP resonators. Specifically, it has been analyzed the contribution
losses for two FPs characterized by DC=50% and DC=70%, fixing the values of cavity length to
L=900 pm that enables high Q-loaded operation.

The FP resonances were characterized with a tunable-laser source in continuous-sweep mode
(sweep rate 1 nm s, acquisition 100 kSample s') and detected on a high-speed Germanium
photodiode (New Focus, 800-1750 nm, Model 2033). From these high-resolution experimental
measurements, by fitting them according to the equations valid for an in-line resonator described
in [33] extracted the resonant peak FWHM values, and the intrinsic, coupled and loaded quality
factors.

Fig. 3.13(a) reports the resulting normalized FP transmission plot, with the fitting of the sharper
resonance, for DC=70%. At A=1572.89 nm, the FP features a very high loaded Q-factor of Q; =
3.48 - 105, that refers to a FWHM of around 4.5 pm, and an intrinsic quality factor Q; = 1.045 -
106. When DC=50%, the loaded Q-factor results Q; = 1.075 - 10°, corresponding to a FWHM of
around 15.4 pm, while Q; = 3.97 - 10° (Fig. 3.13(b)).
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The propagation loss coefficient a for the two FP resonators can be defined as function of the
extracted intrinsic quality factor, the resonant FP mode A, and the group index n, of the

waveguide resonant cavity as follows [19]:

2mnyg
- Qi/lres. (31)

a

The group index of the fundamental guided mode was extracted as a function of the wavelength
using the FDE solver in Lumerical MODE, for a straight waveguide cavity with a width of 1.3 pm.
The solver provides the effective and group indices by solving Maxwell’s equations on the
waveguide cross-section. Specifically, for the in-plane FP cavity characterized by DC=50%, the
simulated group index is extracted at Az = 1558.65 nm, corresponding to a simulated group index

ng = 1.9587.
In contrast, for DC=70%, the group index is calculated Az = 1572.89 nm, yielding n;, = 1.9539.

The resulting cavity losses result apc—sg, z0.1986i and apc=7q9 = 0.07468i, for

DC=50% and 70%, respectively. These values assess that the higher duty cycle (DC = 70%)
reduces scattering losses and validate the low-loss performance of the engineered gratings, which

underpins the high Q-factors achieved in the resonators.
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Fig. 3.13: Experimental normalized transmission spectra and Lorentzian fits for SC-FPs with differing duty
cycles: (a) DC=70%, (b) DC=50%.

105|Pag.



Chapter 3: Integrated SC-FPs based on engineered Bragg gratings mirrors

3.7 Integrated side-coupled FPs

This section details on the fabricated SC-FP resonators whose design schematic was illustrated in
Fig. 3.3(a) and employing the DBR architectures whose characterization has been reported in
Section 3.5. All the SC-FPs feature a combination of uniform and apodized grating mirrors, for a
total of N+N;=2000 grating periods, in order to achieve high reflectivity within the stopband.
A preliminary study is first carried out on the output transmission response of the SC-FP resonant
dips using an end-fire optical setup, following extraction of dispersion parameters, quality factor,
and reflectivity. Accurate DBR design plays a central role in controlling the resonator-induced
dispersion and provides a powerful degree of freedom beyond waveguide cross-section
engineering alone. In this work, the impact of mirror corrugation width and apodisation profile on
the group delay and phase response of the DBRs is systematically investigated, and their resulting
influence on the spectral properties of the cavity modes is highlighted. Furthermore, the high
tunability of the SC-FP platform is exploited by co-optimizing the cavity length and coupling gap,
together with the choice of DBR family, to realize either ultra-high-Q resonances or device
configurations that prioritize large on-resonance peak reflectivity, depending on the targeted

applications.

3.7.1 Engineering of integrated dispersion

As detailed in Section 2.3.2, the DBR reflection phase ¢pgr(w) defines an effective penetration
length L.g consequently introducing a frequency-dependent length contribution to the FP cavity
beyond the physical separation between the reflectors L. This penetration length is strictly linked
to the wavelength-dependent group delay (1), given by the derivative of the grating phase
response, so that the effective optical length of the entire SC-FP cavity and therefore its free
spectral range, becomes explicitly frequency dependent.

While models for modelling cavities with uniform and apodized DBRs have been theoretically
established [21], in this section the main emphasis is placed on the experimental demonstration
that engineering the grating architecture, and in particular the apodized DBR taper length, enables
precise control over the integrated dispersion of the resonator. In the optical-frequency domain f,

the integrated dispersion D;,:(1)is defined as:
Dines(1) = fu — (fo + Dy 'H), (3.2)
where f; and f, denote the measured optical frequencies at the center of the stopband and at

resonance with relative longitudinal number p, respectively, where 1 = m — mg. The reference

Fabry-Perot mode is indicated with m, placed at the center of the stopband, while generic mode
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index is defined with m that considers integer values. Thus, u = 0 corresponds to the reference

resonance (m = my), L = +1 to the first neighboring resonances on either side, p=+2 to the next

" fy
oun

pair, and so on. Dy, ; = are the n-th order dispersion coefficients, such that D; ,is the
u=0
FSR at the center of the stopband. The integrated dispersion D,,, ;(u) are retrieved by fitting the

experimentally measured resonant frequencies f,, with a cubic polynomial as:
D D
fu=fot Dupout—Lop? + 208 (3.3)

Consequently, Dy ¢, D, ¢, and D5 f, are extracted from the fit coefficients.

By considering the end-fire setup described in Section 3.4, the SC-FPs are characterized in
transmission, and the output spectra of resonators incorporating the three DBR families are
collected to experimentally retrieve the integrated dispersion using Eq. (3.3).

Figure 3.14(a—d) reports the transmission response of SC-FP resonators based on the family A
DBR (P =500 nm, W; = 1.3 um, W, = 2.5 um), for progressively increasing apodized grating
length Ny, from N; = 0 in(a) up to Ny = 1000 in (d), with the cavity length fixed to L = 900 um
and a coupling gap G = 500 nm. As the apodisation in the grating increases, a higher number of

SC-FP modes appears within the same DBR stopband, providing a denser set of resonances.
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Fig. 3.14: Output transmission response for family A-based SC-FPs incorporating: (a) Ny = 0, (b) Ny =
50, (¢) Ny = 250, (d) Ny = 1000. Density of supported SC-FP modes are raising in the transition from
shorter to longer apodised grating lengths.
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The same analysis is extended to the family B architecture. By using the same coupling gap and
cavity length, the SC-FP resonator employing the family B DBR (P = 500 nm, W; =
0.8 um, W, = 2.1 um, W5 = 1.3 um) is characterized in transmission, as reported in Fig. 3.15(a).
To enable a direct comparison with this configuration, the family C architecture (air-gap structure)
is designed with the same number of uniform and apodized grating periods. Fig. 3.15(b) presents
the corresponding transmission spectrum for this device, which uses modified grating

parameters (P = 526 nm, DC = 70%, L = 370 um)
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Fig. 3.15: Output transmission response for (a) family B-based, and (c) family C-based SC-FPs
incorporating N =1750 and N; = 250. The broaden stopband achieved by the two DBR architectures
enable resonances extending over 6 THz frequency range.

From the measured transmission spectra, the experimental resonant frequencies f, are extracted
and the integrated dispersion of the SC-FP architectures employing the three DBR families is
presented in Fig. 3.16, as a function of optical frequency. In particular, Fig. 3.16(a—d) shows the
different dispersion profiles for SC-FPs-based on family A gratings induced by varying the
apodized grating length N;. Increasing the number of apodized periods Ny from Ny=0 (no
apodisation) to Ny= 1000 drives a controlled transition from near-zero to strongly anomalous

dispersion.
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For short tapers (N7 = 0 and Ny = 50), D,,, ; (1) evolves from ~ 10 GHz to ~ —10 GHz as the

resonance frequency shifts from 191.5 THz to 193 THz, remaining nearly flat at the bandgap center

and indicating a strongly suppressed second-order term while dominant third-order dispersion.
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Fig. 3.16: Integrated dispersion D;,, , tailoring enabled by different DBR geometries. (a)-(d) Progressive
transition from nearly flat to highly anomalous dispersion achieved by increasing the number of taper
periods N, considering same family A DBR structure. Highly normal dispersion supported by broadband-
based reflectors: (e) family B and (f) family C gratings.

In contrast, for Ny = 250 and Ny = 1000, D;,, () results predominantly positive and follows
a pronounced parabolic trend, evidencing a marked anomalous-dispersion regime with D, (1) >

100 GHz. At fixed cavity length and taper number Ny =250, SC-FPs based on family B DBRs
invert the dispersion sign compared to family A devices, yielding to a normal-dispersion regime

with peak values of Djn¢ r(f)= -150 GHz, as shown in Fig. 3.16(e). The normal dispersion regime
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is also observed for air-gap SC-FP, which use the same apodized grating length but a shorter cavity
length (=370 um). For family C DBRs, (P=526 nm, DC=70%) the air-gap SC-FP achieves larger
normal dispersion, with peak Djn¢ ¢ ()= -190 GHz (Fig. 3.16(f)).

These results demonstrate that DBR tailoring allows precise dispersion control, enabling the
selection of either normal or anomalous integrated dispersion at a target operating wavelength,
without engineering the waveguide cross-section. This capability is particularly beneficial for
applications such as dissipative Kerr solitons and parametric frequency-comb generation [46].
The dispersion properties of the SC-FP resonators are further analyzed in Fig. 3.17 by plotting the
fitted first-order coefficient Dy r and second-order coefficient D, ; as functions of optical
frequency for the three resonator families.

For family A devices, Fig. 3.17(a) shows that D,y is almost flat for Ny = 0 and Ny = 50,
indicating a nearly frequency-independent FSR of about 80 GHz and 75 GHz, respectively, and

hence only very weak second-order dispersion.
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Fig. 3.17: Fitted experimental first order (left column) and second order dispersion (right column)
coefficients for: (a-b) family A-, (c-d) family B-, and (e-f) family C-based SC-FP resonators.
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In detail, D,y exhibits very small values that cross from positive to negative around zero (Fig.
3.17(b)), while the magnitude of D f increases to about —50 MHz and —130 MHz for Ny =
50 and Ny = 0, respectively as detailed in Fig. 3.18(a).

When Ny is increased to 250, Dy f starts to show a clear frequency dependence, and for Ny =
1000 it varies strongly from about 35 GHz to 62 GHz towards higher frequencies, yielding a
strongly monotonic trend with a pronounced positive slope. This reflects a strictly positive
second-order dispersion D, r ~ 1 GHz with an almost vanishing D;  ~ 0 MHz, fully consistent
with the smooth quadratic integrated-dispersion envelope reported in Fig. 3.16.

For family B (Fig. 3.17 (¢), (d)), and family C (Fig. 3.17(e), (f)) SC-FPs, the fitted D; r shows a
strong, nearly linear negative slope across the stopband, with average values of
approximately D, s ~ —0.15 GHzand D, y  —0.64 GHz, respectively. These results indicate that
the FSR decreases monotonically with increasing optical frequency and that both resonators
operate in a regime of pronounced normal second-order dispersion, confirming the broad,
concave-down Dy, ¢ profiles in Fig. 3.16(e), (f).

The third-order dispersion coefficients extracted in Fig. 3.18(b), (c) are finite but remain

comparatively small, with D  values on the order of 1.7 MHz and 0.7 MHz, respectively.
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Fig. 3.18: Third order dispersion coefficient as function of the optical frequency for (a) family A, (b) family
B, and (c) family C-based SC-FPs.
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Moreover, this change in the dispersion response reported for longer tapered DBR sections in
family A devices correlates with the resonator FSR response. Fig. 3.19(a) shows the steepening of
the FSR slope, while Fig. 3.19(b) reports the corresponding increase in the penetration length L
toward smaller frequencies, experimentally extracted at the lower edge (191.5 THz), center
(192.15 THz), and upper edge (192.86 THz) of the stopband. Specifically, L. accounts for the
additional penetration length beyond the physical geometric cavity length L=900 um in the
resonator. When the number of tapers is increased to Ny = 250 and Ny = 1000, the FSR shows
a pronounced slope and strong frequency dependence.

For longer tapering sections (Nr = 1000), L.g nearly doubles between lower band edge and the
stopband center, indicating significant frequency-dependent penetration into the DBR mirrors,

whereas its variation remains negligible for short tapers.
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Fig. 3.19: FSR response of SC-FPs based on family A DBRs with fixed cavity length L =900 um and
gap G=500 nm, for different apodised grating lengths N;. (b) Corresponding experimentally extracted
frequency-dependent penetration length L. , showing increased field extension at the stopband edges
for longer DBR tapering sections. For N;=1000, L. =~ 500 um at stopband centre and L. =~ 1000 um
at lower band edge.

This effect has also been analyzed for different cavity lengths. For shorter cavities (L = 120 um),
increasing the taper length significantly distorts the FSR, whereas for longer cavities (L = 900 um)
the influence of apodization becomes weaker, leading to a correspondingly reduced impact of the

DBR penetration length (Fig. 3.20).
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Fig. 3.20: Effect of different apodisation grating periods and cavity length on the FSR response.

Consistently, Fig.3.21 presents the FSR response of SC-FP resonators incorporating uniform

family A DBRs extracted for different cavity lengths. Increasing the cavity length results in a

progressive flattening of the FSR curve across the measured frequency range [21], confirming that

this behavior in both apodized and non-apodized gratings arises from the reduced relative

contribution of the DBR penetration length.
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Fig. 3.21: Experimental FSR versus frequency for SC-FP cavities based on family A uniform gratings
(N-=0) with different cavity lengths. A progressive flattening of the FSR is observed for longer cavities
L=900 um, where modes near the stopband center exhibit an “almost constant” FSR~80 GHz.
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A final investigation is explored on the influence of different grating apodisation profiles
variations on the FSR response for a fixed cavity length L = 300 pum, gap G=500 nm, and same
taper length N;-=250.

Particularly, Figure 3.22 compares the SC-FPs employing a cubic (Mn=3), quadratic (Mn=2), and
linear apodisation (Mn=1) apodisation profiles in the DBR corrugations. The quadratic
apodisation profile produces the least pronounced concavity inthe FSR, exhibiting a more
uniform spectral response compared to the linear and cubic cases that possess the
strongest concave parabolic FSR response. These findings underline that, beyond the taper length,
the specific apodisation profile provides an additional handle to engineer the dispersion of
DBR-based SC-FP resonators and tailor their spectral response to the requirements of a given

photonic function.
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Fig. 3.22: Effect of apodisation profile order Mn on the FSR performance. Measured FSR response for SC-
FP resonators with linear (Mn=1), quadratic (Mn=2), and cubic (Mn=3), with fixed cavity length L=300 pm
and number of gratings N=1750, Nt=250.

3.7.2 High-Q resonator performance

Beyond dispersion control, the SC-FP geometry enables co-optimization of the loaded quality
factor Q; through systematic variation of cavity length and coupling gap. The SC-FP resonances
have been characterized with a tunable-laser source in continuous-sweep mode and detected on a
high-speed Germanium photodiode by considering the same settings detailed in Section 3.6.
Fitting these high-resolution experimental measurements according to the equations valid for a
side-coupled resonator, described in Section 2.5.3, enables it to experimentally retrieve the loaded
quality factors.

In family A-based SC-FPs, it has been fixed L = 900 pm and G = 600 nm, while introducing longer
apodized gratings. The loaded Q-factor increases from 9.3x10* (Nr=0) up to 2.04X105(NT
=1000). This enhancement is attributed both to the improved mode-matching ensured by the
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smooth transition between the cavity and the DBR sections, and the enhanced penetration length,
as demonstrated in Fig. 3.19(b), that drastically extends the geometrical cavity length when
Nr=1000 apodized gratings are considered.

However, the optimal Q-factor of O, =<2.3x10° that corresponds to FWHM= 6.7 pm, is achieved
when in the family A-based SC-FP is set Ny =250, G =400 nm, L = 900 um, while the coupler
waveguide and the FP cavity width W, is increased from 1.3 pm to 1.8 pum (Fig. 3.23, yellow
markers).

The broadening of the resonant cavity waveguide reduces field overlap with the etched sidewalls
and the relative scattering losses due to the roughness interaction, boosting the Q-factor. However,
a wider cavity imposes stricter constraints on the coupling gap, as the side-coupler bend must
remain sufficiently close (maximum G=400 nm) to ensure proper mode matching and maintain
pronounced SC-FP resonance dips.

The second architecture highlighted in Fig. 3.23, represented with green markers, achieves
Q132.0><105. In this resonator, the resonant cavity width is kept constant to W,= W,=W;=1.3 um
and is characterized by a geometrical length L = 900 pm, but the gap is set to 600 nm, and the

number of apodized DBR is increased to Ny-=1000 enhancing the performance of the Q-factor.
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Fig. 3.23: Loaded quality factors (Q;) extracted from high-resolution measurements for family A DBR
SC-FPs, comparing the best performance achieved when considering W, = 1.8 um (yellow trace) and
W, =13 um.

Regarding the other architectures, SC-FP resonators incorporating family B gratings exhibit
0, =1.3x10°, for L =900 pm, G =600 nm and Ny=250; while SC-FPs based on family C,
characterized by Ny =250, L =370 um G =600 nm, W>=2300 nm, DC =50%, yields a peak
0, ~9.6x10* as highlighted in Figure 3.24.
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The abrupt discontinuity at the air-gap interfaces and relative mode-mismatch introduces
additional scattering and radiation loss, inducing an overall decreasing of Q-factor in the air-gap
structures.

All the parameters described in this section result from a systematic optimization of the cavity and

grating geometry during the design process.
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Fig. 3.24: Loaded quality factor for SC-FPs based on (a) family B, and (b) family C DBR.

3.7.3 Resonant mirror: reflectivity analysis

For laser integration, the effective peak reflectivity is a primary figure of merit that determines the
suitability of SC-FP devices as resonant mirrors. This reflectivity is strongly governed by the
underlying grating architecture and by the coupling gap engineered in the SC-FP. The latter sets
the resonator operating regime; in particular, operating in the over-coupled regime is advantageous
in the SC-FP configuration, as it enables higher achievable reflectivity at the input waveguide port.
For this purpose, the reflection spectra R(f) were measured using a three-port fiber circulator for
SC-FPs incorporating the three DBR families,

For family A and B-based resonators, we consider the same apodized grating periods Nr = 250,
duty cycle DC=50%, cavity length L = 300 um and coupling gap G = 400 nm. The family C SC-FP
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configuration differs only by a shorter cavity length (L = 300 um), while all other design
parameters are kept identical. The normalized reflection spectra of the three architectures are
reported in Fig. 3.25(a—c).

Enhancement in the on-resonance peak reflectivity (R,..) , combined with an increase in the
maximum inter-peak extinction ratio ERyerpeak~Rpeai/Npglas, Where N, is the average
background noise level, also due to parasitic FP arising from reflections at the chip cleaved facets,
is observed in family B and family C-based SC-FPs.

Specifically, ER;,zer-pear reaches =6.35 dB for family B and =5.7 dB for family C, with a high
density of well-defined reflection peaks over a 6-THz span, whereas SC-FPs integrating family A

DBRs exhibit a degraded reflection response, with a maximum peak of = 4.9 dB.
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Fig. 3.25: (a-c) Comparison between the normalized experimental reflectivity spectra of SC-FP based on
family A, B, and C DBRs, for fixed N; = 250, G= 400 nm.

Among these structures, the coupled quality factor (Q,) remains invariant, while the improved
behavior can be attributed to the enhanced intrinsic quality factor (Q,) provided by the specific

choice of DBR family and the associated intrinsic loss mechanisms. The intrinsic quality factor is
obtained by fitting the transmission of the devices compared in Fig. 3.25 with high-resolution
measurements (with settings analogous to Section 3.7.2) according to the Eq. (2.80).

Family B configuration exhibits the best performance with peak value exceeding Q; > 1.5 - 105,
as reported in Fig. 3.26 (yellow markers), while for family C and A it assesses to O, = 1 - 10°

(orange markers) and O, ~ 0.4 - 10° (blue markers), respectively.
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Fig. 3.26: Experimental intrinsic quality factor values for the three different SC-FP architectures: (blue)
family A, (yellow) family B, and (orange) family C gratings sharing the same gap G=400 nm.

The impact of the coupling gap variation in SC-FP resonators is investigated not only in terms of
loaded quality factor, but also for its simultaneous effect on the transmission dips at the output
port and the reflection peaks at the input port. In this analysis, the same family C SC-FP
configuration used in Fig. 3.25 is considered, while the coupling gap is varied from ¢ = 600 nm
to G = 300 nm. Fig. 3.27 shows the evolution of the extinction ratio (ER) of the transmission (T)
dips: for G=600 nm ER~=3 dB, G=500 nm exceeds 5 dB, G=400 nm is almost 10 dB, while for
G=300 nm it results peak ER of 15 dB, clearing showing the increased ER with smaller gaps.
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Fig. 3.27: Transmission response of the family C-based SC-FP resonators for decreasing gap values:
dips extinction raises passing from G=600 nm to G=300 nm.
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This trend observed in transmission is corroborated by the analysis of the normalized reflection
peaks, reported in Fig. 3.28 for G = 500 nm and ¢ = 300 nm. As the coupling gap decreases, the
peak reflectivity increases from ER ey peai = 4.6 dB at G = 500 nm (red trace) to ER;yzer-pear = 6.8
dB at G = 300 nm (green trace). All resonators considered in the reflection analysis operate in the

over-coupled regime (O, > @), as confirmed in Fig. 3.29 for two example gap values (a) G=600

nm and (b) G=400 nm.
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Fig. 3.28: Air-gap SC-FP (N; = 250): increase in resonance peak intensity and inter-peaks extinction
ratio with decreasing gap from 500 nm to 300 nm.
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Fig. 3.29: Experimental intrinsic and coupled quality factor values for SC-FP based on family C DBR
with (a) G=600 nm, and (b) G=400 nm. Over-coupling regime is demonstrated over the entire frequency

range.
These measurements confirm that broadband, high-contrast DBRs (families B and C), combined
with appropriate coupling-gap engineering, can deliver SC-FP mirrors with significantly enhanced

peak reflectivity and extinction ratio, which is essential for high-performance hybrid laser cavities

and wavelength-selective reflectors.
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Chapter 4: Multi-wavelength laser emission via
fiber-assisted HECL

This chapter presents the application of integrated SC-FP resonators, acting as resonant reflectors,
in a fiber-assisted hybrid external-cavity laser configuration. The external-cavity combines the
SC-FP, fabricated on an 800-nm-thick silicon nitride PIC, with a fiber-based reflector and a
commercial fiber-coupled SOA. This configuration produces multi-wavelength laser (MWL)
emission as the result of the overlap between SOA gain ripple, the SC-FP reflection peaks, and the
supported longitudinal modes of the fiber-PIC cavity. The integrated SC-FP resonators employ
engineered Bragg gratings that enable precise control of spectral reflectivity, dispersion, and
achieving loaded quality factors up to 6.5x10° with on-resonance reflectivity reaching 57%.

The hybrid laser exhibits multi-wavelength emission aligned to the SC-FP resonances, with
multiple longitudinal modes of the hybrid cavity competing within each resonance. When isolating
single resonances, coherent pulse trains with corresponding radiofrequency linewidths as narrow
as ~3 kHz are observed. The system spontaneously generates multiple identical pulse profiles
within the laser cavity, effectively multiplying the repetition rate and reveals transitions toward
partially mode-locked states. These results establish SC-FP resonators as promising
wavelength-selective reflectors for compact, multi-wavelength HECLs, highlighting their
potential for advanced applications such as low-phase-noise microwave generation, WDM
carriers, coherent ranging, and multi-comb spectroscopy. The results shown in this chapter have
led to the publication of a journal paper in Journal of Lightwave Technology, listed as [j2] in the

list of publications section.

4.1 Multi-wavelength laser architectures

Multi-wavelength lasers (MWLs), have emerged as critical enablers for next-generation photonic
systems, driven by their ability to deliver multiple discrete, stable emission lines across broad gain
bandwidths with precise spacing, and frequency-stable laser sources [1-3]. These lasers address
fundamental challenges in frequency shaping of multimode emission, transforming broadband
amplified spontaneous emission into equidistant lines suitable for applications spanning
datacom/telecommunications [4],[5], radiofrequency (RF) signal generation [6], coherent light
detection and ranging (LiDAR) [7],[8], laser ranging [9], spectroscopy [10], and multi-comb
metrology [11]. Deployable MWL architectures demand compact footprints, energy efficiency,
low phase noise (sub-kHz linewidths), uniform power distribution, high side-mode suppression

ratios (SMSR >40-60 dB), and thermal stability.
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One of the most promising routes to realize such multi-wavelength laser operation is through
hybrid external-cavity lasers that integrate a passive optical resonator on a photonic integrated
circuit with an external gain element, such as fiber-based gain media like erbium-doped fiber
amplifiers (EDFAs) [12],[13], semiconductor optical amplifiers such as SOAs [14], and RSOAs
[15], or erbium-doped waveguide amplifiers (EDWASs)[16].

Hybrid external-cavity lasers overcome the limitations of silicon’s indirect bandgap by
heterogeneously integrating I1I-V gain media, while avoiding the material waste, alignment
difficulties, and scalability challenges associated with conventional die- or wafer-bonding
techniques. [17]. Early demonstrations employed fiber-coupled gain chips for their simplicity and
inherently low coupling losses, but recent advances in integrated high-gain on-chip amplifiers have
enabled direct coupling to photonic integrated circuits, delivering superior optical phase stability,
enhanced wavelength tunability, and significantly narrower linewidths [18-22].

The gain chip is precisely aligned and either butt-coupled, evanescently coupled, or wire-bonded
to the PIC bus waveguide input and the wavelength-selective resonant reflector. Integrated thermal
phase shifters and heaters provide fine-tuning of resonance alignment, and the laser cavity is closed
through the resonator's wavelength-selective reflective feedback.

Experimental demonstrations of fiber-free HECL using this butt-coupling scheme are detailed in
Chapter 5.

Advances in high-Q SiN resonators have revolutionized on-chip nonlinear optics by enabling
soliton-based frequency comb generation in compact, low-loss waveguides through four-wave
mixing driven by SiN’s strong third-order nonlinearity [23-25]. The injection of intense coherent
light into these resonators allows the formation of dissipative soliton states, and when such SiN
cavities are embedded in external-cavity lasers, they unlock mode-locked hybrid laser operation
via coherent amplification of periodic pulse trains, providing a viable alternative to schemes based
on active modulation or integrated saturable absorbers [15],[26-28].

In this context, hybrid SiN-III-V systems can simultaneously deliver narrow optical linewidths,
low RF phase noise, and engineered dispersion profiles that are compatible with soliton regimes.
As discussed in Section 3.1, while MRRs have been the dominant platform for on-chip comb
generation due to their compact footprint and high-Q resonator performance, they face intrinsic
limitations such as resonance splitting from surface scattering [24], [29], modal crosstalk, thermal
instability, and restricted dispersion engineering, that can constrain their use in coherent MWL
systems. In contrast, photonic-crystal-based resonators implemented, for instance, as in-line [30]
or side-coupled Fabry—Pérot cavities [31] have emerged as a competitive alternative, combining

ultra-high Q-factors with fine-grained control of dispersion through engineered bandgaps [32].
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Such structures maintain a compact footprint while providing strong, spectrally selective reflection
and the ability to confine nonlinear interactions like four-wave mixing to specific defect modes
within the photonic stopband, thereby enabling an accurate balance between dispersion and
nonlinearity necessary for soliton formation.

In this chapter, the applicability of integrated SiN-based side-coupled Fabry—Pérot resonators for
multi-wavelength lasing and pulse-train generation in hybrid ECL systems is demonstrated for the
first time. Variants of integrated SC—FP structures on a SiN platform are combined with a fiber-
pigtailed SOA, and the external-cavity includes relatively long fiber sections so that the overall
configuration sits midway between fully fiber-based and chip-integrated architectures.

In practice, the SOA is fiber-coupled into the SiN chip, and fiber components still participate in
setting the external-cavity length and free spectral range, leading to observable competition among
longitudinal modes, RF beat notes within individual resonances, and spontaneous transitions to
coherent pulse trains at repetition rates corresponding to integer multiples of the cavity FSR.

This intermediate configuration thus exploits integrated SC—FP resonators as wavelength-selective
reflectors while still leveraging fiber-based cavity lengths to access low repetition rates and high
nonlinear dynamics.

Despite its partially fiber-based nature, this SC-FP ECL platform establishes a clear pathway
toward fully butt-coupled, chip-scale integrated MWL sources in which the gain element is
directly coupled with the SiN PIC. By migrating from fiber-pigtailed to butt-coupled gain elements
and progressively replacing fiber delay with low-loss on-chip SiN waveguides and resonators, the
same design principles can yield compact, thermally stable, multi-wavelength hybrid lasers with
low phase noise and engineered soliton dynamics.

Such butt-coupled integrated MWL sources opens new pathways toward low-phase-noise
microwave generation, WDM optical networks, coherent LIDAR, and multi-comb spectroscopy,

within a scalable SIN-III-V photonic integration framework.

4.2 PIC characterization

The designed and experimentally tested PICs consists of a series of side-coupled Fabry—
Pérot cavities. These optical resonators are implemented on an 800-nm-thick silicon nitride core
fully embedded within silicon dioxide, fabricated using a multi-project wafer (MPW)
process provided by LIGENTEC SA [33] foundry. This platform marks a transition from the
technology described in Section 3.3. Unlike contact photolithography, where the photomask is
brought into direct contact with the wafer, stepper photolithography uses a projection-based

approach that reduces the mask image and exposes it onto the wafer in discrete steps. This enables
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finer patterning, sub-micron feature resolution, and improved alignment accuracy, while also
avoiding the mechanical risks associated with direct mask-wafer contact. Compared with the EBL-
based process used at Glasgow, the LIGENTEC platform offers lower patterning resolution, with
a minimum feature size of approximately 200 nm, whereas EBL combined with etching can
typically reach the 50-100 nm range. In return, it provides low-loss waveguides with strong mode
confinement under silica upper cladding, which is particularly attractive for nonlinear photonic
applications and for assessing scalability and edge-coupling performance in a mass-production-
oriented environment.

The waveguide core is surrounded by SiO: cladding layers, consisting of a 6.6 pm top oxide and
a4 um bottom oxide. The low-loss SiN material, combined with this buried silicon dioxide
structure, enhances mode confinement, for both TE and TM polarizations and provides improved
thermal stability. A detailed cross-section of the single-mode waveguide, characterized by a width

of 1 um, is illustrated in Fig. 4.1.
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Figure 4.1: Cross-section of LIGENTEC AN80O single mode waveguide. 800-nm-thick SiN layer is buried
in SiOz2 cladding (6.6 um top cladding and 4 um bottom cladding).

Each integrated SC-FP cavity incorporates two identical on-chip DBR mirrors, implemented
using rectangular lateral corrugations patterned along the sidewalls of the fundamental-mode
waveguide with an initial width W,. The unit cell of each DBR mirror is defined by three
geometrical parameters: the waveguide width, the corrugation depths, and the grating periodicity
(P). This periodic modulation generates a photonic stopband that efficiently reflects light within a
specific wavelength range to operate in the C-band window, forming the Fabry—Pérot cavity.

To optimize mode matching and enhance the intrinsic quality factor (Q,), the mirrors integrate
atapered corrugation section of Ny periods in the grating section, linearly increasing the

corrugation width from W, to W, along the propagation direction. This smooth corrugation

125|Pag.



Chapter 4: Multi-wavelength laser emission via fiber-assisted HECL

variation reduces abrupt impedance mismatches at the mirror interface, minimizing
back-reflection and suppressing scattering losses. Furthermore, within the SC-FP cavity, a linear
tapering of the waveguide width from W, to W, > W, over a length L is employed to reduce the
mode overlap with sidewall roughness and boost the loaded Q-factor (Q;).

The side-injection of light into the cavity is achieved by means of an optical coupler based
on third-order Bézier bends with a bending radius of R, =75 um, designed to reduce bending
losses within the bus waveguide. The vertical spacing between the bus waveguide (used for light
injection) and the FP section is 10 um, optimized to maintain low coupling loss and minimize
cross-talk between adjacent devices [31]. The SC-FP schematic and the design parameters are
reported in Fig. 4.2.

A carefully engineered gap G, varied from 300 nm to 600 nm, is placed between the Bézier bend
of the coupler and the straight section of the cavity waveguide, both having a width of W¢. This
precisely controlled evanescent coupling region enables weak coupling between the two
waveguides, ensuring efficient excitation of the cavity mode while reducing the overall insertion

and scattering losses due to indirect light injection.

PIC: SC-FP RESONANT REFLECTOR

Figure 4.2: The structure of the implemented SC-FP resonator and its main parameters are illustrated.

Each SC-FP cavity supports both TE and TM modes and is characterized by DBR sections in
which the combination of uniform and apodized gratings satisfies the required total number of
mirror periods N + N;=2000.

However, the spectral response, including stopband position, insertion loss, and extinction ratio
(ER), depends strongly on the selected polarization. This polarization dependence is systematically
exploited in the design of the different cavity configurations. In this study, three optimized SC-FP
designs are investigated, referred to as Device0O1, Device02, and Device03.

Device01l and Device02 target TE mode operation with DBR corrugation widths of W,=1.8 um
and W,=1.0 um, corresponding to high- and low-refractive index regions, and a periodicity of

P=434 nm, providing a stopband of ~10 nm, centered around 1537 nm.
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Device03 operates in TM polarization and demonstrates dispersion engineering. It incorporates N
= 500, W,= 0.6 um (enabling single-mode operation [24]), and W} =1.2 um, consequently
broadening the stopband from ~10 nm to ~20 nm, due to the higher index contrast. The periodicity
of the DBR (P=460 nm) ensures that the operation TM stopband overlaps SOA gain bandwidth to
provide efficient TM-polarized lasing, as will be discussed in next paragraph. The experimental
stopbands of the two on-chip DBRs, designed for TE polarization, and fabricated with
different grating periodicities, are illustrated in Figure 4.3. These test DBRs, integrated on the
same PIC, are realized with a reduced number of grating periods (N = 500) and tested by means of

the end-fire setup detailed in Section 3.4.
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Figure 4.3: Measured TE-polarized transmission of the two different on-chip DBR architectures

implemented in the SC-FPs. (a) DBRs with W,=1.8 yum, W,=1.0 um, and (b) DBRs with W,=1.2 ym and

W,=0.6 um. The plots show two different periodicity values and the relative shift in the stopband position.
For compact hybrid lasers, the wavelength-selective resonator must be designed through a careful
trade-off between high peak reflectivity and loaded Q-factor. A higher reflectivity reduces the
total optical losses of the hybrid cavity and enhances optical feedback to the gain section, whereas
an increased loaded Q-factor generates narrower resonances in the SC-FP structure, effectively
limiting the number of longitudinal modes that can compete within each laser line. The reflectivity
of the SC-FP cavities is primarily governed by the coupling gap, the cavity round-trip time, and
the internal propagation losses.
The on-resonance reflectivity of a side-coupled cavity scales as R = (Q,/Qc)?[34], as reported in
Eq. (2.80), where Q; and Q. denote the loaded and coupling Q-factors, respectively. To explore
the effect of different coupling regimes and cavity geometries, the three devices implement distinct
sets of design parameters, including variations in cavity length, coupling gap, and waveguide
width. Figure 4.4(a-c) shows the passive transmission characterization of all three SC-FPs,

recorded using an OSA with 5 pm resolution.
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Device0l maximizes resonance finesse and peak reflectivity. It incorporates a cavity length of
L =600 um and a coupling gap ¢ =500 nm to minimize coupling losses and enhance the loaded
Q-factor. Each DBR mirror includes N =1950 grating periods and Ny =50 tapered periods,
allowing a smooth optical transition and strong mode confinement. During testing, Device0l
achieved the highest reflectivity (R = 57%) and a finesse of approximately 360, producing sharp,
high-contrast resonances suitable for stable single- or few-mode lasing.

Device02 features longer cavity length, L = 1200 pm, doubles the density of cavity modes within
the DBR stopband compared to Device0O1 and the average FSR reduces from 107 GHz to about
56 GHz (Fig. 4.5(a)). At the same time, the coupling gap is set to G =400 nm, which raises the
coupling strength and ensures Efficient cavity coupling, despite the longer round-trip path.
Device02 shares the same DBR corrugation structure as Device01 (N=1950, N;=50) and they both

implement an optimized waveguide width W, =1.6 um.
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Figure 4.4: Transmission response of (a) Device01, (b) Device02, and (c) Device03 normalized to the
input light source used for passive characterization. The SC-FPs are characterized via end-fire optical
setup considering TE polarization for Device01 and Device02, while TM-mode for Device03.

Device03 extends the design concept to achieve TM-polarized operation. Figure 4.6 presents
the passive transmission spectra of Device03 under both TE and TM excitation, showing a
clear blue-shift in the resonant-mode envelope for the TM mode (blue trace) relative to the TE
mode (yellow trace). The TM response allows to match the operating wavelength desired for

hybrid laser experiments and exhibits a higher extinction ratio of the resonant dips.
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This design integrates DBR reflectors with N =450 total periods and Ny =50 tapered sections,
using corrugation widths of 0.6 pm and 1.2 pm to enhance index contrast. The cavity waveguide

broadens linearly from 0.6 pm to 1.6 um, reducing sidewall-roughness scattering and improving

the overall Q-factor.
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Figure 4.5: Experimental SC-FPs FSR as function of frequency: average values of =56 GHz for both
Device02 and Device03, and =107 GHz for Device01.
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Figure 4.6: Passive transmission spectra of Device 03 measured under TE (yellow) and TM (blue)
excitation. The transmission characterization of the devices is operated with a free space edge-coupling
setup that includes a polarization cube to select the input polarization to the chip.
The cavity geometry is consistent with Device02, employing a length L = 1200 um and a coupling
gap G=400nm. The combination of the longer cavity and stronger feedback yields a denser
resonance spectrum, supporting approximately 50 modes, with FSR comprise between 55 GHz
and 57 GHz, significantly higher number than in Devices01 and 02.
High-resolution transmission spectra for Devices 01, 02, and 03, acquired using the optical setup

and settings described in Section 3.6, appear in Figure 4.7(a—c).
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These traces offer precise characterization of the resonant dips and enable reliable extinction
ratio extraction. The measured extinction ratio values reach ER=15 dB for DeviceO1, ER~5 dB for
Device02, and ER=10 dB for Device03, clearly demonstrating the distinct coupling regimes
engineered into each SC-FP design.

Numerical fitting of the transmission resonant dips, based on the side-coupled resonator model
reported in Eq. (2.81), yields optimal FWHM values of 2.3 pm, 2 pm, and 5.5 pm for Devices 01,
02, and 03, respectively. These linewidths correspond to the peak loaded, intrinsic and coupled

Q-factors detailed in Figure 4.7(d—f).
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Figure 4.7: Normalized optical spectra obtained after high-resolution measurements highlight different
extinction rates for (a) Device01, (b) Device02 and (c) Device03. (d-f) Optimal resonance fitting:
extracted peak loaded, coupled and intrinsic Q-factors for Devices 01,02,03, respectively.
From the same analysis, it is possible to evaluate the experimental peak reflectivity at resonance
(R), which measures approximately 57.1%, 21.4%, and 46.6% across the three devices. This
reflectivity obeys the standard relation R = (Q,/Q.)? for side-coupled Fabry—Pérot resonators
(Eq. (2.80)) [14],[34].
Figures 4.8(a), (b) provide detailed insight into the dispersion characteristics of the three SC-FP
devices, building directly on the high-resolution transmission analysis. In these plots, the
integrated dispersion D;,(1)is defined in the angular-frequency domain as Dy, (1) = w, — (D +
D), where wy,is the experimentally measured angular frequency of the u-th resonance (with u =

Oat the bandgap center), and the coefficients D;are obtained from a polynomial fit of the form
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o) = Y3, D; ut. For clarity, Dy (u)/(2m) is expressed in GHz and plotted as a function of

optical frequency f, = w,/2m.
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Figure 4.8: Comparison of the integrated dispersion behavior for (d) Device01 (green), Device02 (blue),
and (e) Device03 (red) in the frequency domain.

The second-derivative analysis reveals distinct dispersion profiles for the three designs. All devices
exhibit low second-order dispersion near the center of the bandgap, but their behavior differs
significantly away from this point. Device0O1l shows a pronounced change in concavity around p =
0, indicating a clear transition from normal to anomalous dispersion, together with a substantial
third-order contribution at the bandgap edges. Device02, in contrast, remains almost flat and close
to zero, with only a weak curvature variation and an almost antisymmetric evolution around the
central frequency. Device03 displays a strongly asymmetric integrated-dispersion profile: near the
central frequency, D;,.(u)is close to zero but slightly positive, while toward lower frequencies the
curve bends sharply upward (strongly anomalous dispersion), and toward higher frequencies it
stays nearly flat before eventually bending downward into the normal-dispersion regime.

As a result, a larger number of modes in Device03 lie in the anomalous-dispersion region
(Dine() 2 0).

These results confirm that SC-FPs enable effective dispersion engineering through the choice of

cavity length, waveguide width, and DBR geometry, providing a practical platform for tailored

131|Pag.



Chapter 4: Multi-wavelength laser emission via fiber-assisted HECL

modal-dispersion control. This functionality is particularly attractive in ECLs, where the SC-FP
not only acts as an integrated wavelength-selective reflector but also shapes the dispersion and
nonlinear evolution of the circulating light, thereby reshaping the optical envelope that is fed back
into the fiber loop [24],[32],[35].

4.3 External-cavity architectures

In this section, the fiber-assisted external-cavity architectures implemented in this thesis,
incorporating the SC-FP resonant reflectors described above, are introduced and progressively
detailed. Initial experiments employ a laser cavity in which the mirrors are formed by an integrated
SC-FP resonator and a three-port fiber-based circulator. The latter enables the optical power,
amplified by a fiber-coupled high-power EDFA or by a non-linear fiber-pigtailed SOA used as
gain elements, to be reflected into the PIC.

This first fiber-based ECL configuration serves as a preliminary testbed: it demonstrates
multi-wavelength emission, confirms that lasing occurs exactly at the passive SC-FP resonances,
and verifies the time stability of a large number of simultaneously excited lasing lines. However,
the employed circulator-based scheme requires relatively long fiber paths, which limit the cavity
free spectral range and make the setup less compact and less suited for practical integration.

To overcome these limitations, the external-cavity is progressively shortened and simplified, while
still relying on fiber coupling to the PIC. This evolution leads to the proposed configuration, where
a Sagnac-based loop mirror acts as the fiber-end reflector.

In this final design, a linear SOA connects directly to an optical fiber coupler, forming a compact
loop that simultaneously provides gain, reflection, and nonlinear interaction. Adjusting the
feedback topology and the SOA contribution within the loop alters the feedback conditions and
effective amplification in the fiber loop, thereby modifying the lasing excitation dynamics. The
laser has been characterized also in frequency domain to assess coherence, mode-competition and

stability as will be further demonstrated.

4.3.1 Circulator-based external-cavity setup

Prior implemented external-cavity configuration exploits a commercial three-port fiber circulator
as fiber-based feedback, while the SiN PIC acts as the integrated resonant reflector. The connection
between the two mirrors is realized partly in free space, through the end-fire measurement setup
described in Section 3.4, and partly in fiber, accessed via port2 of the circulator, as shown in
Fig.4.9. The fiber-coupled gain element, together with a polarization controller, is connected

between port-3 and port-1 of the circulator. In each cavity round trip, the signal undergoes optical
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amplification according to the amplifier’s gain, ensuring that all light reflected from the PIC is
amplified once before being re-injected into the chip, and this process continues until the amplifier
reaches its saturation power. The external-cavity formed between the effective reflection from the
on-chip SC-FP reflector and the circulator—gain feedback, results in a total fiber length of
approximately 12 m. This long cavity yields a small free spectral range but allows straightforward
implementation with standard telecom components. For these experiments, Device03 operated in
TE polarization has been chosen as on-chip reflector, because both the EDFA and SOA-NL
provide maximum gain close to 1560 nm, overlapping well with the location of the SC-FP

resonances. The implemented setup is shown in Figure 4.9.

End-fire setup

OSA

Figure 4.9: Circulator-based HECL setup. The SiN PIC incorporating the SC-FP reflector is partially

aligned to a free-space end-fire stage and partially fiber-coupled via a three-port fiber circulator, whose

loop contains the gain element (EDFA or nonlinear SOA).
At the initial stage, the cavity employs an EDFA to generate multi-wavelength emission,
exploiting its nearly flat gain profile centered at 1550 nm with an effective bandwidth of
approximately 20 nm. By gradually increasing the EDFA pump power and optimizing the
polarization state in fiber, the system reaches the lasing threshold and generates multi-wavelength
emission. The observed lasing lines align spectrally with the passive SC-FP resonances,
confirming that the integrated reflector defines the longitudinal mode positions and that many

cavity modes can lase simultaneously (Fig. 4.10).
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Figure 4.10: EDFA-based multi-wavelength laser emission (black) overlapping with the passive
resonant dips of the TE-polarized of Device03 SC-FP (light blue).

Additionally, polarization variation in the circulator feedback (obtained by the rotation of the
polarization paddles) and small coupling alignment changes in the PIC modify the amplified signal
in the loop and allow different subsets of modes to be excited, as shown in Fig. 4.11(a). Once the
alignment and the polarization are fixed, time stability analysis has been checked.
Fig. 4.11(b) shows that the multi-wavelength emission envelope remains largely stable between
the first measurement taken at time (t1) and a fifth one (t5) acquired after 20 minutes, apart from a

slight decrease in power caused by a gradual loss of alignment efficiency at the stages.
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Figure 4.11: Multi-wavelength emission as a function of variation in the polarization by rotating the PC
paddles, exciting different subsets of the supported resonant modes. (b) Time stability of the multi-
wavelength laser envelope, showing traces recorded at different instants separated by 20 minutes, with
t1 and t5 illustrating the temporal stability achieved over this time span.
Despite the high density of lasing lines obtained with the EDFA-based circulator cavity, the long
additional fiber required by the input and output fiber of the amplifier extends the external-cavity

length over 12 meters and makes the system more mechanically and polarization-sensitive, which
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in turn perturbs the loop-gain dynamics. To investigate the effect of different amplification
mechanism in the loop and to move toward a gain configuration more compatible with future
integration, the EDFA is replaced by a non-linear SOA (SOA-NL-OEC-1550 from the Centre for
Integrated Photonics Ltd (CIP)) placed in the same circulator arm.

The butterfly packaged SOA-NL provides gain with peak centered at around 1560 nm, still
matching to the SC-FP resonant modes. Indeed, multi-wavelength laser performance, as reported
in Figure 4.12, shows the good overlap between the passive SC-FP resonances and the laser lines,

when the SOA-NL is driven at around 250 mA.
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Figure 4.12: SOA-NL multi-wavelength laser emission (black): check overlap between passive
resonant dips of the TE-polarized of Device03 SC-FP (light blue). A denser set of lasing lines occurs
compared to EDFA-based results.

Employing the SOA-NL in the loop, the laser cavity still emits at the corresponding SC-FP modes,
but its spectrum becomes more sensitive to the SOA driving current and the input polarization
state, reflecting the influence of carrier-induced refractive-index changes and gain saturation on
the hybrid cavity. The evolution of the ECL spectrum as a function of SOA current is summarized
in Figure 4.13.

When the current is increased from 150 mA to 350 mA, it leads to a denser and broader laser
envelope, with more SC-FP modes reaching threshold and contributing to the overall
multi-wavelength output. In both gain configurations, the circulator-based setup serves as a
reference ECL, demonstrating that the SC-FP reflector reliably selects the lasing wavelengths and

supporting the later transition to more compact Sagnac-loop-based cavities.
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Figure 4.13: Evolution of the ECL spectrum with increasing SOA drive current. Just above threshold,
only a few modes within a narrow spectral span are observed. As the current approaches the SOA
saturation current, a denser and broader laser envelope appears. Laser emission is shown for SOA
currents of (a) 150 mA, (b) 250 mA, and (c) 350 mA.

4.3.2 Sagnac-based loop mirror

The final hybrid fiber-SiN chip based external-cavity employed for multi-wavelength laser system
is depicted in Fig. 4.14. The PIC is accessed from both ends via lensed optical fibers, with a
polarization-maintaining input fiber preserving the state of polarization injected into the chip.
The gain medium is a butterfly-packaged, fiber-pigtailed SOA (SOA-L-OEC-1550, CIP
Photonics) providing about 14 dB optical gain centered at 1545 nm in the linear regime. The SOA
fibers are connected to a commercial optical fiber coupler (FC) and wrapped inside a polarization
controller (PC), forming a Sagnac-type loop [36]. For device operation and characterization, a NIR
camera is employed in the optical setup to assist with the alignment of the lensed fibers to the PIC.
Light reflected from the PIC enters the FC, splits into two counter-propagating beams that both
traverse the SOA once per round trip and then recombines coherently; the coupling ratio K of the
splitter sets the effective feedback reflectivity Rg toward the PIC based on the relation Ry =
4K(1 - K).
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Figure 4.14: Schematic of the Sagnac-based ECL. The cavity is composed by a Sagnac-based fiber
reflector, which includes a fiber-coupled SOA as gain element, coupled via a lensed fiber to a SiN PIC
side-coupled Fabry—Pérot resonant reflector, acting as the on-chip resonant mirror.

The first configuration under analysis considers a 90/10 fiber splitter connected to the input lensed
fiber, creating an unbalanced Sagnac-type loop (UBSL). In this architecture, the fiber splitter
results in an effective reflection of approximately R¢=35% from the Sagnac loop towards the PIC.
Consequently, the ECL output port is accessed from the fourth port of the splitter (OUT 1), where
roughly 65% of the power is directed at the output, excluding losses. Replacing the 90/10 splitter
with a nominal 50/50 coupler results in a balanced Sagnac loop (BSL) configuration, in which the
second lensed fiber serves as the ECL output port (OUT 2). The effective reflection of the Sagnac
loop towards the PIC depends on the real imbalance of the fiber splitter; based on the nominal
fabrication specifications, this “balanced” configuration is expected to provide a reflection
exceeding 97%.

Despite the coupling losses that limit intracavity power, the SOA nonlinear response remains
comparable to the nonlinear effects in the SC-FP cavity. In both UBSL and BSL, clockwise (CW)
and counterclockwise (CCW) propagating beams meet inside the SOA, enabling cross-phase
modulation (XPM); together with the PC this leads to nonlinear polarization rotation (NPR) [37].
In the unbalanced loop, the asymmetry further induces an effective nonlinear reflectivity toward
the PIC [38]. The combined action of XPM and cross-gain modulation (XGM) produces an
intensity-dependent transmission and loss, which can suppress mode competition [39],[40].

At the same time, the Sagnac topology sets the external-cavity length and thus the FSR , while the
overall hybrid laser performance in terms of coherence, emitted power and spectral response is
governed by the interplay of SOA gain, PIC coupling losses, nonlinear effects in both the SOA
and SC-FP, and polarization/chromatic dispersion in both fiber and SC-FP. Lasing stability is

additionally affected by temperature drifts and acoustic fluctuations acting on the lensed fibers and
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the PIC. In this context, Sagnac-loop configurations incorporating an SC-FP resonator reliably
generate multi-wavelength laser emission.
Using the SC-FP as the on-chip reflector, the laser operates in a robust multi-wavelength regime:
the interval of active resonances supporting lasing emission can be controlled through adjusting
the SOA bias current and fiber-based polarization control, enabling operation across several or
even all SC-FP resonances. The lasing polarization is determined by the combined effect of the
PC settings and the on-chip SC-FP resonator selectivity. The system naturally converges to a state
where the polarization of the light returning to the chip aligns with the guided mode of the high-Q
SC-FP resonances, minimizing round-trip loss.
For example, Fig. 4.15(a) shows two representative multi-wavelength lasing profiles, (i) and (ii),
obtained in the unbalanced Sagnac configuration using Device 02 as the reflector. By applying
small adjustments to the PC paddles, different subsets of SC-FP modes are selectively excited
while still operating within the same stopband. When the SC-FP is replaced by an on-chip DBR
with the same corrugation widths and periodicity considered in the SC-FP, but a reduced number
of grating periods (N = 500), the emission reported in Fig. 4.15(b) highlights the gain curve
imposed by the SOA, not supporting spaced multi-line response.
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Figure 4.15: (a) Multi-wavelength laser emission when on-chip SC-FP resonator is employed as
reflector. Small changes in the lensed fiber alignment in input and adjustments of the polarization
controller can result in different subsets of lasing lines emitted: (i) and (i) illustrate that Device 02 can
support different multi-line lasing regimes. (b) In contrast, it is reported the laser emission spectrum
when an on-chip DBR, with the same corrugation widths and periodicity as the DBR sections integrated
in the SC-FP, replaces the SC-FP as reflector.
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4.3.2.1 HECL supported longitudinal modes

To isolate the contribution of the fiber-feedback network independently of the on-chip resonator,
three reference external-cavity configurations, without the SC-FP mirror, has been implemented
as illustrated in Fig. 4.16. The setup comprises a pure fiber laser (FL), obtained by considering a
cavity formed by two single-mode fiber (SMF) reflectors (Fig. 4.16(a)), and two hybrid ECL
variants using an on-chip DBR with the two alternative Sagnac fiber loops UBSL, and BSL (Fig.
4.16(b)).

Specifically, replacing the SC-FP resonators with on-chip DBRs allows estimation of the FSR of
the supported longitudinal modes while keeping the external path and total cavity length identical
to within a few millimeters. In contrast, comparing the fiber laser with the BSL architecture using
the on-chip DBR makes it possible to isolate the respective roles of the loop topology and the
integrated reflector, since both configurations maintain nearly identical external paths and cavity

lengths.
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Figure 4.16: Laser emission system in the absence of SC-FP mirror. Sagnac-based loop mirror

combined with (i) SMF fiber reflector or (ii) on-chip DBR.
To detect the spacing among the external-cavity longitudinal modes, the emitted spectrum is first
isolated using a wavelength-selective switch characterized by a bandwidth (BW) of 50 GHz,
selected output using a photodetector (BW=1.6 GHz), followed by amplification (gain G) and
sampling with a real time oscilloscope (BW= 16 GHz,), as depicted in Fig. 4.17(a). The fast
Fourier transform (FFT) analysis was performed using a time base of 40 ps/div over 10 divisions,
corresponding to a 400 ps acquisition window, with a sampling rate of 3.13 GSa/s, resulting in
approximately 1.25 Mpts and a frequency resolution of about 2.5 kHz. Figure 4.17(b) shows the
FFT traces acquired for the FL reference (Fig. 4.17 (a)) and for the unbalanced Sagnac loop
combined with the on-chip DBR (Fig. 4.17(b)).
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Although the longitudinal-mode spacing is too small to be resolved with the optical spectrum
analyzer, the longitudinal modes beating gives rise to a set of RF tones separated by the
external-cavity FSR. Assuming a group index of approximately ny=1.468 for standard
single-mode silica fiber in the C-band, the corresponding round-trip cavity lengths are reported in

Table 4.1, together with the values obtained for the balanced Sagnac loop with DBR.
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Figure 4.17: (a) Single-wavelength laser RF analysis setup: a single emitted wavelength is filtered and
sent to the photo detector (PD) and real time oscilloscope, after amplification (G). (b) FFT magnitude
response resulting from the beating of external-cavity longitudinal modes: red trace for (i) and blue trace
for (ii). (c) Zoomed view of a single harmonic for both cases: the RF linewidth for the on-chip DBR case
results sharper than the fiber mirror.

Table 4.1: Experimental FSRs a between the longitudinal modes beating in the four external-cavity
configurations used as reference after the FFT of the RF signal. The corresponding round trip length is

estimated by L = ¢/(ng - FSR). The fourth and fifth columns represent the average FWHM of the RF set and
the first non-zero local maximum of the RF envelope.

Configuration RF measured L round trip RF Parasitic
FSR length FWHM modulation
UBSL + DBR ~24.8 MHz ~8m ~ 180 kHz ~ 172 MHz
BSL +DBR ~19.7 MHz ~10m ~ 127 kHz ~98.3 MHz
FL ~24.7 MHz ~8m ~ 300 kHz ~ 147 MHz

Moreover, Figure 4.17(c) presents a zoom of the main RF peaks; the extracted RF full width at
half maximum is about 300 kHz for the FL configuration and 180 kHz for the UBSL with DBR,
indicating improved coherence in the latter case. The RF envelope observed for the UBSL with
DBR differs from that of the FL reference, showing that it is not purely determined by the fiber
SOA or the fiber coupler, but by their specific arrangement in the loop. Overall, strong RF

140 | Pag.



Chapter 4: Multi-wavelength laser emission via fiber-assisted HECL

harmonics are observed across the entire photodetector bandwidth, revealing rich multimode

beating within the external-cavity.

4.3.2.2 HECL frequency analysis

Competition between longitudinal modes has a strong impact on the performance of the external-
cavity laser. The SC-FP resonators implemented in this laser architecture exhibit resonance
linewidths larger than 254 MHz, which exceeds the external-cavity free spectral range of 24.8 MHz
and 19.7 MHz reported in Table 4.1 for the unbalanced and balanced Sagnac configurations,
respectively. As aresult, several tens of external-cavity longitudinal modes can oscillate within what
appears as a single spectral line at the resolution of the optical spectrum analyzer. To reveal the
coexistence of these modes, a single SC-FP resonance is isolated and analyzed in the RF domain
using the setup of Fig. 4.17(a).

The corresponding RF spectrum, reported in Fig. 4.18(a) by the blue trace, arises from the beating
of the longitudinal modes occurring at the photodetector, confined within one SC-FP resonance.
When a SC-FP is used as reflector, the harmonic content is mainly restricted to frequencies below

0.5 GHz, consistent with the spectral filtering imposed by the resonator linewidth.
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Figure 4.18: (a) (b) FFT magnitude resulting from the beating modes: red trace for the DBR and blue
one for SC-FP are reported up to 1.565 GHz range. In the red trace, FFT amplitudes below the noise
threshold were omitted for clarity. (c) Zoomed view of a single harmonic for both cases: the RF linewidth
results much sharper when the SC-FP acts as resonant mirror in the cavity
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For comparison, the RF spectrum obtained when the on-chip DBR is used as the reflector (red trace)
is also shown. Although both configurations share almost identical longitudinal FSRs, since the
external fiber path and cavity length differ by few hundreds of micrometers, their RF signatures
differ markedly. The DBR-based cavity produces broadband, noisy RF harmonics extending across
the entire photodetector bandwidth, with typical harmonic linewidths on the order of several hundred
kilohertz. In contrast, the SC-FP-based cavity yields much narrower RF components, with linewidths
below 15kHz, demonstrating a substantial improvement in the relative coherence of the
external-cavity modes. This narrowing of the RF harmonics is observed for both DeviceOl and
Device02; however, the system showed a limited stability, resulting in RF components characterized
by different linewidths and amplitude fluctuations on the millisecond timescale. Among the two
fiber loop configurations and devices tested, Device02 with the BSL configuration exhibited the best
RF performance (Fig. 4.19).

a b
0( ) 0.4( )
* Data |
10 ---- Lorentzian Fitf
o 0.3 3
) "
o 20 = b}
! i 024 i} 6§ =3kHz
£-30 - e
[e% M 1
E -40 0.14 [
l" A‘\
50 0.0 -._1.1..-.!-!", : .‘E-I.!. n
0 0.5 1 15 3895 3896 3897 3898
Frequency (GHz) Frequency (MHz)
(@) S - —
=05
=2
s '
8 0 .vf",|
e . 400
a 4 /
Bossl 200
0 10 20 T ——— =~ Time(us)
Tim%o(ns) 40 s0 O

Figure 4.19: FFT results under BSL setup and Device02 integrated mirror: (a) an inter-harmonic
spacing of 38.9 MHz, i.e. twice the fundamental FSR for a BSL, and (b) Lorentzian fitting of the FFT
trace. (c) The time evolution of the pulses across a 400 us time window.

The FFT of a 400 ps time trace exhibits a set of RF tones spaced by twice the cavity FSR, each with
a linewidth of approximately 3 kHz. This value approaches the frequency resolution imposed by the
acquisition window (about 2.5 kHz), indicating that the laser reaches a highly coherent operating
state. Furthermore, this configuration supports multi-wavelength lasing at significantly lower SOA
drive currents (around 220 mA) than required in the unbalanced loop (approximately 400 mA),
confirming the advantage of the balanced Sagnac architecture in terms of efficiency and coherence.

In addition to the RF linewidth analysis discussed above, the system can transiently access regimes
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in which the longitudinal modes reorganize into distinctly spaced structures in the frequency domain.
As shown in Fig. 4.20(a), the RF spectrum initially displays a fundamental spacing equal to the FSR
of the unbalanced Sagnac loop (as reported in Table 4.1, in Section 4.3.2.1).

When the polarization controller in the fiber loop is adjusted and small changes are applied to the
input alignment of Device01, the inter-harmonic spacing can spontaneously shift to approximately
48.6 MHz and 96 MHz, i.e. nearly integer multiples of the fundamental frequency.

In this process, the polarization variations modify the feedback conditions and the effective
amplification in the fiber loop, while the on-chip polarization state and lasing wavelength remain
fixed owing to the wavelength-selective optical filtering used in the RF analysis. These coherent
states persist only over short time intervals of the order of 200 ps, with more than 50 dB suppression

of the previous harmonic pattern, and similar behavior is observed for several devices and fiber

configurations.
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Figure 4.20: RF components and time evolution for Device01 in UBSL configuration: from (a) to (c) the
harmonics spacing varies from ~24.7 MHz to ~48.6 MHz and ~96.2 MHz, obtained by small adjustments
of the polarization-controller paddles and minor changes in the input alignment. Top row: FFT of a 200
us time trace. Bottom row: time trace evolution. The x-axis scans a ~ 40 ns interval. The y-axis scans a
200 us time-lapse.
The lower row of Fig. 4.20 illustrates the corresponding temporal dynamics within the acquisition
window. The oscilloscope traces are segmented according to the measured RF periodicity; sequences
of 50 periods are averaged and plotted as a function of time.
The resulting pulse trains exhibit clearly distinct profiles, corresponding to single-pulse,

double-pulse, and four-pulse patterns that spontaneously form and circulate within the

external-cavity laser. These higher-frequency states are intrinsically unstable and reappear
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intermittently, yet they frequently coincide with RF spectra of enhanced coherence, characterized by
linewidths narrower than 10 kHz (Fig. 4.21).
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Figure 4.21: Linewidth of the RF components for inter-harmonic spacings of ~24.7 MHz, ~48.6 MHz and
~96.2 MHz, is (a) ~9.3 kHz, (b) ~7.8 kHz and (c) ~6.9 kHz respectively.

For Device03 operated with the unbalanced Sagnac loop, the same qualitative behavior observed
for Devices01 and 02 is preserved, confirming the robustness of this operation regime. In this case,
the RF harmonic content extends up to about 1 GHz, while the inter-harmonic spacing remains

close to 24.8 MHz, consistent with the external-cavity FSR. The corresponding RF tones exhibit
linewidths of approximately 11 kHz (Fig. 4.22).
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Figure 4.22: ECL based on Device03 and UBSL configuration: (a) inter-harmonic spacing of ~ 24.8 MHz
(b) optimal linewidth of ~11 kHz.
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4.3.2.3 Towards optical frequency comb generation

To investigate the coherence of the multi-wavelength laser and assess its potential for comb-like
operation, the analysis is extended beyond single-resonance frequency measurements to the
mutual coherence between different lasing wavelengths. This is achieved through an electro-optic
down-conversion scheme that transfers the optical spacing set by the SC-FP free spectral range
(=56 GHz), which exceeds the photodiode bandwidth, into the RF domain. Device02, which
exhibits the best RF linewidth performance, is selected for this study, and the corresponding

experimental schematic is shown in Fig. 4.23.
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Figure 4.23: Experimental setup for comb-line mutual coherence measurement. Two lines from a
wavelength-selective switch are electro-optically down-converted with a 40 GHz MZM, detected on a
high-BW PD, and analyzed on an ESA. Polarization controllers are used to improve the modulation depth
and optimize the generated sidebands. Single-wavelength modulation translates the comb spacing into a
RF beat, within the PD bandwidth to quantify coherence.

The emitted multi-wavelength laser output placed around 1540 nm (Fig. 4.24(a)) is first amplified
with an EDFA and routed to a programmable wavelength-selective switch that isolates the two
strongest lines of the multi-wavelength spectrum.

Narrow, wavelength-selective optical filter channels suppress neighboring modes and
approximately equalize the optical powers of the selected lines. (Fig. 4.24(b)).

After polarization alignment, one of the lines is injected into a high-speed Mach—Zehnder
modulator (MZM) driven at 40 GHz, generating coherent modulation sidebands around that
carrier. The modulated line is then recombined with the unmodulated line and amplified via an
EDFA.

In the optical domain, the OSA confirms the presence of strong sidebands around each carrier
resulting by the modulation process, as shown in Fig. 4.24(c). The recombined optical signal is
detected on a high-bandwidth photodiode so that optical mixing between the sidebands and the
unmodulated carrier down-converts the optical spacing into the RF domain. For Device02, with a
spacing between lines of approximately 56 GHz, the 40 GHz drive generates RF components at
56 GHz—40 GHz= 16 GHz and 56 GHz + 40 GHz =96 GHz; but only the 16 GHz beat note lies
within the bandwidth of the photodiode and the 50 GHz electrical spectrum analyzer (ESA).
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Figure 4.24: Full details on the electro-optic down conversion process. (a) SC-FP passive
characterization is shown. (b) The two high-power lines are filtered from the multi-wavelength laser. (c)
The modulation process generates sidebands in addition to the carriers, as shown in the OSA trace. (d)
ESA plot shows a spectral component at the modulation frequency and a broader noise pedestal at the
frequency of the RF tone fzz~ 16 GHz, as expected.
The modulation conditions are adjusted to suppress the original carriers and enhance the sideband
transmission. The ESA trace reported in Fig. 4.24(d) clearly shows a distinct 16 GHz RF tone
superimposed on a large noise pedestal characterized by a FWHM of approximately 1 GHz,
indicating substantial excess phase and frequency noise of the beating modes. This behavior points
to two main limitations: (i) longitudinal modes within each emission line display unstable
dynamics on the ESA acquisition timescale, and (ii) the mutual coherence between modes
belonging to different lines is incomplete.
Such behavior is typical of multimode external-cavity lasers, where groups of longitudinal modes
lase asynchronously and are subject to mode competition, mode hopping, and continual energy
redistribution within the cavity [41],[42]. As a result, although the hybrid ECL can transiently
display narrow RF tones and travelling pulse trains, the electro-optic down-conversion
measurements indicate that, in its current implementation, the source operates as a partially

coherent multi-wavelength laser rather than as a fully phase-locked optical frequency comb.
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Chapter 5: Butt-coupled HECL integration: from
two chips to single chip

Chapter 5 examines the evolution of hybrid external-cavity lasers based on side-coupled Fabry—
Perot resonators, progressing from the hybrid fiber—chip architecture detailed in Chapter 4 to a
fully integrated HECL platform incorporating both the gain element and the cavity feedback on-
chip. The SiN resonant mirrors are butt-coupled to a reflective semiconductor optical amplifier
(RSOA), drastically reducing the external-cavity length from meters to the millimeter scale and
mitigating polarization instability and mechanical fluctuations associated to fiber-based
configurations. Two configurations are explored: a two-chip hybrid HECL, where the SiN PIC is
butt-coupled to an external RSOA gain chip, with air-gap in between, via optical alignment
between two stages, and a heterogeneous laser based on micro-transfer printing (u-TP) integration
of RSOAs onto SiN.

The first butt-coupled approach between two distinct chips delivers proof-of-concept for a single-
mode lasing governed by the SC-FP cavity design, achieving sub-100kHz linewidths and very
high side-mode suppression ratio (SMSR) exceeding 50 dB, but requires high-precision alignment,
thermal stabilization, and accurate wavelength tuning to ensure laser frequency stability. Building
on these results, u-TP-based butt-coupled HECL enables scalable, wafer-scale co-integration of
RSOAs directly onto same silicon substrate of the SiN resonant-mirror PICs, preserving good laser

stability, high SMSR (above 40 dB), and narrowing the laser linewidth to around 47 kHz.

5.1 HECL dynamics

This section details the conditions enabling laser emission in the hybrid external-cavity laser model
defined in Section 2.5.2, describing all the constituent structures. In this HECL architecture the
gain section comprises an RSOA with HR and AR facets butt-coupled to the passive waveguide
of the SiN PIC, that is a side-coupled Fabry—Pérot resonator incorporating Bragg grating mirrors
acting as wavelength-selective reflector. The hybrid laser emission dynamics arise from the
interplay between the spectrally rippled gain of the RSOA (whose peak-to-peak gain ripple
assesses to around 3 dB), originating from the internal Fabry—Pérot cavity enclosed by the two
facets, the discrete set of ECL modes supported by the external-cavity extending from the HR facet
to the effective SC-FP reflection peaks delivered, which ultimately select the lasing wavelength

(Fig. 5.1).
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Fig. 5.1: Schematic of the proposed three-mirror external-cavity laser. Butt-coupling between RSOA
gain element and the resonant reflector based on SC-FP. lllustrations of the reflection peak provided
from the SC-FP, gain ripple amplification due to the RSOA and supported ECL modes of the laser
architecture.

Single-mode lasing is obtained when one reflection peak of the side-coupled Fabry—Pérot
resonator overlaps with a maximum of the RSOA gain ripple at a specific longitudinal-mode
frequency, so that the product of gain and feedback for that mode most strongly exceeds the total
losses compared to all competing modes. This condition is favored when the external-cavity free
spectral range FSRyy is larger than or comparable to the FWHM f the reflector resonance,
FSRyy = FWHM, ensuring that at most one longitudinal mode lies within a given reflection peak.
This regime requires very sharp, high-Q resonances (Q of order 10°~10°) and/or a short external-
cavity length on the centimeter scale, as illustrated in Fig. 5.2(a).

If several longitudinal modes fall within the same reflection peak, they may lase simultaneously
or undergo mode hopping, resulting in unstable emission. In experiments, lasing behaviors such
as those illustrated in Fig. 5.2(b) and Fig. 5.2(c), are therefore frequently encountered, and
achieving stable single-mode operation requires careful engineering of the cavity design together
with appropriate alignment and tuning procedures.

Additionally, the influence of control parameters, such as injection current in the RSOA,
temperature variation and nonlinear effects on each constituent element of the external-cavity, and

their impact on the resulting dynamics, is analyzed in detail in the following section.
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Fig. 5.2: (a) Ideal condition for stable single-wavelength laser (SWL) emission. (b) Mode hopping
between longitudinal ECL modes within a single SC-FP reflection peak, arising when the ECL free
spectral range FSR;y is shorter than the reflection peak FWHM, as occurs with a longer external-cavity
length compared to case (a). (c) With fixed FSRyy;, a broader reflection peak dramatically increases the
mode-hopping tendency by accommodating multiple ECL modes.

GAIN RIPPLE

5.1.1 Thermal and carrier-induced effects in the RSOA

The RSOA, that constitutes the active section of the hybrid laser, is characterized by spectral and
phase characteristics that are strongly dependent on both injection current and temperature, which

together determine the carrier density and thermal state of the gain medium.

5.1.1.1 Influence of injection current at fixed sink temperature

When the injection current is varied and the heat-sink temperature remains nominally constant,
two concurrent phenomena occur in the III-V active medium: carrier-induced effects and
self-heating.

At low to moderate injection levels, carrier-induced mechanisms dominate: increasing the current
raises the carrier density above the transparency density (N,), establishing population inversion
that directly enhances the material gain g,,(N) o« (N — Ng.) through stimulated emission
dominance, slightly broadens the gain spectrum due to band filling and state filling across the
density of states, and blue-shifts the gain envelope. These variations modify the refractive index
and, consequently, the effective index of the guided mode and optical path length of the RSOA.
The resulting phase shift manifests as a small displacement of the gain ripple pattern.

At higher currents, thermal effects become increasingly dominant as resistive heating within the
junction elevates the local temperature above that of the heat sink. The refractive index then
increases via the positive thermo-optic coefficient, while the material gain decreases due to carrier

redistribution and a higher transparency carrier density. This produces an overall red shift of the
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ASE gain spectrum. Consequently, as the current increases, the RSOA transitions from carrier-
dominated (blueshift) to thermally dominated (redshift) behavior, ultimately leading to gain

saturation.

5.1.1.2 Influence of temperature at fixed injection current

When the RSOA current is held constant and its temperature is varied through a thermoelectric
cooler (TEC) stage, the underlying mechanisms are primarily thermal-related. An increase in
temperature raises the real refractive index of the III-V material, proportionally increasing the
effective index of the guided mode and the optical phase accumulated per round trip; consequently,
both the ASE spectrum and the overlapped ripple pattern shift toward longer wavelengths. In
parallel, elevated temperature increases the transparency carrier density, requiring more carriers
to achieve population inversion and consequently reducing the peak gain. Instead, the enhanced

carrier scattering and thermal redistribution broadens the spectrum.

5.1.2: Temperature and power-induced effects in the PIC

The SC-FP resonator reflector's behavior is strongly influenced by both temperature and
intracavity optical power. It supports discrete high-Q resonant modes determined by the cavity
geometry and effective index profile; increasing the temperature within the resonator induces
thermo-optic effects in the core material (SiN in this work), raising the refractive index and causing
a red-shift of the resonance wavelengths. The surrounding passive waveguides (SU-8, SiN
waveguides and converters) along the optical path contribute in additional phase shifts according
to their thermo-optic coefficients, negative for SU-8 (blue-shifting under heating) and positive for
SiN (inducing smaller red-shifts), resulting in combined temperature-dependent tuning of both the
SC-FP resonance position and the overall optical phase between the resonator and RSOA, thereby
modifying the longitudinal mode condition.

Additionally, a portion of the circulating intracavity power couples into the high-Q SC-FP
resonator mode. Due to the resonator's small mode volume and high-quality factor, this creates
localized optical intensities orders of magnitude higher than in the access waveguides. Absorption
within the SiN cavity, due to intrinsic losses, defect states, or nonlinear absorption phenomena
(such as TPA, FCA, etc.), produces localized heating that further increases the refractive index,
red shifting the resonance wavelength and establishing a feedback loop between optical power,
absorption, and resonance position. Consequently, the SC-FP reflector functions as a power-
dependent tunable mirror, with its effective reflectivity varying according to both the thermal

environment and intracavity intensity.
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5.1.3: Coupled dynamics in HECL

In the external-cavity configuration, the lasing condition is determined by the interplay of three
key elements: the RSOA gain spectrum and phase (controlled by injection current and
temperature), the SC-FP resonance spectrum and its power-dependent thermal shift, and the global
cavity phase and length (set by the RSOA and passive waveguides), which together define the
longitudinal modes. Perturbations in current or temperature can thus induce mode hopping, either
between longitudinal modes of the HECL within a single reflection peak (as summarized in
Section 5.1) or between distinct SC-FP resonances spaced by their FSR. The latter arises when the
broad RSOA gain envelope overlaps multiple SC-FP resonances, prompting the laser to switch to
the mode offering the lowest threshold whenever the gain-resonance overlap for one becomes
unfavorable; such resonance hopping is driven by the concurrent spectral shifts of both the RSOA
(due to current or temperature) and the SC-FP (due to thermal and power-induced effects).

A more complex scenario arises from the combined thermal interaction between the subsystems.
Increasing the RSOA current raises the intracavity power, enhancing SC-FP cavity heating and
red-shifting the reflector resonance, while simultaneously modifying the RSOA index and gain
spectrum through self-heating. External heating, via chip temperature or integrated heaters, further
shifts both SC-FP resonances and passive waveguide phases. As a result, the variations in laser
wavelength and output power with respect to current or heater power arise from the nonlinear
interaction between the RSOA and the SC-FP subsystems. Moreover, nonlinear effects within the
high-Q SC-FP cavity (such as Kerr-based nonlinearities, thermo-optic bistability) can further

modulate the laser dynamics and introduce additional instabilities.

5.2 Two-chip butt-coupled HECL architecture

The hybrid external-cavity laser comprises a commercial angled-facet RSOA chip, that is an active
I11/V diode bar with one HR facet and an AR-coated input/output facet, butt-coupled to a 300 nm-
thick SiN PIC incorporating SC-FP reflectors. The gain and PIC chips are mounted on two separate
S-axis stages and optically coupled in free-space as referred in Section 1.3.1.2 as two-chip butt-
coupled hybrid integration scheme. The laser output is collected via a lensed fiber, while fine-
tuning on the alignment at both stages can be achieved using piezo controllers. Both the RSOA
and the PIC are temperature-controlled by independent TEC controllers, which can either maintain
the same setpoint or apply a relative temperature offset to stabilize the wavelength or tune the
RSOA gain peak.

The hybrid laser optical setup and schematic are depicted in Figure 5.3(a) and Fig. 5.3(b),
respectively. Figure 5.3(b) highlights the angled input waveguide of the SC-FP, which is designed
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to match the angled facet of the RSOA ridge waveguide. Furthermore, the SiN waveguide at the
gain section interface is widened to approximately 2.3 um before being tapered down to a single-
mode width of 1.3 um (in air cladding) to optimize mode matching between the RSOA ridge and
the SiN waveguide. The mounted commercial RSOAs used in this work include a short-cavity
device of 250 um (from CST-Global) and a longer 2.5 mm device (from SemiNex) offering higher
peak gain, enabling the exploration of different device features and corresponding laser

characteristics.

(b)) RSOA

AL et ALLL LA e
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Figure 5.3: (a) Experimental setup of the hybrid external-cavity laser, showing the butt-coupling
between the RSOA gain chip and the SC-FP chip, with output collected by a lensed fiber. (b) Schematic
representation of the HECL, where mode-matching between the RSOA and SC-FPs is enhanced
through angled and wider SiN waveguides in the coupler at the interface.

Light emitted from the anti-reflection-coated facet of the RSOA is coupled into the SiN PIC, where
the integrated SC-FP cavity (whose architecture has been reported in Section 3.2), formed by
DBRs, acts as a wavelength-selective resonant mirror. The cavity design provides high reflectivity
at resonance while maintaining sufficient transmission to ensure strong spectral filtering and
controlled optical feedback. In each cavity loop, light is amplified by the RSOA, resonantly
reflected by SC-FP modes, recirculated to sustain lasing, and partially transmitted for output
collection through the lensed fiber. The zoomed view of the HECL setup is highlighted in Figure
5.4(a), while Fig. 5.4(b) illustrates a zoom in the input coupling between the RSOA and the SiN,
observed at a NIR camera. When the RSOA current exceeds the lasing threshold, one or more

peaks appear at the resonant wavelengths of the SC-FP cavity. The two-chip butt-coupled system
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forms a compact external-cavity spanning just a few millimeters, avoiding fiber-induced

polarization instability and mechanical fluctuations.

Figure 5.4: (a) Two-chip butt-coupling HECL setup. (b) NIR camera zoom view of the input alignment
between angled RSOA and SiN waveguide.

The SC-FP's free spectral range and mode selection are tailored through DBR parameters to enable
single-mode or multi-mode operation across the C-band gain profile; electrical pumping of the
RSOA via wire bonds drives the process, with the low-loss SiN platform providing stable feedback

that yields to narrow-linewidth emission.

5.2.1 PIC fabrication

The PIC is realized through in-house fabrication at Tyndall National Laboratory by Dr. Artem S.
Vorobev and Dr. Nicola Maraviglia, using EBL process and dry-etching technique. A LioniX 300-
nm-thick SiN core is deposited via PECVD on 2.2 pum-thick thermally grown SiO: bottom
cladding over a 525 pm-thick bulk silicon substrate.

Compared to the EBL steps detailed in Section 3.2, the fabrication process reported in Fig. 5.5
considers a 400 nm thick layer of positive-tone CSAR 62 (Chemical Semi-Amplified Resist)
electron-beam resist, that is spin-coated onto the surface and soft-baked at 180 °C to stabilize the
film (Fig. 5.5 (d)), and exposed using a high-voltage electron-beam writer to define the SC-FP
patterns. After CSAR development (with ZED-N50 solution for 90 seconds) the patterns were
transferred into the 300 nm SiN layer via dry etching. The polymer-based CSAR was then fully
stripped using O: plasma and immersion in 1165 remover (Fig. 5.5(h)), yielding a clean SiN

surface.
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(a): Silicon (b): Silicon dioxide (c): SiN PECVD (d): CSARG2 spin
substrate cladding coating and baking

SiN-300nm SiN-300nm

Si09-2.2ym

Si0z-2.2ym

(e): EBL (f): Development (g): Dry-etching (h): Resist removal

Figure 5.5: Description of the PIC-fabrication flow for 300 nm thick SiN on 2.2 ym SiO2 platform.

5.2.2 Passive resonators design

The schematic of the designed side-coupled Fabry—Pérot cavity with the key design parameters is
depicted in Fig. 5.6(a). It incorporates Bragg grating reflectors with rectangular corrugation
profiles featuring corrugation widths of #;=1.3 pm and W>=2.5 um, combining apodized sections
(N7=250 periods), and uniform sections (N=1750 periods), while side-coupling injection follows
the same design defined in Chapter 3.

Figure 5.6(b) shows the SEM images assessing feature fidelity and sidewall quality, with particular
focus on the DBR corrugations, tapered grating section, and upper portion of the bent coupler
waveguide in the fabricated device. The DBRs and SC-FPs were characterized using the passive
optical setup described in Section 3.4. The experimental stopbands of the on-chip DBRs span
approximately 10 nm across the C-band, as shown in Fig. 5.7 for periodicities of 4 =490 nm and
A=494 nm, using fully uniform sections with N = 1000 periods and rectangular corrugation widths

matching those in the resonators.
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Figure 5.6: (a) Schematic of the side-coupled Fabry-Pérot resonator, showing the main design
parameters and the reflection (R) and transmission (T) ports where peaks and dips appear, respectively.
(b) SEM images of the fabricated device at ~2 uym resolution, highlighting patterns precision.
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Figure 5.7: Measured DBR stopband for =490 nm (red), and A=494 nm (orange), both characterized
in transmission.

In this study, the primary design parameters investigated are the cavity lengths (L) and the coupling
gaps (G), varied to evaluate their impact on the resonator performance. Figure 5.8(a) and 5.8(b)
presents the resonant transmission dips (with extinction ratios) for the shorter (L=120 um) and
longer (L=900 pum) cavities at both G=500 nm and G=600 nm. These parameters are selected as
trade-off between sharper resonances for enhanced spectral selectivity and side-mode suppression

and need for higher reflectivity peaks essential for effective optical feedback in the hybrid laser.
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Apodized (or tapered) DBRs combined with longer cavities and optimized gaps yield maximum
loaded Q-factors of approximately 8x10* and 1x10°, when if fixed L=900 pm and are considered
G=500 nm and G=600 nm, respectively. Moreover, Fig. 5.8 (c) and 5.8(d) report the SC-FP free

spectral range response as function of wavelength for L=120 um and =900 um, respectively.
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Figure 5.8: Measured transmission spectra of SC-FP resonators for coupling gaps G=600 nm (a) and
G=500 nm (b), comparing short (L=120 ym) and long (L=900 um) cavities. The FSR response for the
two cavities is defined in (c) and (d) at 1545.8-1552 nm range. All the resonators feature a fixed
periodicity of 494 nm.

5.2.3 Short cavity RSOA: HECL performance

The gain chip consists of a commercially available RSOA gain chip from CST-Global mounted
on an AIN ceramic tile and glued to an aluminum sub-mount holder. The RSOA is wire-bonded
via gold pads to both the current and temperature controllers, and both the RSOA and SiN chips
are actively temperature-stabilized using TEC controllers during the experiments. The RSOA is a
250 um-long aluminum indium gallium arsenide (AllnGaAs) ridge waveguide amplifier, featuring
a back facet coated with a HR film (R >90%) and a front facet with an AR coating to suppress
back-reflections within the amplification loop. Gain is provided by quaternary AllnGaAs QWs,
where the incorporation of aluminum ions deepens the potential well and reduces carrier leakage

at elevated temperatures.
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Moreover, this enhances high-temperature performance and enables a compact 250 um device
length, significantly shorter than alternative designs, allowing cost-efficient use of III-V materials.
The intrinsic gain chip amplification has been experimentally determined as a function of driving
current by edge-coupling alignment of the RSOA to a lensed output fiber as shown in the setup
picture in Fig. 5.9(a). For this characterization, alignment was optimized to maximize the collected
power measured at the power meter, under a fixed ambient temperature of 7=25 °C for the RSOA.
Figure 5.9(b) shows a 3D colormap of the RSOA amplified spontaneous emission, with
wavelength on the vertical axis, drive current on the horizontal axis, and measured optical power
encoded in the color scale, specifically for drive currents swept from 0 mA to 100 mA in 10 mA
steps. From this emission map, it is possible to identify the wavelength range over which the RSOA
provides optical gain. For simplicity, in this thesis the 3D plot will be used as a proxy for the
RSOA gain response. Specifically, the RSOA gain peak results located at approximately 1535 nm,
with a bandwidth of approximately 50 nm. The device exhibits a saturation current near 70 mA,

and the maximum gain occurs around 65 mA.
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Figure 5.9: (a) lllustration of the alignment between RSOA gain and lensed fiber at the optical setup. (b)
RSOA amplified spontaneous emission (power indicated in mW) as a function of the driving current (0-
100 mA), and wavelength. The colorbar indicates the minimum and maximum measured power, ranging
from 21 yW to 42 yW.
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The maximum power collected at the lensed fiber results around 40 uW, this low power coupling
is due to the RSOA reduced amplification capability and the lack of mode-matching between the
gain ridge waveguide and the output fiber.

The lasing experiments were carried out by mounting the RSOA chip and the SiN passive PIC on
two precision five-axis alignment stages, and edge-coupling the angled ridge waveguide of the
laser to the angled input of the SC-FP couplers, as shown in Fig. 5.10(a). Optimum coupling was
achieved by maximizing the lasing power above threshold while monitoring the average output
power on a power meter. The laser emission from each passive resonator was collected with a
lensed fiber mounted on a third alignment stage and by means of an optical splitter 90% of the
power was measured at the OSA and 10% at the power meter.

Once proper alignment between the stages in Fig. 5.3(a) is achieved both in input and output
section of the SiN, laser emission can occur in the hybrid EC. Specifically, the input alignment
between the PIC and the RSOA enable the strength of the feedback from the RSOA resonant peaks,
while the output alignment fix the laser power level and extinction. Lasing emission is further
confirmed by the NIR camera image in Fig. 5.10, which shows clear light scattering within the

Fabry—Pérot resonant cavity.

Figure 5.10: NIR camera view of scattered light visible along the FP cavity when lasing occurs.

Before analyzing the laser dynamics and features, a preliminary analysis of the contributions
arising from parasitic reflections at the various interfaces along the optical path of the external-
cavity laser has been presented. These residual reflections give rise to low-finesse Fabry—Pérot-
like cavities. Figure 5.11 shows the schematic of the implemented HECL, highlighting these

interfaces.
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Figure 5.11: Schematic of HECL architecture showing RSOA section, SiN PIC, and PIC cleaving lines.
Less than 6 pm air-gap section exists between RSOA and PIC in the free-space edge-coupling
alignment.

The RSOA facets form the first “FP-like cavity", which produces fringes whose spacing (FSRgsoa

expressed in nanometers) is estimated as follows:

FSRrsoan = 22/(2 - Ng_rspn - Lrsoa) (5.1)
where Lrgoa = 250 pm is the RSOA length and the group index ng rsoa = 3.448 is estimated at
the operating wavelength at the center of the grating stopband (A=1545 nm). The RSOA mirrors
produce fringes spaced around 1.3 nm apart.

This Fabry—Pérot interference appears as a gain-ripple envelope in the measured spectra.
Figure 5.12(a)) shows this response outside the DBR stopband to isolate the pure gain contribution.
The RSOA gain chip is positioned at an air-gap (distance (Ly4;g) of approximately 1-3 pm from
the SiN PIC, according to the specific alignment established during butt-coupling. Because this
distance is small relative to the gain chip length, the air-gap (n,_, .=1) butt induces only a
negligible variation in the FSR of the parasitic Fabry—Pérot cavity formed at the angled SiN
waveguide  interface. = Consequently, the  corresponding  value  obtained as
FSRRsoa-siN = /12/(2 “Ng_pson " Lrsoa ¥ Ng_up - Lair ), is effectively identical to that of the
isolated RSOA gain chip described in Eq. (5.1).

A second set of fringes arises from the SiN chip facets after the cleaving process. This contribution
is also visible just during the passive characterization of the resonator at the end-fire setup. Indeed,
during the characterization of the passive SC-FP dips in transmission, the spectrum in Fig. 5.12(b)
reports fringes spaced FSRg;y =100 pm. From this value, it is possible to retrieve indirectly the
total length of the PIC after cleaving according to the expression: FSRg;y=A%/ (2 ‘Mg v Lenr P).
Evaluating the group index of the single-mode SiN waveguide using the FDE solver in Lumerical
at the operating wavelength of 1545 nm yields a group index of 1.954 for a waveguide width
W = 1.3 um. Consequently, the total chip length is approximately L¢yp =6.1 mm.
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Figure 5.12: (a) Analysis of the FSRrsoa RSOA gain ripples spaced around 1.3 nm. (b) Passive

resonant dip supported by the SiN SC-FP: the chip facets (after cleaving) support FP fringes spaced

FSRg;y=100 pm.
The longitudinal modes supported by the HECL are determined by considering the total external-
cavity formed between the HR facet of the RSOA and the reflectivity peaks of the SC-FP
resonators. Neglecting the term related to the free-space (air-gap) separation between the two
alignment stages, that corresponds to a deviation on the order of a few micrometers (= 4 pm), the
spacing between these modes, denoted as FSRyy, is evaluated as:

A2 (5.2)

A2d?o A)
2(ngrsoaLrsoa + ng.sinLsin) + ;%()

FSRLM =

This contribution encompasses the path along the RSOA gain medium (Lrgoya ), the SiN waveguide
optical path (Lg;y) considered from the chip cleaving facet to approximately half of the evanescent

coupler (assessed to be around Lg;y =2.5 mm), and the penetration depth into the DBR gratings,

A% d?dppr(A)

——— 2 as detailed in Section 2.3.2.

with the dispersive-related term

In absence of this last dispersion term, the average longitudinal-mode spacing is approximately
207 pm. Because the high-Q SiN resonators under study exhibit FWHM values narrower than 50
pm, fulfilling the condition FWHM< FSR , and the gain ripples are relatively weak and widely
spaced (i.e., FSRzsoa =1.3 nm >> 50 pm), the simultaneous excitation of multiple external-cavity
longitudinal modes within the same resonant reflection peak is unlikely.

Among the fabricated SC-FPs described in Section 5.2.2, the first experiments consider a resonator
with grating period A =494 nm, gap G = 500 nm, and the shortest designed cavity length L = 120
um. These parameters yield approximately six resonant modes within 1544—1554 nm (Fig. 5.8(b)),
aligned with the RSOA gain bandwidth.
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By performing high-resolution measurements (with settings identical to the ones reported in
Section 3.6), these SC-FP modes feature an average loaded Q-factor Q;=2.4x10%, and a coupled
Q-factor OQc=7.5%10* that yields an average on-resonance reflectivity R,.s~10%, estimated by
using Eq. (2.80) detailed in Section 2.5.3.

Figure 5.13 presents a 3D color-map plot of the emitted SC-FP-based laser power as a function of
the RSOA driving current ranging from 45 mA to 70 mA, and the wavelength when both SiN and

gain chips are cooled to a constant temperature of 7'= 25 °C, via TEC controllers.
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Figure 5.13: Emitted power (indicated in dBm) as a function of the applied RSOA current (from 45 mA

to 70 mA) and wavelength for the SC-FP-based HECL at T = 25 °C. The zoom-in view highlights a laser

threshold at I+y~52.5 mA and shows mode-hop-free operation over 10 mA current variation.
The laser shows a threshold current of /=52.5 mA and operates in a mode hopping-free regime
between 52.5 mA and 62.5 mA, with minor wavelength shifts of ~10-15 pm over this current
variation. At /=60 mA, the hybrid laser operates in single-wavelength mode and achieves a SMSR
greater than 40 dB at a wavelength of approximately 1549.95 nm, as shown in Fig. 5.14(a).
Moreover, the use of independent TEC controllers for the RSOA and the SiN PIC enables a
systematic investigation of the lasing characteristics under controlled relative temperature offsets
between the two chips. In this regard, Figure 5.14(b) shows the lasing emission evolution when
the SiN PIC temperature varies from 7=20 °C to 7=30 °C, while the RSOA temperature is fixed
to 7=25 °C and the current is kept constant to /=60 mA.
The lasing mode red shifts with the increasing temperature with a variation of around 12 pm/°C.
This effect arises from the SiN thermo-optic effect, driven by the material's thermo-optic
coefficient (TOC). The high mode confinement in the SiN core and the low TOC of the SiO>
substrate enhance the resonator temperature sensitivity. As the temperature rises, the effective
refractive index of the passive chip changes, which shifts the SC-FP reflection peaks and

effectively lengthens the external-cavity, thereby modifying the lasing conditions.
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Figure 5.14: (a) Single-mode lasing at 1549.95 nm (SMSR =40 dB, I=60 mA). (b) Relative temperature

variation analysis between RSOA (fixed to T=25°C) and the SiN sample that varies from T=20°C to

T=30°C. Redshifts lasing of around 12 pm/°C, via SiN thermo-optic effect, is demonstrated.
The lasing emission has been also achieved when the wavelength-selective resonant reflector
incorporates a longer cavity (L = 900 um), while considered the same coupling gap (G=500 nm).
From the passive characterization, this SC-FP configuration possesses resonant dips characterized
by higher average Q-factors compared to the previous device, respectively a loaded Q-factor
0:=7.8x10% and a coupled Q-factor Qc=2x10°, that results in an average on-resonance reflectivity
Ry es~15%.
If the longer geometrical cavity enhances the Q-factors performance, it impacts in a reduced
resonator FSR (as illustrated in Fig. 5.8(d)) featuring in more resonant peaks within the same DBR
stopband and RSOA gain response. This makes resonance hopping between adjacent SC-FP
modes more evident as illustrated in the 3D laser plot in Fig. 5.15(a), appearing as abrupt kinks
when the lasing wavelength jumps with the current variation.
These hops result from concurrent residual thermo-optic redshifts of both the RSOA gain ripple
(due to self-heating effect) and SC-FP resonances (due to intracavity absorption heating), which
periodically misalign the optimal gain—resonance overlap, favoring adjacent modes with lower
threshold. These observations provide an experimental demonstration of the laser dynamics
discussed in Section 5.1 and constitute a direct continuation of the theoretical and numerical
analysis presented in [1].
However, the independent TECs for the RSOA and PIC can reduce thermal crosstalk between gain
and passive chips, improving alignment stability and partially suppressing hopping. The sharper
resonances and the corresponding experimental higher on-resonance reflectivity enabled by this
design, enables single-wavelength emission at 1545.5 nm characterized by a SMSR=45 dB when

1=65 mA (Fig. 5.15 (b)). Laser linewidth characterization in the frequency domain will be
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addressed in Section 5.3, using the same SiN PIC with a higher gain RSOA (longer cavity) to
assess full HECL features.
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Figure 5.15: (a) Emitted HECL power (colorbar reports values spanning from -25 dBm to -55 dBm) as a
function of the applied RSOA current and wavelength. The lasing map shows resonant hopping effect
with the current variation. (b) Single-mode lasing emission at 1545.5 nm, exhibiting SMSR~45 dB at
/=65 mA.

5.2.4 Longer cavity RSOA: HECL performance

The RSOA considered in this section is high-gain chip-on-carrier (COC) device from SemiNex
(model COC-179), optimized for operation in the C-band. It comprises a four-channel
ridge-waveguide array with a channel spacing of 127 um and a maximum 3-dB gain bandwidth of
approximately 80 nm when each channel is driven at its maximum current. Each ridge waveguide
has a length of 2.5 mm, ten times longer than RSOA used in the previous section.

The gain chip is packaged according to flip-chip laser technology (ridge waveguides are on the
bottom side), consequently the mount was flipped (Fig. 5.16(a)) to expose the top view part of the
ridge waveguides (Fig. 5.16 (b)).

The employed RSOA simultaneously provides four lasing outputs, with two of these spot-excited
ridges shown in the NIR camera image acquired in Fig. 5.16(b). The current set to the RSOA
driver is distributed among the four outputs, such that each ridge effectively receives one quarter
of it. To ensure proper cooling during the experiments, the maximum current for laser emission
was limited to 300-400 mA. At this low-operating current, the gain spectrum offers a high
amplification over a reduced bandwidth of roughly 30 nm centered at 1540 nm for 7= 20 °C and
1543 nm for T =25 °C, exhibiting a red-shift with the increased temperature (Fig. 5.17). For all
the laser experiments that will be presented in this section, both the RSOA and SiN chips were
temperature-stabilized at 7=20 °C.

165|Pag.



Chapter 5: Butt-coupled HECL integration: from two chips to single chip
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Figure 5.16: (a) Flip-chip RSOA on flip mount view. (b) SEM image of the excited spot on two RSOA
ridge waveguides, and lens fiber alignment for laser gain curve characterization.
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Figure 5.17: RSOA amplified spontaneous emission response: emitted power (in dBm) as a function
of the RSOA injection current and wavelength range for (a) T=20°C, and (b) T=25°C. The ASE spectra
report 30 nm bandwidth centered at 1540 nm for T=20°C, and at 1543 nm for T=25°C. In this
configuration, the longer cavity RSOA ensures to collect two orders of magnitude higher power in the
output compared to Fig. 5.9. The colorbar indicates the minimum and maximum measured power,
ranging from 280 yW to 980 uW.
Building on the analysis carried out in previous section on the FP parasitic cavities deriving from
the different interfaces in the hybrid laser cavity, it can be assessed that at A =1545 nm, the longer
RSOA cavity introduces gain modulated ripples spaced FSRzsoa=~130 pm, exactly ten times
narrower due to Lrgos = 2.5 mm used. Moreover, building on the Eq. (5.2) previously defined,

neglecting the DBR-induced dispersion term and considering the same Lgy and ng__,, values, the

ECL modes are spaced approximately FSR;~88 pm. After considering the dispersive DBR
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response, it will be demonstrated to be further reduced. The chip facets cleaving-related
contribution matches the prior case, given that the PIC under test is identical.

By employing the same SC-FP design (L = 900 um, G = 500 nm) as in the short-cavity
RSOA-based HECL, laser emission is also demonstrated for the longer-cavity RSOA.

Fig. 5.18(a) reveals a linear laser characteristic, as expressed by the light-current (L—I) curve, when
the current is varied from 180 mA to 350 mA at step of 10 mA. The threshold current is set at
around Ity = 240 mA and a maximum total output power of around P,,; = 0.8 mW is achieved
for a current of /=350 mA.

Figure 5.18(b) shows the 3D color-map depicting the lasing emission spectra and power as a
function of the RSOA drive current, revealing superior mode stability certified by the reduced
resonant-based hopping compared to the short-cavity RSOA results. Specifically, the hops are
confined to two specific SC-FP resonances that are spaced by FSR =~ 0.55 nm, e.g., 1548.9 nm and
1549.45 nm in the shown picture. A more detailed analysis on the laser emitted spectra across five

distinct drive currents from 300 mA to 350 mA (at 10 mA steps), is reported in Fig. 5.18(c).
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Figure 5.18: (a) Laser characteristic: threshold results around ~180 mA, while the output power
reaches 0.8 mW, without reaching the saturation current. (b) Emitted laser power (colorbar shows
values spanning from -15 dBm to -50 dBm) with respect to wavelength and applied RSOA current. (c)
Lasing emission subplots: spectra evolution when current is varied from 300 mA to 340 mA.
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Specifically, as shown in Fig. 5.18(b), the lasing peak shifts from 1549.55 nm to 1548.90 nm when
the drive current is increased from /=300 mA to /=310 mA. For higher currents, between /=310
mA and /=350 mA, the emission wavelength remains stable, and the laser maintains robust single-
mode operation throughout this range.

From high-resolution measurements (with settings identical to the ones reported in Section 3.6),
the SC-FP resonant dips for the device under test are characterized by a FWHM in the order of 20
pm. Although the resonant reflection peaks result sharper than the ECL modes spacing, the high
and narrowly spaced gain ripples can increase the impact of the other ECL-based parasitic
reflections, enabling excitation of multiple longitudinal modes (multimode behavior).

In this context, Fig. 5.19 shows two lasing states achieved at the same current of /=340 mA: (i)
single-mode and (ii) four modes excitation. Specifically, it can be observed that the spacing
between the modes in the case (ii) experimentally proves that the effect of the grating penetration
length is to reduce the longitudinal modes spacing from FSR;y~88 pm to approximately
FSR; =60 pm. However, by accurate temperature stabilization and alignment, it can be ensured
precise ECL mode—gain curve—SC-FP reflection peak overlap for one single longitudinal mode

for stable single-wavelength emission.
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Figure 5.19: Laser stability dynamics. When driving current is set to I=340 mA, both (i) single-mode, and

(i) “multi” modes can be excited.
The linewidth of the achieved HECL is measured using the heterodyne technique, whose
schematic is illustrated in Fig. 5.20. The laser line emitting at A;=1548.9 nm, corresponding to the
condition (i) in Fig. 5.19, beats with a tunable laser source, set at a wavelength as close as possible
to Ay, through a 50/5 fiber coupler (FC). A high-bandwidth photodiode (45 GHz) detects the
resulting beat signal with frequency offset Af, and an electrical spectrum analyzer processes it by

applying a FFT operation.
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For the FFT measurement, the oscilloscope was configured with a time base of 4 us/div over 10
horizontal divisions, yielding a 40 ps acquisition window. By fixing a sampling rate of 12.5 GSa/s,
this resulted in 500k points record and an FFT frequency resolution of 25 kHz. Figure 5.21 (a)
shows the RF harmonic resulting from the FFT operation on the time trace, that is placed at
approximately 578 MHz. The zoomed-in view of the FFT component (Fig. 5.21(b)) shows a

linewidth of around Aw = 74 kHz, extracted via Lorentzian fitting.
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Figure 5.20: Schematic of the heterodyne laser linewidth characterization technique.
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Figure 5.21: (a) FFT spectrum extracted from ESA: the beating tone is produced at ~578.1 MHz. (b)
Lorentzian fit of the FFT component and linewidth estimation (~74 kHz).

As the injection current further increases from =340 mA to [=420 mA, enhancing the gain
capability of the RSOA, the laser no longer supports emission on a single SC-FP resonance. The
emission occurs clearly from two adjacent SC-FP resonances spaced ~0.52 nm apart. However,
instability in the alignment leads to multiple longitudinal modes overlapping with these resonances
as reported in Fig. 5.22. This last result can be regarded as a proof of concept for future multi-
wavelength operation, which could be enabled by stabilizing the alignment setup, reducing the

FSR, and engineering the dispersion of the SC-FP modes.
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Figure 5.22: Lasing emission of two SC-FP resonances overlapping with ECL longitudinal modes
excitation.

For a shorter SC-FP cavity with L = 120 um and coupling gap G = 500 nm, the LI curve shows
a linear response with output power halved compared to the longer cavity (discussed above), due
to the lower Q-factor from reduced cavity length. The laser spectrum is analyzed over a nearly
mode-hop-free tuning range (Fig. 5.23(b)), where the lasing wavelength red-shifts by ~10 pm per
mA of RSOA current, despite TEC stabilization. This, reflects residual thermo-optic effects in
both subsystems (as detailed in Section 5.1.3).
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Figure 5.23: (a) L-I curve for SC-FP based HECL featuring L=120 um and G=500 nm. (b) Emitted
power (in dBm) as a function of the RSOA injection current and wavelength for the SC-FP-based HECL.
Mode-hop-free operation demonstrated over 100 mA current range; redshift along the same single-
wavelength condition due to RSOA heating effects with the increased current as reported in the
zoomed view.
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Increasing RSOA current causes self-heating effect (raising its effective index, red-shifting the
gain peak and the Fabry—Pérot ripple), while simultaneously increasing intracavity power that
thermally redshifts the SC-FP resonance via absorption heating. These concurrent red-shifts
partially compensate within the external-cavity phase condition, enabling smooth tracking of the
dominant longitudinal mode rather than discrete hopping. A zoomed view of this behavior for

current values between 300 and 320 mA is shown in Fig. 5.24.
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Figure 5.24: Driving the RSOA current from 300 mA to 320 mA at 10 mA steps, it can be observed that
the lasing peak red shifts of around 10 pm.

The final device under test refers to a SC-FP architecture incorporating a higher coupling gap
(G=600 nm) and a short cavity (L= 200 pm), in order to assess the robustness of the HECL
architecture. The increased gap reduces the on-resonance SC-FP reflectivity, resulting in a lower

output power (Fig. 5.25(a)) and more marked resonance hopping (Fig. 5.25(b)).
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Figure 5.25: (a) L-l laser response when a SC-FP incorporating L=200 um, and G=600 nm is considered.

(b) Emitted laser power (spanning from -20 dBm to -45 dBm) as a function of the applied RSOA current
and wavelength.
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Compared to the G = 500 nm, L = 120 um configuration, the narrower and sharper resonance
provide single-wavelength emission characterized by a SMSR exceeding 50 dB at an RSOA drive
current of [ =325 mA (Fig. 5.26).

Optical Power [dBm]
OHoh b N L
o o o o o

o)
o

1541.5 1542 1542.5 1543
Wavelength [nm]

Figure 5.26: Single-wavelength emission extracted at 1I=325 mA. Optimal SMSR value of =50 dB is
measured.

For the FFT measurement, the oscilloscope was configured with a time base of 3.2 us/div over 10
horizontal divisions, yielding a 32 us acquisition window; with a sampling rate of 12.5 GSa/s, this
resulted in 400000 points record and an FFT frequency resolution of 31.25 kHz. The laser
linewidth measures approximately 110 kHz, as determined by the Lorentzian fit of the FFT

component located at 788.5 MHz, shown in Figure 5.27.
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Figure 5.27: (a) FFT analysis of the HECL: the RF tone is located at ~788.5 MHz and is characterized
by a linewidth of = 110 kHz, after Lorentzian fitting (b).
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5.3. Micro-transfer printing

Micro-transfer printing (u-TP) is a heterogeneous integration technique (as detailed in Section
1.4.3) employing patterned elastomer stamps to selectively pick-up and release microscale devices
from their native substrates onto non-native target substrates (Fig. 5.28) [2-4]. In u-TP, fully
processed III-V devices are fabricated on their native III-V wafer and then "printed" onto a
separate passive photonic platform using an elastomeric stamp made of PDMS. This approach
offers several compelling advantages that make it potentially the most scalable integration strategy
such as sub-micron alignment accuracy that enables device positioning with placement precision
of £0.5 um (30) for efficient optical coupling to underlying waveguides and cost-effectiveness by
avoiding waste of expensive III-V material through selective printing of only required devices [4].
Moreover, it supports massive parallel transfer for high-throughput, wafer-scale integration,
facilitates heterogeneous integration of I1I-V gain materials like RSOAs with low-loss SiN or SOI
platforms, and allows independent optimization of active and passive components on their native
substrates [5],[6]. Critically, this decoupling addresses trade-offs in other schemes, such as
evanescent coupling versus thermal management and gain, while pre-fabrication simplifies target
processing and enables pre-print yield testing. Prior work has established the versatility of p-TP
for silicon photonic integration: DFB lasers on SOI achieving 35 dB SMSR [7], efficient on-chip
green light generation via second-harmonic generation in SiN-LN hybrid waveguides [8], compact
lithium niobate modulators on SiN [9], modulated membrane distributed reflector lasers with
40 dB SMSR [10], and single-mode hybrid external-cavity lasers based on 1D photonic crystal
resonators with 40 dB SMSR [11].

In this section, it will be demonstrated a fully integrated butt-coupled u-TP HECL based on the
heterogeneous integration of a transfer printed III-V RSOA gain element onto SiN PICs
incorporating SC-FPs reflectors. For silicon nitride fabrication, EBL-based patterning is preferred
because its higher resolution provides the design flexibility required for precise mode matching
and alignment in the butt-coupled configuration. Specifically, this work shows that careful
engineering of the resonator parameters, together with optimization of the transfer printing process
across two fabrication iterations, leads to a clear improvement in waveguide-coupled optical
power, a reduced device footprint, and the realization of a more compact integrated laser.

In the following section, the main process flow for III-V transfer printing onto a SiN-based chip
is presented, with the transfer printing process carried out by Dr. Fatih B. Atar (researcher in the

II-V Materials and Devices group) at Tyndall National Institute.
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Figure 5.28: Schematic illustration of the three-step micro-transfer printing process, showing (i) release
of the llI-V coupons from the source wafer, (ii) pick-up with an elastomeric stamp, and (iii) transfer and
alignment onto the target photonic wafer [12].

5.3.1 u-TP RSOA fabrication process

In the p-TP process, the active devices are first fully fabricated on their native III-V source wafer
and only then transferred to the silicon photonic target wafer. For the InP RSOAs, the epitaxial
stack is grown on a selectively etchable sacrificial release layer, which enables later undercut and
device release [13]. The ridge waveguides are then defined lithographically, metallized for
electrical contact, and encapsulated with a dielectric or photoresist overcoat to passivate the device
and protect the quantum wells and other active layers from the release etchant. This is particularly
important because the release chemistry selectively attacks the AllnAs sacrificial layer and stops
on InP, but it can also etch the AllnGaAs quantum wells if they are not encapsulated. The
encapsulation is then patterned to open windows only around the perimeter of each coupon, where
photoresist tethers are formed to hold the devices in place during processing while still allowing
clean fracture during pick-up.

After the tethers are defined, the sacrificial layer exposed in these openings is selectively removed
in a controlled wet etch, which laterally undercuts the devices and leaves the RSOA coupons
suspended above the source substrate while still anchored by the thin tethers. The resulting array
of suspended coupons is then ready for transfer printing without any further processing on the
source wafer. Device pick-up relies on the viscoelastic adhesion of the PDMS stamp: the stamp is
brought into contact with the source wafer so that its posts conformally contact the selected RSOA
coupons, and is then rapidly retracted. The high peel velocity increases adhesion at the PDMS-

device interface, causing the tethers to break and allowing the coupons to detach from the source
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substrate and remain attached to the stamp. In this way, entire arrays of RSOAs can be lifted in a

single step, enabling high-throughput wafer-scale transfer [14-16].

5.3.2 SiN PIC and SU-8 spot-size converters

In parallel with the source-wafer preparation, the SiN photonic chip is independently fabricated
adopting the same fabrication steps detailed in Section 3.2 but considering 1.5 pm-thick thermally
grown SiO2 bottom cladding instead of 8 um. To improve butt coupling between the transfer-
printed III-V coupon and the SiN waveguide, a 2 pm-thick SU-8 spot converter was introduced,
providing an intermediate mode-matching section between the edge-emitting III-V device and the
passive SiN circuit. In the first iteration, these converters were realized via mask lithography and
subsequently using an EBL process, followed in both cases by a 200°C hard bake step. The coupon
and BOX thicknesses are engineered to optimize the vertical alignment between the center of the
mode on the III-V ridge waveguide and the mode on the SU-8 side, so that the ridge facet is not
buried in SiO: but lies close to, or slightly above, the SiN core, with any residual offset
compensated by appropriately designed mode converters.

In this context, EBL-based patterning is preferred because its higher resolution provides the design
flexibility required for precise mode matching and alignment in the butt-coupled configuration.
Moreover, the PIC needs to be engineered to host the III-V printed coupons. The process begins
by etching a local recess into the SiO: cladding at the intended RSOA locations, ensuring that after
transfer printing the III-V gain section rests directly on the high-thermal-conductivity silicon
substrate (Fig. 5.29(b)).

This process step represents a key optimization, as the direct RSOA-Si interface leverages the
substrate's high thermal conductivity to provide a short, low-resistance heat path that substantially
improves heat extraction from the active region. This work overcomes the limitations of the first
HECL demonstrations in [11], where p-TP-bonded RSOAs were placed directly on an insulating
Si0: stack (Fig. 5.29 (a)) with a <10 nm vapor-coated BCB layer and could only be operated under
low-duty-cycle pulsed driving. In those earlier devices, the poor thermal path through the oxide
caused strong self-heating under continuous-wave bias, leading to wavelength drift and
performance degradation. Very short current pulses with a small duty cycle (for example, 0.1 % at
20 kHz) were therefore employed to provide sufficient instantaneous current for lasing while
greatly reducing the time-averaged heating compared with CW operation, thereby stabilizing the
chip temperature and refractive index and limiting thermal roll-over and wavelength drift.
Subsequently, a thin BCB film (~50 nm) is spin-coated into the recess and partially cured, forming

a compliant adhesion layer that robustly secures the printed coupon while maintaining optical
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access to the underlying SiN waveguide and supporting efficient thermal coupling. During
printing, the PDMS stamp carrying the released RSOA coupons is aligned to the SiN PIC using
lithographically defined fiducial markers on the GDS files for both wafers.

(@ (b)

Recess

Si-substrate Si-substrate

Figure 5.29: Schematic cross-sections of RSOA recess (a) before, and (b) after SiO2 etching at the
interface with SU-8 and SiN. Direct transfer onto Si substrate reduces thermal dissipation.

Adiabatic inverse tapers are fabricated on the photonic chip between the SU-8 (spin-on polymer)
and SiN waveguides (Fig. 5.30). These structures act as spot-size converters and consist of an SU-
8 waveguide tapered down from 3 pm to ~1.5 pm width over a taper length of 250 pm, while the
SiN waveguide expands from a sharp 0.12 um tip width to 1.3 pum, that is the single-mode width
of the side-coupler implementation.

The wider SU-8 section at the interface with the RSOA, precisely matches the mode area of the
RSOA ridge waveguide output, minimizing coupling losses at the III-V/SiN interface, enabling
efficient butt-coupling. The entire inverse taper structures maximize the power transfer into the
SiN resonator. In the output section, the converters are mirrored to enhance also the output power
collection.

As it will be detailed later, SEM inspection of RSOA coupon positions enables custom alignment
markers for precise EBL-based SU-8 converter placement, an advantage over fixed photomask

designs, yielding enhanced power coupling.

(a) (b)

‘
Figure 5.30: (a) Inverse taper design schematic. (b) SEM picture of the fabricated taper: zoom-in on the
interface between SU-8 and SiN waveguide.
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5.3.3 u-TP HECL architecture

A key advantage of micro-transfer printing is that the SiN passive circuitry and RSOA gain chips
can be fabricated via fully decoupled process flows, consequently enabling independent design
and process optimization for each. The resulting u-TP HECL integrates an RSOA gain chip printed
directly onto a silicon nitride PIC featuring side-coupled Fabry—Pérot cavities as the resonant
cavity reflectors, with edge coupling achieved via precisely aligned SU-8/SiN inverse-taper
converters for low-loss mode matching (as detailed previously).

The HECL architecture is schematized in Fig. 5.31. The printed RSOAs are characterized by a
variable cavity length of 300 pm, 500 um, and 700 pm but they all exhibit a gain curve peak at
around 1560 nm, with a ~30/35 nm bandwidth, when temperature is set to 12°C.

By increasing the driving current in the coupons or temperature in the system, it induces a redshift
of the gain peak. However, it has been adopted to have a low operating temperature (T=12°C or

T=15°C) to avoid thermal instability.

pTP-RSOA

i T

L (C

SiN-PIC ouT

Figure 5.31: Schematic of the external-cavity laser architecture. The y-TP RSOA is butt-coupled by
means of a SU-8 spot-size converter to SiN-PIC. The latter is coupled to another SU-8 converter to
maximize output collected power.

The passive SC-FP resonators incorporates a bus waveguide evanescently coupled to a high-Q
Fabry-Pérot cavity bounded by two symmetric DBRs: each with rectangular lateral corrugations
(W; = 1.3 ym, W, = 2.5 um, yielding ~17 nm stopband), and combining N = 1750 uniform
grating periods with Ny = 250 linearly apodized periods, building on the design strategy
implemented in Section 5.2.2.

The grating periodicities are engineered to ensure spectral overlap with the transfer printed RSOA
gain, investigating DBRs with A=500 nm, 506 nm, and 512 nm. The fabricated devices consider
coupling gaps varying from 400 nm to 600 nm, and different cavity lengths considering both
shorter cavities (L = 120 pum) and longer ones (L = 600 um).

This parametric sweep enables investigation of the trade-off between achieving high-Q FP
resonant modes, which favors narrow resonances and low intra-cavity loss, and maximizing the

effective peak reflectivity seen by the gain chip. Understanding this balance is crucial, since it
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directly impacts lasing performance in terms of threshold, slope efficiency, and spectral purity of
the hybrid external-cavity device.

Representative SEM pictures of the DBR grating sections, the u-TP RSOA coupons, and the SU-
8/SiN spot-size converter are provided in Figs. 5.32 and 5.33, to check fabrication fidelity.

]
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Figure 5.32: SEM image illustrating the interface between the SU-8 and the RSOA coupon.
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Figure 5.33 (a) SEM picture of the interface between SU-8 and SiN waveguide in the fabricated inverse
taper. (b) Zoomed view of the on-chip DBR in the bottom part of the side-coupler.

5.3.4 Fringes analysis: HECL interfaces reflection

Following the considerations and approach used in Section 5.2.3 and 5.2.4 for the two-chip butt-
coupled laser, an estimation of all the possible parasitic FP reflections occurring at the interfaces
of the u-TP external-cavity, as well as the longitudinal mode spacing are performed. A schematic
of the HECL interfaces is depicted in Fig. 5.34. This effect can be estimated by analyzing seven
distinct Fabry-Pérot interference contributions arising from interface discontinuities along the
optical path.

All these contributions incorporate the interactions between the RSOA facets, SU-8 and SiN

interfaces, PIC chip facets, with final evaluation of the predicted spacing between the external-
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cavity longitudinal modes supported by the system after the SC-FP reflection. These calculations

. 22 . .
are based on the conventional free spectral range formula FSR= Py where A is the operating
9

wavelength is assessed to 1550 nm, while n, and L are the corresponding group index and the
geometrical length of the specific region under analysis.

Specifically, the group index analysis has been performed by using the FDE solver in Lumerical,
while the FSR of the parasitic FP cavities are evaluated and reported below considering an RSOA
cavity length of 700 um, but can be analogously obtained for shorter RSOA t lengths of 500 um
and 300 pm, as listed in Table 5.1.

Ng_sug+sins Lsus+sin

SiN nQ—siN ) LSiN

Si0,

Si-substrate

Figure 5.34: HECL cross-section schematic: illustration of all the interfaces along the optical path.

The primary parasitic Fabry—Pérot reflections arise from the transfer printed RSOA's two facets.
Despite AR coating on one side, these residual reflections still form a low-finesse FP-like cavity,
that superimposes a periodic modulation (ripple) on the net RSOA gain spectrum and can be
defined as:

FSR, = _ : (>-3)
2ng rsoaLrsoa
By assuming ngrsoa = 3.448, for long RSOA coupons (Lgsoa = 700 um), FSR; ~ 0.5 nm.
The following interface discontinuity along the optical path is between the SU-8 waveguide and
the start of the tip width of the SiN taper that adds to the pure RSOA optical path. By considering
a group index ng gug = 1.58616, and a geometrical length Lgyg = 282 um for the SU-8 waveguide
with SiO: bottom cladding, it results:

A2 (54

2(ngrsoaLrsoa + ngsusLlsus)

FSRH =

This contribution assesses to FSRy; = 420 pm.
The third interface accounts also for the cross-section in which SU-8 and SiN coexist, and their

top and bottom cladding are air and silicon dioxide, respectively. This inverse-taper section
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extends for Lgyg+giy = 250 um. Given the structure detailed in 5.3.2, the group index of this cross-
section accounts for the average value between the start and end widths of both SiN and SU-8
waveguides, yielding ng sugsiv=1.9736. At the end of the SU-8 section, the related FP reflection
spacing results:

A2 (5.5)

FSR]H - .
2(ngrsoalrsoa + g suslsus + Mg sus+sinLsus+sind

By substituting the parameters described above, it results FSRy; = 358 pm. Regarding the
longitudinal modes supported by the HECL, they are determined by the total external-cavity
formed between the HR facet of the RSOA and the reflectivity peaks provided by the SC-FP
resonators. The spacing between these modes, denoted as FSR;y,, is evaluated as:

A2 (5.6)

A2 d?Ppgr(4)
2(ngrsoaLrsoa + Ngsuslsus + Ng sus+sinLsus+sin + Mg sinLsini) + T diz

FSRIV =

where ng giv = 1.9764 is the group index retrieved by considering a single-mode SiN waveguide
(whose width is W=1.3 um) covered by HSQ, while the SiN path is accounted starting from the
end of SU-8 to half of the side-coupler ( Lgjn1 = 1073 um), for approximation.

A% d*@ppg(4)
da? ’

FSRyy = 220 pm. FSRy, considers all the SiN region (Lg;x) up to the start of the SU-8 output taper,

Temporary neglecting the dispersion contribution term Eq. (5.6) gives
consequently it accounts the sum of Lgjy 1 and Ly o= 1582.251 um.
A2 (5.7

2(ngrsoalrsoa + Ngsuslsug + Mg susssinLsustsin + Mg sinLsin)

FSRy =

This value assesses to FSRy = 140 pm.
Adding in the optical length the section in which SiN waveguide and SU-8 overlap in the output
section, that is still Lgyg+siy = 250 pum, is possible to retrieve fringes spaced FSRy; = 132 pm, as
obtained from:

22 (5.8)
2(ngrsoaLrsoa + Mg suslsus + 2 ng sus+sinLsus+sin + Ng sinLsin)

FSRVI =

The final contribution takes into account the full optical path between the RSOA HR facet and the
cleaved end facet of the chip. The additional section refers to a pure SU-8 waveguide region that

extends for Lgyg, ~ 1300 um, consequently producing FSRyy; that is derived as:
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2
p (5.9)
2(ngrsoaLrsoa + ngsusLlsug + 2 ngsus+sinLsus+sin + Mg sinLsin + g susLsus2)

FSRV” =

This spacing is around FSRyy = 108 pm, resulting similar to the sample cleaving contribution
detailed in Section 5.2.3.
All the FSRs related to the RSOA cavity lengths Lz, =300 pm, 500 pm and 700 pm are

summarized in Table 5.1.

Table 5.1: Predicted FSR contributions calculated for the three different implemented RSOA cavity
lengths.

FSR label Lrsoa =300 pm Lrsoa =500 pm Lrsoa= 700 pm
FSR1 1.16 nm 0.70 nm 0.50 nm
FSR II 0.811 nm 0.553 nm 0.420 nm
FSR III 0.608 nm 0.451 nm 0.358 nm

FSR IV 0.293 nm 0.251 nm 0.220 nm
FSR V 0.166 nm 0.152 nm 0.140 nm
FSR VI 0.155 nm 0.143 nm 0.132 nm
FSR VII 0.123 nm 0.115 nm 0.108 nm

*For FSR VI, is omitting the DBR dispersion-related contribution in the calculation.

5.3.5 Probe station setup

The optical setup used for the transfer printed HECL characterization is depicted in Fig. 5.35(a).
A single stage hosts the photonic chip, comprising both the III-V gain section and the silicon
nitride passive side-coupled FPs, all mounted on a high-thermal-conductivity copper layer for
efficient heat dissipation. Both the chip and the gain coupons are thermally regulated through a
TEC controller, which maintains a stable operating temperature (in these experiments fixed to
around T=12 °C) to ensure repeatable laser performance and wavelength stability. Each gain
coupon is electrically excited via two DC probes positioned on the gold contact pads of the RSOA
ridge waveguide, with a NIR camera used for the alignment, as shown Fig. 5.35(b). These probes
(Cat-Whisker type), controlled through high-precision micro-manipulators, deliver bias current
from an external low-noise current source.

A second stage consists of a three-axis stage (as the one reported in the end-fire setup) in which is
mounted a lensed single-mode fiber to collimate and focus the beam allowing efficient output

optical power collection. The collected light is then routed to a power meter for direct output power
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measurement, and to the OSA for spectral response investigation in terms of laser SMSR and

linewidth evaluation.

Figure 5.35: (a) Probe station experimental setup. (b) Focus on the probe alignment on the RSOA
contact pads.

The NIR camera provides additional insight into the HECL operation before and after lasing
operation. For example, Fig. 5.36(a) reports the amplified spontaneous emission from the RSOA
and Fig. 5.36(b) the weak scattering spot at the interface between the SU-8 and the SiN inverse
taper, visible in the NIR camera when the drive current is set to 29 mA. In this bias condition, the
hybrid cavity does not reach the laser threshold.

Under higher bias, increased carrier injection in the III-V region enables higher optical gain and
produce lasing in the hybrid external-cavity defined by the on-chip feedback element.
Specifically, Figs. 5.37(a),(b) show the behavior along the chip at a drive current of 90 mA. At
this operating point, a much stronger scattered-light contribution is observed both at the RSOA
coupon and in the coupler/mirror region, confirming that lasing has been established.

Furtherly increasing the RSOA drive current (I = 155 mA), the HECL delivers an output power
of approximately 450 uW. The NIR image in Fig. 5.37(c) clearly depicts the output facet of the

PIC aligned to the lensed fiber during laser emission.
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Figure 5.36: (a) RSOA coupon excitation biasing with 1=29 mA. (b) Light scattering view from NIR
camera between SU-8 and SiN, in absence of lasing emission.
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Figure 5.37: Analysis of the light scattering along the full optical path of the HECL, during laser
emission. It depicts (a) the RSOA coupon, (b) the mirror and inverse taper section, and (c) the output
alignment with the lensed fiber.
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5.3.6 First iteration results

The first iteration of the transfer printed HECL demonstrates a clear proof of concept, showing
that lasing emission can be obtained both from an on-chip DBR reflector and from a wavelength-
selective side-coupled Fabry—Pérot reflector.

The HECL architecture follows the configuration described in Fig. 5.31, employing gain coupons
characterized by a 500 um long ridge waveguide, transfer printed onto a SiN PIC fabricated
according to the process detailed in Section 5.2.1. Laser characterization has been carried out in
the Tyndall laboratories. In this fabrication run, the SU-8 converters were realized using a
photomask process rather than electron-beam lithography.

The architecture enables single-wavelength lasing operation in a fully integrated system, with a
SMSR of approximately 20/25 dB. Post-fabrication inspection, however, reveals a not optimized
alignment between the gain coupons and the SU-8 converters, which reduce the measured output

power to only tens of microwatts.

5.3.6.1 DBR-based laser emission

The Bragg reflectors consist of rectangular corrugation-profile gratings, defined by waveguide
widths of W; = 1.3 pm in the narrow section and W, = 2.5 pm in the wider section. The structure
comprises N = 150 uniform grating periods and Ny = 50 apodized periods on both the left and
right sides, while maintaining a 50% duty cycle. The implementation of apodized grating periods
on the DBR architecture is employed to provide a smooth transition between the single-mode
waveguide width region (W;) and the high-contrast corrugated waveguide width (W), reducing
radiation loss contributions as detailed in Section 3.1. The grating periodicity is set to A=508 nm
so that the Bragg stopband is centered on the RSOA gain spectrum. The schematic of the
implemented DBR is shown in Figure 5.38.

Figure 5.38: Schematic of the implemented on-chip DBR with the summarized key design parameters.
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At atemperature of approximately T=15°C for both the RSOA and the SiN PIC, single-wavelength
lasing emission is demonstrated, when the on-chip DBR is used as reflector, designed to have
around 80% reflectivity. Specifically, as depicted in Figure 5.39, when the injection current is set
to I=80 mA a weak lasing line, among the supported cavity modes, emerges on the DBR stopband.
The achieved laser has a SMSR of about SMSR=15 dB and shifts toward longer wavelength ECL
modes when current rises to 100 mA (Fig. 5.39, purple trace).

This shift is consistent with the self-heating effect in the RSOA and the increasing intracavity
power, that red-shifts the gain curve, the SC-FP resonance via absorption heating, and modify the
external-cavity laser condition as already detailed before. In addition, these measurements provide
also an experimental demonstration of the grating stopband, which confirms to be characterized
by a width of 17 nm with a central Bragg wavelength Az~1581 nm.

Among the interfaces-related contributions examined in Section 5.3.3, in the lasing spectrum is
overlapped the gain ripple arising from the ASE of the RSOA as observed in Fig. 5.39 outside the
stopband (approximately peak-to-peak gain ripple of 5 dB around -60/65 dBm level): the observed

fringes spacing of around 0.7 nm corresponds exactly to the predicted values retrieved by using

2
the formula FSR; = m for a cavity length Lrgoa = 500 pum.
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Figure 5.39: Single-wavelength laser emission extracted at I=80 mA (black trace) and I=100 mA (purple
trace), when the DBR is used as reflector.

5.3.6.2 Side-coupled FP-based laser emission

Among the different designed resonator architectures (described in Section 5.3.3), laser emission
is firstly investigated for a SC-FP resonator which features a grating period A = 500 nm,
DC=50%, coupling gap G=400 nm, and cavity length L = 120 um. This configuration is expected
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to maximize the intensity of the reflection peaks while reducing the loaded Q-factor of the output
resonant dips. Under the same temperature conditions used for the DBR-based emission (T = 15
°C), a dominant single lasing peak superimpose over the SC-FP resonant dips when the driving
current is set to [=80 mA, 90 mA, and 96 mA, as shown in Fig. 5.40.

The output spectra report single-wavelength lasing emissions exhibiting a SMSR of approximately

SMSR~20-25 dB, combined with resonant hopping effect occurring for different current values.
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Figure 5.40: Single-wavelength lasing: resonant hopping occurs between different SC-FP resonances
at different driving current in the RSOA.

Even though the on-chip output power is only on the order of tens of microwatts, both the SC-FP
resonances and the lasing mode are clearly distinguishable over the ripple-gain background. The
low power level is attributed to presence of air-gaps between the SU-8 spot-size converter and the
printed RSOA, confirmed by SEM inspection (Fig. 5.41).

Mask lithography for the SU-8 patterns, does not allow precise customization of the SU-8
placement, so the RSOA coupons cannot be perfectly aligned with them, and the coupling
efficiency is reduced. Moreover, lasing emission was tested at fixed current (I = 70 mA) while
varying the TEC temperature from 12 °C to 15 °C, as shown in Fig. 5.42.

The laser exhibits a redshift consistent with the combined thermo-optic effect in both the RSOA
gain peak and SC-FP resonances, accompanied by the corresponding adjustment of the external-

cavity longitudinal mode condition.
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Figure 5.41: (a) SEM image depicting the coupling between RSOA and SU-8 converter. (b) Zoom on
the air-gap existing between the RSOA interface and SU-8.

The emitted line, that features SMSR~25-28 dB, sits on top of the passive resonant dips of the
SC-FPs (visible in Fig. 5.42(a)), which have FSR varying from 2.6 nm to 1.7 nm, set by the
geometric cavity length (L=120 um) plus the additional penetration length into the DBR section.
Fig. 5.42(b) shows the parasitic FP reflection fringes derived from the RSOA gain, spaced 0.7 nm,
that features a peak-to-peak gain of 10 dB around -55 dBm power level.
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Figure 5.42: (a) Single-wavelength emission for two different operating temperature conditions:
T=12°C, and T=15°C. for a fixed current of I=70 mA. (b) Zoom of the ASE gain ripples spaced 0.7 nm.
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5.3.7 Second iteration results

In the second iteration of the HECL, a key modification concerns the fabrication of the SU-8 spot-
size converters. Unlike the first prototype, where these converters were patterned using mask
lithography, this process employs EBL technique.

After transfer printing the RSOA coupons, their positions are precisely assessed through SEM
imaging, guiding the EBL patterning of the SU-8 section to ensure optimal alignment and coupling

efficiency. Figure 5.43 shows SEM images confirming the successful RSOA-SU-8 alignment and

the reduced air-gap achieved.

(@)

Figure 5.43: a) SEM image of the coupling between RSOA and SU-8 converter realized by EBL. (b)
Zoom on the interface: better alignment exists between the RSOA coupon and the SU-8 waveguide.

This refinement led to a substantial performance improvement, achieving a peak power output
exceeding 0.6 mW compared to only tens of microwatts in the first iteration. In addition, the laser
spectra exhibit SMSR exceeding 40 dB under single-wavelength operation. The enhanced output
power and spectral purity enabled heterodyne linewidth measurements, revealing a laser linewidth

below 50 kHz, below the resolution limit of the measurement setup.
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5.3.7.1 Side-coupled FP reflection measurements

The SiN SC-FP resonators are fabricated following the same process flow described in Section
5.3.5. Prior to the comprehensive analysis of the laser performance, reflection measurements have
been conducted on the SC-FP structures to determine the spectral positions of the reflection peaks
associated with each implemented grating periodicities (500 nm, 506 nm, and 512 nm).

The aim of this preliminary investigation is to verify the resonant reflectors fabrication
repeatability across the two iterations, and to identify the configuration whose reflection peaks
best overlaps the RSOA gain bandwidth. The reflection response of the SC-FP resonators is
extracted using a broadband laser source (ASE ranging from 1520 nm to 1620 nm) coupled via a
fiber-based three-port optical circulator to the output port of the HECL as shown in the setup in
Fig. 5.44. A polarization controller was employed to ensure precise excitation of the TE

polarization mode during the measurement procedure.

SC-FP
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Figure 5.44: Schematic of the experimental setup implemented for measuring the SC-FP reflection
peaks.

From this experimental setup, the normalized reflection spectra of a SC-FP, featuring L = 120 um,
G = 500nm, N=1750, N;y=250, and P = 500 nm as design parameters, are reported in Fig.
5.45(a).
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Figure 5.45: (a) Normalized SC-FP reflection spectra for T=14°C (yellow) and T=24°C (blue), when
periodicity is fixed to P=500 nm. (b) The highlighted reflection peak reports a redshift of around AA=140
pm.
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These spectra are normalized to the laser source and scaled to ensure visualization clarity, and are
extracted at two operating temperatures, T=14°C (yellow trace) and T = 24°C (blue trace),
respectively. The SC-FP resonator under test, supports resonance peaks within the 1555-1570 nm
wavelength range when P = 500 nm is considered. The ten-degree temperature variation applied
to the SC-FP reveals a red-shift of each resonance by about AAd = 140 pm (Fig. 5.45(b)),
corresponding to a temperature rate variation of around 14 pm/°C, consistent with the behavior
previously observed in Fig. 5.14. Moreover, it exhibits an FSR response ranging from

approximately 2.5 nm to 1.5 nm as shown in Fig. 5.46.
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Figure 5.46: FSR response extracted for the SC-FP resonator with L = 120 um, G = 500 nm.

This grating periodicity provides an optimal spectral alignment with the RSOA gain peak;
therefore, the subsequent subsection will majorly discuss the laser performance achieved for this
specific periodicity value. Conversely, when T=14°C and the grating periodicity is set to
P = 506 nm, the resonance envelope experiences a spectral shift of approximately 15 nm towards
longer wavelength compared to Fig. 5.45, with SC-FP peaks spanning between 1570 nm and 1585
nm, as illustrated in Fig. 5.47.
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Figure 5.47: Normalized SC-FP reflection spectra for T=14°C, when periodicity is fixed to P=506 nm.
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5.3.7.2 SC-FP laser emission characterization

The emission performance of the HECL is investigated by using the same resonant reflector

described in Section 5.3.6.2 (G=400 nm, and L= 120 pm). During the characterization, the chip

temperature is stabilized at T = 12°C, while the laser output power reported in Fig. 5.48(a) and

the corresponding emission spectra in Fig. 5.48(b) are recorded as the injection current is increased

from 25 mA to 155 mA in steps of 5 mA.
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Figure 5.48: (a) L-I curve jumps from lower to higher laser power, reaching around 0.12 mW at I=150
mA. (b) Emitted HECL power as a function of the RSOA injection current and wavelength

(colorbar shows power values spanning from -10 dBm to -40 dBm).

Resonant hopping is still observed as the current is varied, both in the L—I curve, where the output

power exhibits discrete jumps from lower to higher values, and in the 3D color-map, plotted over

a range from —40 dBm to —10 dBm. When the current is fixed at I = 125 mA, the laser spectrum

exhibits a side-mode suppression ratio of approximately SMSR~40 dB, which represents a marked

improvement over the 25 dB obtained in the first iteration (Fig. 5.49).
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Figure 5.49: (a) Single-wavelength laser emission placed at 1560.53 nm and characterized by

SMSR= 40 dB, for 125 mA driving current.
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The enhanced laser spectrum allows to carry out the heterodyne linewidth measurement, using the
same experimental configuration shown in Fig. 5.20 and the procedure described in Section 5.2.4.
By acquiring a total time trace of 40 ps, and keeping a sampling rate of 12.5 GSa/s, the FFT
operation on the heterodyne beat note reveals a spectral component at approximately 552.9 MHz
(Fig. 5.50(a)). A zoomed-in view of the fundamental tone (Fig. 5.50(b)) reports the Lorentzian fit
of the RF harmonic, yielding to extract a linewidth of Aw = 47 kHz.

This measured linewidth falls below the minimum resolution reliably supported by the employed
instrumentation, as the typical TLS linewidth reported in the datasheet is around 100 kHz.
Nevertheless, the result clearly evidences a substantial improvement compared to the laser
emission shown in the two-chip butt-coupled HECL configuration, which exhibited minimum

linewidths of approximately 74 kHz and 110 kHz, respectively.
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Figure 5.50: (a) FFT analysis of the HECL: the RF tone is located at ~552.9 MHz and is characterized
by a linewidth of ~ 47 kHz, after Lorentzian fitting (b).

An analogous analysis is performed for a SC-FP resonator with same coupling gap (G = 400 nm)
but a longer cavity length (L = 600 um). The collected output power raises from 0.1 mW to
0.2 mW, as shown in the L-I curve in Fig. 5.51(a), but the high density of modes in the DBR

stopband induces a more relevant resonant hopping among the supported SC-FP modes (Fig. 5.51

(b))
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Figure 5.51: (a) Laser characteristic: threshold results around ~30 mA, while the output power exceeds

0.2 mW, without reaching the saturation current. (b) Emitted HECL power (values spanning from -10
dBm to -35 dBm) versus RSOA drive current and wavelength.

At = 150 mA, the dominant single-wavelength laser peak rises from —18 dBm to approximately
—5 dBm, but the SMSR assesses around 35 dB (Fig. 5.52).

0 s

-E- SMSR=35 dB
£ 20

=

)

2 40}

o]

o

-60

1560 1570 1580
Wavelength [nm]

Figure 5.52: Single-wavelength emission placed in 1570.35 nm, extracted at I=150mA. Optimal SMSR
value of =35 dB is measured.

Using the same FFT acquisition settings as for the previous device under test, the linewidth
analysis yields a RF beat note located at 427.28 MHz and wide 48 kHz, as shown in Fig. 5.53(b).
The RF component superimposes with the electronic noise floor, as visible in Fig. 5.53(a).
In order to distinguish the pure electronic noise in the RF spectrum, it is considered the FFT trace

in absence of laser emission, showing these components location in Fig. 5.54.
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Figure 5.53: (a) FFT analysis of the HECL: the RF tone is located at ~427.28 MHz and is characterized by
a linewidth of ~ 48 kHz, after Lorentzian fitting (b).
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Figure 5.54: (a) FFT RF spectrum showing electronic noise from internal clock sources in the
oscilloscope, where timing clocks leak into detected signals.

A final investigation regards the lasing emission when is employed a resonant reflector
incorporating L=600 pm and G=500 nm. The laser analysis is performed by cooling the chip to
two different temperature regimes, T=12 °C and T=14 °C, respectively.

This device shows the optimal output power, reporting a linear laser characteristic with peak power
values of 0.4 mW (for T=12°C) and exceeding 0.6 mW (for T=14°C) as depicted in Fig. 5.55(a)
and Fig. 5.56(a). However, the inspection of the 3D color-map plots in Fig. 5.55(b) and
Fig. 5.56(b) reveals marked resonant hopping across the current, with a clear redshift in the emitted

laser wavelengths when the temperature is increased from 12 °C to 14 °C, particularly in the range

from 100 mA to 150 mA.
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Figure 5.55: (a) Linear laser characteristic at T=12°C with output power reaching 0.4 mW, without
reaching the saturation current. (b) Emitted laser power as a function of the RSOA current and the
wavelength (colorbar power values span from -10 dBm to -30 dBm).
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Figure 5.56: (a) Linear laser characteristic at T=14°C with output power exceeding 0.6 mW, without
reaching the saturation current. (b) Emitted laser power with respect to RSOA injection current and
wavelength (colorbar depicts power values span from -10 dBm to -30 dBm).

5.3.8 Future optimizations on the transfer printed HECLs

The transfer printed HECLs demonstrated in this work provides a clear proof of concept that stable
single-wavelength operation can be realized in a highly compact hybrid external-cavity laser. This
result marks an important step toward the final integration pathway envisioned in this thesis,
enabled by advanced heterogeneous hybrid integration techniques. Future implementations should
further optimize power coupling performance by employing more efficient spot-size converters
between the RSOA and the SiN PIC.

The implemented polymer-based taper replacement with a higher-index material (such as silicon)
that is more closely matched to the RSOA refractive index, has been demonstrated in [17] as

efficient solution at the cost of slightly increased process complexity compared to SU-8 EBL
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technique. In addition, dedicated mode converters between the SiN waveguide and lensed fibers
could be introduced to maximize the collected output power or ideally integrate transfer printed
photodetectors, enabling an ultra-compact, packaged HECL, as discussed in Chapter 6.
Optimization of butt coupling between the different sections alone does not resolve the parasitic
reflections arising from discontinuities in the optical cavity, which remain a major limitation.
For this reason, evanescent coupling has emerged as a particularly promising solution for Si/SiN-
based u-TP lasers [17], as it can strongly suppress such parasitic reflections while efficiently
transferring the optical field from the gain section into the passive core waveguides.
This approach, however, relies on carefully engineered adiabatic tapers to ensure low-loss and
wavelength-dependent power transfer.

From an operational point of view, the main challenge for single-wavelength HECLs lies in
suppressing both resonant hopping and mode hopping between longitudinal modes within a single
SC-FP reflection peak. The latter phenomenon can be mitigated by increasing the cavity Q-factor
(sharper resonances) and/or shortening the external-cavity length to the centimeter scale, in order
to approach a one-to-one overlap between a single SC-FP reflection peak, a supported longitudinal
cavity mode, and the gain spectrum. Reduction of the resonant-hopping effect has been proved
being obtained by adopting shorter geometrical cavity in the FP resonator in order to support only
few, widely spaced reflection peaks in the DBR stopband.

This design choice entails a trade-off: shortening the cavity length reduces the Q-factor and thus
the resonance sharpness, whereas increasing the coupling gap to compensate for the shorter cavity
improves the Q-factor but lowers the overall reflectivity. Alternatively, the coupler and resonator
architecture can be engineered to enhance both the extinction ratio and the reflectivity of a specific
Fabry—Pérot resonance within the stopband, thereby enforcing stable single-mode operation. This
selectivity can be achieved by employing wavelength-dependent side-couplers or by optimizing
mode-matching conditions for a targeted resonance.

Furthermore, the integration of phase-shifting gratings [18],[19], typically introducing a m-phase
discontinuity, offers a powerful mechanism for spectral control. By creating a narrow transmission
window within the broader stopband, phase-shifted gratings intrinsically lock the laser emission
to a precise resonant frequency, simultaneously improving side-mode suppression and reducing
sensitivity to environmental fluctuations that typically trigger mode hopping.

A significant limitation of this approach is the relatively low loaded Q-factor observed
experimentally, measured at approximately Q~1.4x10% [18] in SiN, and Q~1.2x10* [19] in SOI
platforms. Consequently, the FWHM of the phase-shifted reflection peak, particularly when

utilized in an evanescent coupling scheme, is on the order of 130 pm. This broad resonance width
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is insufficient to ensure stable single-longitudinal-mode operation in non-ultra-compact cavities,

as it allows for mode-hopping between the longitudinal modes supported by the external-cavity.
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Chapter 6: Refractive index sensing and space
applications

This final chapter discusses the future perspectives and potential applications of the side-coupled
Fabry—Pérot resonators investigated throughout the thesis, with a particular focus on their use as
compact refractive index (RI) sensors. The sensing performance of a simple SC-FP architecture is
first examined through experiments involving NaCl solutions and deionized water as analytes.
The analysis highlights the resonance wavelength shift and the corresponding limit of detection,
which serve as the main figures of merit for assessing the device sensitivity.

The concept is then extended to more complex configurations based on coupled SC-FP resonators,
forming so-called photonic molecules. These structures enable multi-parameter sensing, as the
resonance splitting provides two independent spectral readouts for each original SC-FP mode. In
this framework, both the resonance wavelength shifts, and the extinction ratio variations induced
by the presence of the analyte are considered, further enhancing the sensing capability. The
potential of the photonic molecule sensor architecture is also extended to the implementation of
air-gap SC-FPs, which can substantially improve the interaction volume with the surrounding
environment. Experimental demonstrations confirm the enhanced sensitivity of such air-gap
implementations compared to conventional SC-FP designs.

The potential of SC-FP-based HECLs for refractive index sensing is further explored. A compact,
stable, narrow-linewidth single-wavelength laser enables sensing of liquids or gases, while arrays
of HECLs support heterodyne schemes to achieve very low limits of detection (LODs). Finally,
future development of multi-wavelength HECLs in space are discussed building on prior
demonstrations in free-space optical links, atomic clock networks, spectroscopy, remote

atmospheric sensing, and astronomical applications.

6.1 Passive SC-FP for RI sensing

The passive SC-FP resonator, whose design is presented in the schematic of Fig. 3.3 in Chapter 3,
has been effectively employed for refractive-index sensing under different upper cladding
conditions. The analyzed structure comprises a cavity length L = 600 um, separated by a coupling
gap G=700nm bounded by two DBR sections with N = 1975 uniform periods and N; =
25 apodized periods on each side. The gratings feature a rectangular corrugation whose widths
are Wy = 1.3 um, W, = 2.5 um, and duty cycle is 50%.

The upper cladding environment is modified by depositing droplets of deionized (DI) water and

aqueous NaCl solutions with different concentrations onto the resonator surface, in addition to the
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reference characterization with air cladding. Sensing relies on changes in the surrounding
refractive index, due to the presence of an analyte, which modifies the guided mode's effective
index in the FP cavity and shifts the resonance wavelengths (AA). In this context, the transmission

spectra recorded for the different analytes are acquired at the OSA, as depicted in Fig. 6.1(a).
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Figure 6.1: (a) SC-FP experimental transmission response when air (red), DI-water (black), and NaCl
solution (green) are considered as upper cladding. Comparison between loaded Q-factors (b), and
FWHM values (c) for the different upper claddings.

To transduce the resonances shift into a comparable sensor metric, a key parameter is the

e AL . . . . . .
sensitivity § = e which quantifies the wavelength shift AAper unit refractive index
c

change 4An, in the cladding medium. Moreover, the use of DI water and NaCl solutions leads to
additional optical losses that significantly impact cavity performance. These losses arise mainly
from increased absorption in the liquid cladding and enhanced scattering at the waveguide—liquid
interface, as the refractive-index contrast between the core and cladding is reduced.

Consequently, the loaded Q-factor and the FWHM exhibit noticeable degradation, decreasing
from average values of Q,~5x10* and FWHM =30 pm in air to around Q;=2.5% 10* and FWHM
~70 pm in DI water and 250 mg/mL NaCl solution, respectively, as shown in Fig. 6.1(b—c). This
degradation reflects the increased attenuation of the resonance field interacting with the external
medium and highlights the inherent trade-off between optical confinement and sensitivity in

evanescent-field sensing configurations.
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The sensitivity of the fabricated device is experimentally determined by analyzing the spectral
shift between the last resonance measured in air and in DI water, as expressed in Eq. (6.1).
Additionally, Eq. (6.2) reports the analogous spectral shift observed when comparing the spectra
measured in DI water and in a 250 mg/mL NaCl solution. Spectral shifts of the resonance peaks

are monitored to evaluate the refractive-index sensitivity of the SC-FP sensor as shown in Fig. 6.2.

A1 (1586.83 — 1561.55) nm 6.1
SL,AIR - DI WATER = . (13162 — 1) ~ 79.95 nm/RIU
c .
A2 (1591.17 —1586.83) nm (6.2)

S1,01 WATER-Nacl = An. (1.36 — 1.3162) ~ 99 nm/RIU
¢ . .

where the refractive index value for DI-water and the NaCl solutions are obtained from the data
reported in Ref. [1]. Another parameter that can be derived from the device response is
the minimum detectable refractive-index change, also known as the limit of detection (LOD). This
figure of merit represents the smallest refractive-index variation that can be distinguished by the

sensor and is calculated as [2]:

A
LODyig - prwarer = RES ~ 6.58 X 10~* RIU (6.3)
QL SaAIR - DI WATER
1 6.4
LODp; warer-Nact = RES ~ 5.32 x 10~* RIU (6.4)

QL S).,DI WATER—-NacCl

where the Q; values and sensitivities in Egs. (6.3), (6.4) are extracted from Figs. 6.1(b) and 6.2.
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Figure 6.2: Overview of the resonances shift A1 : (a) between air and Dl-water cladding, and (b)
between DI-water and 250 mg/mL NaCl concentration.
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6.2 SC-FP based photonic molecule for RI sensing

A photonic molecule (PM) is formed by the optical coupling of two or more micro-resonators
whose evanescent fields overlap strongly enough that their individual resonances hybridize into
collective super-modes [3].

When resonators such as microrings or Fabry—Pérot cavities are placed in close proximity, the
evanescent field of one perturbs the optical mode of the other, splitting the original single
resonance into a characteristic pair of eigenfrequencies: a lower-frequency symmetric (bonding)
super-mode, where fields in the two resonators oscillate in phase, and a higher-frequency
antisymmetric (antibonding) super-mode, where they oscillate out of phase. This behavior occurs
in direct analogy with the electronic states of diatomic molecules. The splitting magnitude, known
as the coupling strength or resonance splitting Agy,;¢, scales inversely with the physical separation
between resonators [4-6] and depends on the overlap integral of their evanescent fields. This
electromagnetic coupling produces new optical properties, including mode splitting, tailored line
shapes, and enhanced field interactions, which can be leveraged for spectroscopy [4],[5],
modulation [6], signal processing [7], and advanced sensing [8].

In this section, the use of two coupled SC-FP architectures, referred to as the main and auxiliary
Fabry—Pérot resonators, is demonstrated for the realization of a photonic molecule, as illustrated
in Fig. 6.3, and exploited as a compact refractive index sensor. Specifically, the electric field
profiles of the anti-symmetric and symmetric modes in the resonant cavity of the main FP are

illustrated in the red box in Fig. 6.3.

Main FP 1 |

nti-symmetric mode |

W
I

|
1
|
|
|
Svmmetric mode
|
|
|
d

L-----------------------

Figure 6.3: Schematic of the photonic molecule architecture based on two coupled SC-FP resonators.
Zoom-in of the coupling region illustrating the formation of symmetric and anti-symmetric super-modes.

The input optical signal is side-coupled into the main FP resonator via a bent waveguide, spaced

D=13 pm from the FP cavity, and implemented as a Bézier curve with optimized bending radii
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(Lbena=150 pm) selected to minimize field distortion and loss, as detailed in Chapter 3. The main
FP resonator is evanescently coupled to the auxiliary FP resonator via a tunable coupling gap that
tunes the strength of the resonance splitting in the resulting photonic molecule. Each FP resonator
consists of a cavity length L enclosed by engineered DBR mirrors, either uniform or apodized, to
control mirror reflectivity and penetration length.

The fabricated PM is realized on 300 nm-thick LioniX SiN platform by means of the same
fabrication process detailed in Section 5.2.1. The DBR sections feature a periodicity P = 485 nm,
duty cycle DC=50%, corrugation widths W;=1300 nm, and W,=2400 nm, while combining
Ng;=2000 uniform grating periods and Nigper=50 apodized grating period. The main and
auxiliary FPs are symmetric, and employ L=789xP, and G=450 nm. The schematic of the
implemented photonic molecule is reported in Fig. 6.4(a), while details of the etched uniform and

apodized DBRs are highlighted in yellow boxes in Fig. 6.4(b).

ESio,

WSizN,

(b)

Figure 6.4: (a) Schematic of the designed SC-FP-based photonic molecule, with key design parameters.
(b) SEM images of the etched uniform and apodised DBRs.
The transmission response of the structure under air cladding is reported in Figure 6.5(a). When
an analyte covers the device, its refractive index affects the coupling strength between the
resonators. Therefore, it enables both resonance shifts and changes in resonance splitting,
providing a robust and multi-parameter sensing mechanism and read-out for sensor, enhancing
sensitivity and reliability.
To test the sensing performance of the photonic molecule, both DI water and different

concentrations of NaCl solutions ranging from 0 to 250 mg/ml were prepared and applied as
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analytes via a single droplet dispensed onto the chip surface. Specifically, based on the analysis
of the recorded transmission spectra for DI water and a 250 mg/ml NaCl solution, Fig. 6.5(b)
reports the resonance shift (A1), the change in extinction ratio ( ERyyji), and the resonance
splitting (Agpit). ERspiie represents the difference in the extinction ratios of the resonant dips in
transmission spectrum, while Aspiic is the spacing between the produced split resonances. ERgpiit,
AN, and Agpiic can be simultaneously analyzed to accurately evaluate the refractive index of the

analyte. As the refractive index of the analyte increases, ERsplic also rises, indicating a pronounced

change in the resonance splitting.
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Figure 6.5: Transmission response of the photonic molecule based on G=450 nm. (a) air cladding, (b)
DI-water and NaCl analyte presence.

For instance, ERsplic is measured to be 3.89 dB for DI water and increases to 6.25 dBm for an NaCl
solution with a concentration of 250 mg/ml.

Additionally, the resonance wavelengths exhibit a shift as the refractive index changes. In
particular, when the cladding is changed from DI water to a NaCl solution at 250 mg/ml, the
resonance undergoes a wavelength shift of AA=3.54 nm. At the same time, A, decreases with the
increasing refractive index, reporting values of 440 pm in air, 328 pm in DI water, and 296 pm in
the 250 mg/ml NaCl solution. The sensor achieves a sensitivity:

a2 (3.54) nm (6.5)
51,01 WATER-Nacl = n. (136 — 1.3162) ~ 80.8 nm/RIU
c . .

By considering higher-Q super-mode characterized by a loaded Q-factor Q=2 x 10*, the LOD

results:

A 6.6
LODp;warErR-Nact = RES ~ 9.7 x 10™* RIU (6.6)

QL S/l,DI WATER—-NacCl

Tuning geometric parameters, such as cavity length, coupling gap, and Bragg grating features, can

optimize sensor performance for specific applications. When an identical high coupling gap
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(G=600 nm) is implemented between the two side-coupled FPs, enhancements in terms of the

sensitivity are achieved as shown in Fig. 6.6.
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Figure 6.6: Transmission response of the photonic molecule based on G=600 nm. (a) air cladding, (b)
Dl-water and NaCl analyte presence.

Analysis of the sensitivity between DI-water analyte and 250 mg/mL NaCl solution shows
a wavelength shift of 4.94 nm between the two envelopes. This shift corresponds to sensitivity:

A2 (4.94) nm ©.7)
S2,DI WATER-Nacl = . (1.36 — 1.3162) ~ 112 nm/RIU
c . .

This result is higher compared to Eq. (6.5), valid for G=450 nm. In addition, the loaded Q-factor

of ~3.5x10* for the split resonant mode in the NaCl case allows the estimation of the LOD as:

A
LODp; warer-nact = RES ~ 4 x10* RIU (6.8)

QL SA,DI WATER-NacCl

The multi-parameter sensing capability of the proposed photonic molecule ensures reliable
detection and precise evaluation of refractive indices for various analytes. These properties
position SC-FP photonic molecules as versatile platforms for hybrid lasers, where super-modes
select wavelengths within SOA gain, nonlinear optics, and sensors with specific aim for utilizing

as refractive index sensors.

6.2.1 SWG Bragg-grating implementation

This subsection extends the SC-FP-based photonic molecule architecture by incorporating
subwavelength gratings (SWGs) [9], enabling coupling between air-gap identical SC-FP structures
analogous to those presented in Chapter 3.

These SWG mirrors are formed by alternating low-index air regions and high-index SiN regions
with a fixed periodicity Pgwg, designed to operate in the Bragg regime. The transition from the

single-mode resonator cavity waveguide (W;=1300 nm) to the air gap is achieved through smooth
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tapering down to a tip width of 20 nm over a length L., while W, is fixed at either 2300 nm or
3000 nm. SWG-based mirrors offer two primary advantages: enhanced field penetration into the
surrounding analyte for improved sensitivity, and broadband high reflectivity potentially over
much shorter lengths compared to conventional DBRs, reducing footprint for integrated sensing.

Among the fabricated devices, the geometrical parameters that deliver the best RI sensing
performance are: Pgwg = 520 nm, f=50%, W; = 1300 nm, W, = 3000 nm, G=600 nm,
Lpenda = 200 pm, Legyiyy = 960%Pswg, D = 12 pm, Lgwg = 2000% Py, and Ligper = 100%P gy.
Where, in this representation f refers to the duty cycle. Figure 6.7(a) depicts the schematic of the

SWG-based photonic molecule in this thesis, summarizing key design parameters.

(b)

I

= 200 nm

Figure 6.7: (a) Schematic of the SWG-based photonic molecule resonator. (b) SEM images showing the
fabricated air-gap gratings and the levels of the PM device.
These parameters yield a stopband width of approximately AA =~ 90 nm in air cladding,
representing a further enhancement over the air-gap grating results previously reported in Chapter
3 for the family C architecture. Additionally, the reflectivity and dispersion properties of SWG
mirrors can be engineered by adjusting the period, duty cycle, and etch depth as already shown for
the DBR gratings.
The devices are fabricated on a 300 nm-thick SiN platform with a 3 pm-thick silicon dioxide BOX
layer using a deep ultraviolet (DUV) stepper photolithography multi-project wafer process
provided by CORNERSTONE [10]. Further details on the fabrication flow and design parameters
are reported in [11]. SEM images of the fabricated device, confirming pattern fidelity for the SWG
gratings, are shown in Fig. 6.7(b). Under air and DI water claddings (considering W,=3000 nm
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and G=600 nm), the photonic molecule exhibits a pair of split resonances corresponding to
symmetric and antisymmetric super-modes.

One mode features lower Q-factor with high extinction, while the other has high-Q but lower
extinction. This asymmetry can be explained by considering the relative coupling strengths. The
main FP, being directly coupled to the bus waveguide, experiences stronger coupling and thus
higher coupling loss, leading to a broader resonance with greater extinction, while the auxiliary
FP is more weakly coupled to the external waveguide and it experiences reduced coupling loss
yielding a narrower linewidth and higher Q-factor. The simultaneous presence of these two modes
provides a dual-readout mechanism: the low-Q, high-extinction mode facilitates robust detection
under noisy conditions, while the high-Q mode enables high-resolution detection of subtle
refractive index changes [11].

When the cladding is changed from air to DI water, the loaded Q-factor decreases because the
higher cladding index reduces SWG mirror index contrast and Bragg reflectivity, and water
absorption adds extra loss, shortening the photon lifetime. Simultaneously, the wavelength

separation between split resonances increases from Ag;<0.26 nm (air) to Ag,;=0.46 nm (DI

water), as reported in Fig. 6.8, indicating analyte sensitivity of the coupling-induced splitting.
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Figure 6.8: Measured transmission spectra of the sensor with G=600 nm and W>=3000 nm using air
(green) and DI water (blue) as upper cladding.
To compare sensing performance between Section 6.1 and Section 6.2 configurations, NaCl
solutions from 0 mg/mL (DI water) to 15 mg/mL (in 2.5 mg/mL steps) are applied as analytes on
the architecture defined in Figure 6.7(a). Transmission spectra were recorded for each

concentration. Analysis of the super-mode resonance shift A1 yields a maximum sensitivity:
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A7 (0.4 nm) (6.9)
51,01 WATER-Nacl = n. (1.36 — 1.3162) ~ 166 nm/RIU
c . .

The refractive index difference between 0 and 15 mg/mL NaCl is calculated using the formulation
in [1], while the corresponding wavelength shifts are shown in Fig. 6.9(a). This sensitivity
represents a significant enhancement over non-air-gap configurations detailed in the previous
subsection. For the higher-Q super-mode (Q;=2.1 X 10*), the limit of detection remains
comparable to previous sections and is estimated as:

Args (6.10)

~ 4.4 X 107* RIU

LODp; warErR-Nact = S
QL SA,pI WATER-Nacl

Moreover, tracking resonance shifts across NaCl concentrations reveals a clear linear trend
between A and analyte concentration (Fig. 6.9(b)), obtained by fitting experimental data points.
Deviations from this linearity provide insight into the sensor's response fidelity and reveal any

systematic non-idealities.
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Figure 6.9: Effect of different NaCl concentrations. (a) Transmission plots, and (b) resonance shift
response.

6.3 HECL for RI sensing

In HECLs, such as the architectures detailed in Chapter 5, the most promising application is
refractive index sensing. The underlying physics arises from evanescent field overlap between the
SiN 1D photonic crystal cavity mode on a CMOS-compatible PIC platform and perturbations in
the analyte cladding.

The sensing dynamic in HECL is mainly due to two features. Firstly, the fraction of the mode
volume extends into the upper asymmetric cladding (either gas or liquid analyte), such that
cladding RI perturbation (4n.) shifts the effective index n.sr, and consequently the resonance

wavelength A,..;. Moreover, shifts in the resonator resonances modulate the HECL lasing
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condition, allowing the spectral shift and the sensor’s LOD performance to be directly tracked
from the laser emission. Its narrow and stable emission further improves the detection limit. A

conceptual schematic of the proposed HECL-based RI sensor is shown in Fig. 6.10.
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Figure 6.10: Schematic of the HECL architecture: an analyte, introduced as a cladding around the PIC
waveguides (via liquid or gas flow), perturbs the external-cavity and is transduced into changes in the
laser output, enabling quantitative evaluation of LOD, sensitivity, or discrimination between different
analytes.

Ref. [12] compares the performance of a passive high-Q resonator based on 1D photonic crystal
cavities with its integration into a hybrid external-cavity laser architecture, achieving mode-hop-
free single-mode operation with side-mode suppression ratio >40 dB. While sensitivity remains
consistent to around 150 nm/RIU in liquids, comparable to standalone passive cavities, the HECL
configuration enhances detection limits by over an order of magnitude (e.g., from ~1073 RIU to
<6.6 x 1075 RIU), owing to the laser's ultra-narrow linewidth versus the broader resonance dips
of passive resonators.

Specifically, the HECL operating as a RI sensor, was tested with solutions of sugar in DI water at
increasing concentrations from 0% to 25% in 5% steps, demonstrating approximately linear
resonance wavelength shifts with sugar concentration. This exceptional sensitivity enables far
superior detection of minute concentration changes, compared to conventional optical sensors,
paving the way for compact, mass-producible silicon-chip lab-on-a-chip devices ideal for food
quality testing, environmental monitoring, and rapid point-of-care medical diagnostics.

In addition, microfluidic integration is transforming passive resonator sensing by enabling
continuous, dynamic liquid refractive-index measurements while using low-volume channels that
help minimize dispersion. Transitioning from proof-of-concept drop-casting to practical analytical
tools, integrated microfluidic channels over optical micro-resonators tightly confine and guide the

liquid analyte across the sensing region. They require only tens to hundreds of nanoliters for
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complete cladding exchange, far more efficient than repeated microliter-scale pipetting used in
commercial RI detectors (~60 pL).

This approach drastically reduces sample dilution and peak broadening, yielding flow injection
analysis (FIA) and high-performance liquid chromatography (HPLC) peaks with transient full
width at half maximum of ~5—6 s, compared to ~10 s for conventional methods [13]. Injection in
stop-flow mode, driven by peristaltic or HPLC pumps, generates highly reproducible
concentration profiles, enabling accurate calibration curves and LODs down to ~107° RIU under
realistic flow conditions, not static droplets. Furthermore, sealed PDMS or pressure-sensitive
adhesive (PSA) chips prevent evaporation and cross-contamination while supporting surface
functionalization and multi-sensor arrays, key aspects for biosensing and chromatographic
applications.

In Ref. [13], using glucose solutions as test samples, the device was benchmarked against a
commercial RI detector, achieving a sensitivity of 113 nm/RIU and a LOD of 2.3 x 10 RIU
(0.014 g/L glucose), in line with prior HPLC demonstrations for sugar separation reported in [14].
Looking ahead, integrating these microfluidic sensing strategies with hybrid external-cavity laser-
based interrogation promises even higher sensitivity, frequency stability, and compactness, paving

the way toward fully integrated, real-time chemical and biosensing platforms.
6.3.1 Optical heterodyne sensing

The optical heterodyne technique introduced in Chapter 5 for laser linewidth characterization of
both the two-chip butt-coupled and transfer-printed HECLs can also be employed as a sensing
scheme, enabling the detection of very small refractive-index changes in the cladding.

When a reference laser, typically a tunable laser source acting as the local oscillator (LO), is mixed
with the single-wavelength emission from the HECL, their interference generates a beat frequency
within the photodetector’s RF bandwidth, determined by the HECL resonance wavelength.
In this configuration, the fixed LO is combined with the analyte-sensitive HECL output; variations
in the upper cladding refractive index shift the photonic crystal cavity resonance, thereby changing
the HECL lasing wavelength and, consequently, the beat frequency. Since heterodyne detection
can resolve shifts down to the laser’s intrinsic linewidth, it provides orders-of-magnitude higher
precision than conventional spectrometric methods.

A first demonstration of optical heterodyne sensing exploiting HECL architecture has been
achieved in [15]. By varying the gas mixture between Nz (n = 1.000294) and CO: (n = 1.000438)

using mass-flow control within a flow chamber, the cladding RI of the HECL changes, leading to
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a shift in the lasing wavelength and, consequently, in the beating tone. Specifically, an increase in
CO: concentration induces a red shift in the beat signal.

With a beat linewidth of 1.6 MHz, the system achieved an intrinsic detection limit of 1.59%1077
RIU, significantly surpassing passive resonator sensors (typically ~10* RIU) and direct lasing
detection, thanks to linewidth-limited resolution. Future developments of HECL-based SC-FP
sensors employing heterodyne optical techniques will focus on enhancing coupling efficiency and
mechanical stability, thereby boosting LOD performance through minimized phase noise and drift
while maintaining linewidth-limited resolution.

This advancement can be achieved through the use of the micro-transfer printing process, enabling
the realization of scalable and highly compact RI sensors. Moreover, HECL stability can be further
improved by integrating micro-heaters on the PIC at the most sensitive regions of the resonator,
such as a section of the Fabry--Pérot cavity, to fine-tune the resonant modes and compensate for
the thermal effects discussed in Section 5.1. Another key enhancement should remove the external
reference laser, by considering the beating between two identical HECL structures (matched gain
chip and SC-FP resonators, within fabrication repeatability limits). The resulting beat frequency
shift directly encodes differential RI sensitivity or thermal crosstalk, enabling self-referenced,
chip-scale heterodyne detection for ultra-stable, calibration-free sensing. Additionally, the absence
of a reference external laser leads to a more integrated system and eliminates the limitations
imposed by the LO linewidth; thus, extremely narrow emitted laser lines can significantly enhance
the sensor’s limit of detection. A schematic of this future development, under the case of two-

chips butt-coupled HECLs, is reported on Fig. 6.11.
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Figure 6.11: Optical heterodyne sensing. Schematic of the dual-HECL architecture, where two SiN
external-cavity lasers (HECL, and HECL,;) incorporating integrated microheaters are coupled to a common
RSOA gain chip. The laser outputs are collected via a fiber array, combined in a 50/50 optical fiber coupler,
and detected on a photodiode (PD); the resulting RF beat note is analyzed on an electrical spectrum
analyzer (ESA) to realize optical heterodyne sensing.

As visible in Fig. 6.11, two further enhancements can be considered as part of a continuous,

step-by-step evolution of the on-chip sensor. The first concerns the fiber-array output and the
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fiber-based 50/50 optical fiber coupler, which can be replaced by an integrated PIC-based
multimode interferometer (MMI) (Fig. 6.12).

An on-chip MMI splitter/combiner offers increased robustness to fabrication variations, broadband
operation, and a significant reduction of the overall footprint, thereby making the sensing system
more compact and mechanically stable. The next step concerns the full integration of the active

components on the same substrate as the SiN HECLs.
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Figure 6.12: Optical heterodyne sensing: the output HECLs are combined by means of on-chip MMI.

By exploiting p-TP technology, both the RSOA coupons and the photodetector can be integrated
directly on the PIC (Fig. 6.13), yielding a highly compact and robust sensor with improved
mechanical stability, more efficient alignment-free optical coupling, and reduced packaging
complexity. This approach also enables higher reproducibility, lower assembly costs, and
enhanced thermal management through direct integration, ultimately improving overall system

reliability and scalability.
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Figure 6.13: Fully integrated optical heterodyne sensing. The RSOA gain element and the photodetector
are both transfer printed on the same substrate of the SiN-based dual-HECL architectures. As described

in Section 5.3, SU-8 based spot-size converters are used for optimizing mode coupling between RSOA
and SiN interfaces.

6.4 OFCs for space applications

Optical frequency comb technology has evolved from early laboratory demonstrations into a

fundamental tool for precision metrology in space-based applications. By coherently linking
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optical and microwave domains, OFCs establish ultra-stable, traceable, and broadband frequency
references. This unique property enables a unified hardware platform capable of supporting high-
accuracy timekeeping, spectroscopic calibration, and coherent optical communication. Within the
context of space applications, OFCs have become integral to numerous advanced systems. They
provide absolute wavelength calibration for astronomical spectrographs in exoplanet detection,
facilitate optical clock networks for high-precision time and frequency transfer, and underpin
emerging experiments dedicated to gravitational wave detection, dark matter searches, dual-comb
ranging, and atmospheric spectroscopy. Their exceptional frequency stability and spectral
coherence render them ideally suited for space missions demanding metrology-grade performance
in highly constrained environments.

The advent ofintegrated optical frequency combs, notably microcomb and EO-comb
architectures, detailed in Section 1.8.2, has introduced a paradigm shift in system design for space
deployment. The replacement of bulk or fiber-based cavities with chip-scale resonators and
photonic waveguides achieves a substantial reduction in size, weight, and power (SWaP) while
improving robustness against mechanical vibration and thermal fluctuations. The alignment-free
nature of these integrated platforms makes them inherently compatible with the stringent
mechanical and thermal requirements of satellite and deep-space payloads.

This section examines the progression of OFC technology toward space qualification, addressing
key technical and environmental challenges as well as major milestones achieved through recent
missions. Finally, it discusses future directions for integrated and hybrid photonic comb systems,

which are poised to play a pivotal role in next generation spaceborne optical networks.

6.4.1 Free-space optical links

Free-space optical (FSO) links have emerged as a critical technique for distributing ultra stable
optical references across long distances where fiber infrastructure is unavailable, including
intercontinental links, ground-to-satellite connections, and spaceborne networks. In this context,
FSO communication results in a rapidly developing field for both terrestrial and satellite
applications [16],[17]. Directional FSO communication systems have been investigated for high
data rate links between earth and low earth orbit satellites [18],[19] and for future missions to the
moon by NASA [20],[21]. The current record data rate for earth orbit communications is on the
order of a single coherent fiber communication channel (i.e. 1-200 Gb/s) [20], and this can only
be maintained for a short time before thermal management issues force an extended shutdown.
Providing higher data rates continuously between locations needs significant reduction in power

consumption while maintaining a compact footprint and weight. In such systems, OFCs act as
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broadband phase-coherent carriers capable of encoding the stability of a local optical reference
and transmitting it to a remote terminal with minimal degradation.

A typical implementation employs an erbium-doped fiber (Er: fiber) frequency comb [22],[23]
that is fully phase-locked to a high-finesse optical cavity or optical clock. In this configuration,
both the repetition rate (frep) and carrier—envelope offset frequency (fy) are stabilized, allowing
each comb tooth to inherit the reference’s stability. In transmission, one or several comb teeth are
typically power amplified using techniques such as distributed feedback (DFB) laser injection and
EDFAs. The amplified optical signal is then launched through the turbulent atmosphere toward a
remote receiver. At the receiving terminal, a heterodyne beat is generated between the incoming
comb light and a locally generated comb. This process enables the transfer of both optical
frequency and phase information, effectively replicating the spectral stability of the master comb
at the remote site. A principal challenge in FSO links arises from atmospheric turbulence, which
introduces path-length fluctuations that manifest as phase noise in the received signal.

This noise dominates at Fourier frequencies below approximately 1 kHz and follows a spectrum
consistent with Kolmogorov turbulence theory [24]. Specifically, the optical channel and its
associated electromagnetic effects degrade the propagating optical beam. Atmosphere-induced
impairments, including scintillation, beam wander, and beam spreading, are generally estimated
for an effective optical link design and performance analysis. Most literature studies
predominantly address the deployment of analytical and statistical models for characterizing
critical link parameters and conducting link budget analyses for various satellite scenarios and
propagation directions [25][26]. Conversely, a detailed low-level description of the optical link
can be obtained by emulating the behavior of the perturbed field in a flexible and comprehensive
way, using experimental testbeds or advanced numerical wave propagators to simulate the
propagation of the optical beam from the transmitter to the receiver plane [27].

To mitigate these effects, active phase-noise compensation schemes are implemented. These
systems typically measure the round-trip phase fluctuations using a returned optical carrier or pilot
tone and apply pre-compensation through actuators such as acousto-optic modulators (AOMs) or
electro-optic modulators (EOMs). Control loops with bandwidths on the order of 10—20 kHz can
effectively suppress atmospheric and fiber-induced phase noise, achieving reductions to
approximately —40 dBc/Hz at 10 Hz and —80 dBc/Hz at 5 kHz [28].

Recent experimental demonstrations highlight the capability of FSO links to preserve optical
clock-level stability. For example, an 18 km atmospheric link has achieved fractional frequency

instability on the order of 10™%%at 0.1 s averaging time [29].
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Comb-to-comb stabilization across a 1.3 km free-space link has demonstrated frequency transfer

stability of 1.7% 10"%at 0.1 s while faithfully transporting the master comb’s stability of 1.2x 10"%at
1 s across a spectral bandwidth of approximately 4.2 THz, with a mutual linewidth of roughly 1.4

Hz [28] as shown in the schematic in Fig. 6.14(a).

Even longer-range experiments have demonstrated free-space links with fractional instability

approaching the 1071 level over 113 km (Fig. 6.14(b)) [30].
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Figure 6.14: (a) Comb-to-comb stabilization demonstrated over a 1.3 km free-space link in [28]. The
master comb at Site A, locked to a high-finesse cavity, transmits two optical tones (1531 nm
and 1564 nm) through the link to stabilize a slave comb at Site B. (b) Schematic of the 113 km free
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space time-frequency link, transmitting 1540 nm and 1570 nm channels [30].

These results indicate that atmospheric FSO links are capable of supporting frequency transfer
with stability suitable for state-of-the-art optical clocks over distances comparable to ground—
satellite paths. For practical deployment in space applications, the fundamental comb hardware

remains largely unchanged, but the optical terminals must be integrated with space-qualified

telescopes and supporting subsystems.
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In particular, robust pointing, acquisition, and tracking (PAT) mechanisms are required to maintain
alignment between distant terminals, while adaptive optics may be incorporated to mitigate
wavefront distortions caused by atmospheric turbulence [31]. When combined with active phase-
noise compensation, these technologies enable the realization of coherent, comb-based optical
communication backbones capable of distributing ultra stable time and frequency references in
space. Such systems have the potential to complement or replace existing microwave-based time—
frequency distribution networks, enabling a new generation of high-precision navigation,

fundamental physics experiments, and global optical clock comparisons.

6.4.2 Space-based optical atomic clock networks

Optical atomic clocks represent the forefront of precision timekeeping, with current systems
achieving fractional frequency instabilities of 10™'®, two orders of magnitude beyond the
performance of even the best microwave atomic clocks [32]. OFCs serve as crucial components
in optical atomic clocks, enabling the conversion of high-precision optical frequency standards to
the microwave domain [33]. The transition from ground-based to space-based optical atomic
clocks holds transformative potential. Placing optical clocks in orbit offers advantages such as low
vibration noise, thermally stable operation, and reduced sensitivity to Earth’s gravitational
potential [23]. Several international missions have demonstrated the feasibility of space-deployed
fiber-based OFCs:

(i) KARI, Korea Institute of Space Technology (2013): the world’s first fiber femtosecond
laser oscillator meeting space requirements was launched into low Earth orbit (LEO). This
(Er: fiber) laser, mode-locked via a SESAM device at a 25 MHz repetition rate and 14 mW
output power, maintained stable operation in orbit for over one year, with radiation-
induced power attenuation limited to only 8.6% [34].

(i) Menlo Systems TEXUS-51 Rocket (2016): this sounding-rocket mission marked the first
operation of an optical frequency comb linked to an onboard optical clock in space. A
compact, self-referenced Er: fiber comb performed precision frequency comparison
between a rubidium optical clock and a cesium microwave clock. The entire optical-clock—
comb system demonstrated stability in rocket environments [35].

(iii) “DreamSky”, China’s Tiangong Space Station (2022): experimental cabin carried a
high-precision time-frequency platform containing optical frequency combs, microwave
clocks, cold-atom optical clocks, and precision comparison links. This represents the
world’s first spaceborne cold-atom optical clock, engineered to establish a highly stable,

integrated space—time reference system [36].
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Space-qualified OFCs enable optical clocks to function as both ultra stable time—frequency
references and precision instruments for measuring fundamental constants and relativistic effects
(Fig. 6.15).

They offer a pathway to replace current microwave-based timing systems, improving global time
dissemination and measurement accuracy by several orders of magnitude. Applications span
intercontinental optical clock comparisons, support for a future redefinition of the SI second,
relativistic geodesy based on high-precision gravitational red-shift measurements, and enhanced
navigation performance when integrated with Global Navigation Satellite Systems (GNSS).
Presently, microwave clocks aboard GNSS constellations [37] provide nanosecond-level
accuracy, where a few-nanosecond error corresponds to meter-level positional uncertainty.
Space-borne optical clocks stabilized and linked by OFCs could reduce these errors by orders of
magnitude while simplifying the GNSS architecture, minimizing the dependence on extensive
ground-based monitoring and correction networks.
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Figure 6.15: Schematic of OFCs deployed as atomic clock networks, enabling precise time
synchronization and frequency referencing across distributed nodes [38].

6.4.3 Spectroscopy and atmospheric remote sensing

OFC-based spectroscopy is emerging as a transformative technology for atmospheric and
planetary remote sensing, offering broad spectral coverage, high resolution, and rapid data

acquisition. Frequency-comb spectroscopy in space mostly appears in dual-comb spectroscopy
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(DCS) and space heterodyne spectroscopy concepts, where the OFC acts simultaneously as a set
of narrow-linewidth probe lines and as a phase-coherent sampling clock.

In DCS, two combs with slightly different repetition rates, fiop 1and frep> = frep,1 + Af, interrogate
a sample; the multi-heterodyne beat down-converts the entire optical spectrum into a
radio-frequency comb with spacing Af, and each RF line corresponds to a particular optical
frequency, enabling high-resolution, multiplexed spectroscopy without moving parts. Among its
key applications, OFC-based spectroscopy can be used to monitor atmospheric composition,
structure, motion, and circulation, as well as climate change indicators, atmospheric chemical
reactions, and the origin and evolution of planetary atmospheres. When integrated into spaceborne
instruments, comb-based spectroscopy can greatly enhance existing satellite missions for planetary
atmospheric detection, such as : GOSAT (Japan, 2009) that monitors global atmospheric carbon
monoxide and methane levels [39], OCO-2 (NASA, 2014) studying global climate change through
carbon dioxide measurements [40], and TanSat (China, 2016) that consists of a carbon monitoring

satellite for climate research [41].

6.4.4 Astronomical applications

OFCs play an important role in both ground- and space-based astronomy, particularly in the
calibration of high-resolution astronomical spectrographs used for radial-velocity (RV)
measurements [42], [43]. These instruments detect extremely small Doppler shifts in stellar
spectrum, enabling the determination of stellar radial velocities, the detection of exoplanets (Fig.
6.16(a)), the characterization of planetary atmospheres, and studies related to cosmological
expansion.

In exoplanet searches, the host star and its planet orbit their common center of mass; this motion
induces a periodic Doppler shift in the star’s emitted light, producing a small change in the
frequency Av of stellar spectral lines. Measuring these shifts with sufficient precision requires
highly stable spectrograph calibration. OFCs provide an ideal calibration reference by generating
a spectrum consisting of a large number of evenly spaced optical modes.

Through the process of self-referencing, both the comb line spacing (repetition rate) and the
carrier—envelope offset frequency are stabilized and locked to a radio-frequency standard.
Consequently, the absolute frequencies of the comb lines are precisely known and traceable to
atomic or GPS-disciplined references, effectively forming an accurate “optical ruler” in frequency
space. Conventional calibration sources, such as iodine absorption cells and thorium—argon lamps,
suffer from limitations including irregular spectral line distribution, restricted spectral coverage,

and limited long-term stability. In contrast, OFCs provide a dense grid of evenly spaced, phase-
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coherent optical frequencies over a broad spectral range, making them highly suitable for precision
spectrograph calibration. In astronomical applications, such systems are commonly referred to as
astro-combs. For high-precision calibration, these systems require flat spectral power over 350—
800nm and long-term frequency stability better than 107! over a decade, enabling
radial-velocity accuracy at the 1 cm s~ level.

Recent advances have demonstrated compact astro-comb implementations based on micro-
resonator frequency combs. In these devices, soliton emissions within an optical micro-resonator
generates a stable comb spectrum in the near-infrared region. When referenced to atomic or
molecular absorption lines, these soliton microcombs can achieve the frequency stability required
for astronomical measurements. A notable demonstration involved a near-infrared soliton
microcomb [44] used at the Keck-II telescope to search for the known exoplanet HD 187123b,
representing one of the first field implementations of microcomb-based spectrograph calibration

(Fig. 6.16(b)). Additionally, worldwide have deployed OFCs for wavelength calibration [23].
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Figure 6.16: (a) Schematic of exoplanet transit spectroscopy: Starlight passes through exoplanet
atmosphere during transit, imprinting absorption features (AA, Av) detected in stellar spectrum. (b)
Experimental setup for high-resolution spectroscopy using frequency-stabilized laser based on soliton
microcomb [441.

Notable systems include: HARPS (High Accuracy Radial velocity Planet Searcher) characterized
by 18-25 GHz repetition rate, 1 cm/s calibration accuracy [45], HARPS-N (Northern hemisphere)
with 16 GHz repetition rate, 6 cm/s calibration accuracy [46], Habitable-zone Planet Finder (HPF)

featuring 30 GHz repetition rate, 1 m/s calibration accuracy, covering 700-1760 nm [47].
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Conclusions

This thesis has demonstrated the realization of integrated HECL architectures capable of providing
both single- and multi-wavelength emission in the C-band by employing engineered SC-FP
resonators as reflectors. The ability to combine advanced PIC design with the development of
experimental setups for the fabrication and characterization of both passive and active devices has
been enabled through the joint PhD programme between the NPEG (NanoPhotonics and
Electromagnetics Group) group at the Polytechnic University of Bari and the CAPPA (Centre for
Advanced Photonics & Process Analysis) group at Munster Technological University of Cork.
This work was further supported by funding from Research Ireland through the IPIC research
project framework.

HECLs have emerged as a versatile and powerful class of light sources, constituting strong
candidates to supersede conventional monolithically integrated lasers by offering compact,
energy-efficient and highly configurable platforms for both single- and multi-wavelength
operation in applications spanning optical sensing, spectroscopy, telecommunications and space
systems. The integration of high-gain III-V semiconductor optical amplifiers with low-loss,
advanced PIC in a carefully engineered external-cavity configuration, allow that these hybrid
architectures can fulfill demanding SWaP requirements and high-power and spectral shaping
control. In this framework, a novel resonant reflector architecture based on SiN side-coupled
Fabry—Pérot cavity employing DBR mirrors is developed as a compact, CMOS-compatible
building block for hybrid external-cavity lasers.

In this thesis, a side-coupled Fabry—Pérot resonator is prroposed as alternative tomicroring
resonators to overcome intrinsic limitations of traveling-wave geometries in high-Q,
dispersion-engineered applications. In microrings, the free spectral range is directly tied to the ring
radius, so achieving large FSR requires aggressive miniaturization that increases bend losses and
fabrication sensitivity. Moreover, at ultra-high Q, sidewall roughness induces backscattering that
couples clockwise and counter-clockwise modes, leading to resonance splitting, spectral
instability, and reduced device reproducibility. Dispersion engineering in rings is also constrained
by the need to balance waveguide cross-section and curvature, often pushing designs into
multimode regimes that require additional mode management. In contrast, a linear FP cavity
defines its modal structure through its physical length and mirror phase response, enabling large
FSR without bend-related penalties. The standing-wave nature of the cavity inherently avoids
mode degeneracy, so backscattering primarily contributes to excess loss rather than stochastic
resonance splitting, resulting in a more robust and predictable spectral response, particularly on
low-index-contrast platforms such as SiN.
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Compared with conventional in-line Fabry—Pérot cavities, the proposed SC-FP architecture offers
a key advantage by decoupling mirror functionality from external coupling. In an in-line FP, the
DBR mirrors are embedded in the same waveguide that carries the signal, so mirror reflectivity,
internal cavity loss, and external coupling are intrinsically linked. Increasing the number of grating
periods to improve reflectivity directly reduces through-transmission and raises insertion loss, and
any imperfections or roughness in the mirror region immediately perturb the propagating signal in
the bus waveguide. By contrast, the SC-FP employs a separate bus waveguide that couples
evanescently to a straight cavity terminated by two DBR mirrors. In this scheme, the DBRs are
solely responsible for setting the longitudinal mode spectrum, stopband, and dispersion of the
cavity, while the external coupling rate is independently engineered by the side-coupler geometry
(gap, coupling length, and low-loss bends). This separation enables higher mirror reflectivity,
tailored penetration depth, and engineered dispersion without degrading the through-path
performance. The total number of grating periods can thus be increased to boost reflectivity and
tailor dispersion without incurring the insertion-loss penalty that is unavoidable in an in-line FP
where the bus must traverse the corrugated sections. Additionally, scattering and radiation
generated within the DBR sections remain largely confined to the resonant cavity and do not
directly translate into additional insertion loss on the access waveguide, which is a limitation in
both microrings and in-line FPs where the guided signal co-propagates through the corrugated
region. Consequently, the SC-FP exhibits high-Q resonant dips in transmission and corresponding
reflection peaks, providing a distinct resonant reflector response. In contrast, the implementation
of an in-line Fabry—Pérot configuration would typically require optical isolators to suppress
detrimental back-reflections to the external laser or gain section and ensure stable operation;
however, such components remain challenging to integrate in standard photonic platforms.

The resulting structure offers flexible control over the loaded Q-factor and coupling regime.
Furthermore, unlike traveling-wave resonators, the SC-FP exhibits distinct coupling behavior due
to its bidirectional propagation and standing-wave nature: there is no coupling condition for which
the reflected power vanishes, and the coupling regime can be engineered from under- to
over-coupled by adjusting the side-coupler gap and length. Increasing the coupling gap reduces
external loading, lowering insertion losses on the bus and increasing the loaded Q, whereas tighter
coupling broadens the resonance linewidth and increases the peak reflectivity observed at the
input. This enables flexible trade-offs between spectral selectivity, insertion loss, and feedback
strength that are not available in a rigid in-line FP geometry, providing a more versatile and

fabrication-tolerant platform for high-performance hybrid external-cavity lasers.
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In detail, this work proposes a SC-FP resonator structure implemented using integrated Bragg
grating reflectors obtained by modulating the waveguide corrugation. The choice of reflectors,
however, can in principle accommodate alternative on-chip mirrors such as multimode
interferometer (MMI)-based mirrors, Sagnac loop mirrors, multimode retroreflectors. By
integrating such mirrors on both sides, a viable Fabry—Pérot cavity can be realized. These
approaches are particularly attractive when broadband, wavelength-independent reflection with
minimal excess loss is a primary design objective, enabling operation over a wide spectral range
while supporting cavities with high intrinsic quality factors.

Conversely, wavelength-dependent reflectors, such as Vernier ring-resonator-based reflective
filters, can provide very sharp spectral selectivity. In such configurations, a compound cavity is
formed by terminating a bus waveguide with Vernier-based reflectors, resulting in a significantly
more complex traveling-wave resonator system. In this case, it becomes essential to account not
only for the standing-wave cavity formed between the two reflective filters, but also for the internal
dynamics of the Vernier rings themselves. These dynamics are highly sensitive to fabrication
variations, temperature fluctuations, and structural imperfections, which can strongly influence the
reflection phase, bandwidth, and resonance alignment. As a result, the independent engineering of
cavity length, mode spacing, and dispersion becomes considerably more challenging.
Nevertheless, this Vernier-based Fabry—Pérot configuration remains a promising direction and will
be explored in future work, provided that suitable control mechanisms are implemented to stabilize
the resonator dynamics and mitigate these sensitivities.

The Bragg grating—based approach is selected due to its ability to precisely engineer the cavity
spectral response. Unlike broadband reflector concepts, distributed Bragg reflectors provide direct
control over reflectivity, bandwidth, and phase (group delay), enabling tailored dispersion,
resonance spacing, and modal selectivity. This level of control is intrinsic to the grating design,
through parameters such as period, duty cycle, and apodization, and is more difficult to achieve
with inherently wavelength-flat reflector approaches without introducing significant additional
complexity. Furthermore, the side-coupled architecture enables independent tuning of the external
coupling rate, while implementation on a low-index-contrast SiN platform with adiabatic
transitions ensures low propagation loss and preserves the engineered phase response. The
combination of precise dispersion control and independent coupling flexibility makes SC-FP
cavities based on Bragg gratings the most suitable choice for the targeted functionalities in this

work.
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This architecture offers strong on-chip reflectivity with engineered dispersion, precise and stable
wavelength control, and flexible tailoring of the emission regime and output power, enabling
high-performance, scalable integrated HECL sources.

Over the course of this thesis, the SC-FP architecture and the associated design choices are
detailed, highlighting the tunability of the device achieved through precise sizing of the geometric
parameters and Bragg grating structure. After fabrication using an EBL process, the impact of
these choices is experimentally demonstrated in terms of resonance spacing, quality factor,
spectral envelope, and reflectivity (Chapter 3). The DBR design enables broad stopband operation
(exceeding 70 nm in air-gap implementations) and reveals the impact of apodized gratings and
their penetration length on the dispersion regime of the resonator and on the Q-factor, due to the
improved mode-matching.

The patterned structures demonstrate good agreement with the intended design despite the
presence of fabrication tolerances. In practice, deviations from the ideal geometry arise due to etch
bias and limitations of the electron-beam lithography (EBL) process, affecting waveguide cross-
sections, coupling gaps, and feature sizes, and leading to slight variations in effective index and
coupling strength. Within the Bragg gratings, these imperfections manifest as variations in duty
cycle and corrugation width, as well as small random fluctuations that introduce fabrication-
induced disorder. Radiation losses and disorder-induced scattering are further mitigated by design
through smoothly varying, apodized, and adiabatically tapered grating profiles, which ensure
gradual mode transitions and suppress out-of-plane scattering. Moreover, the impact of etch-
induced rounding on the nominally rectangular corrugations remains limited, preserving a high
degree of structural fidelity and resulting in a stopband response that closely matches the design.
As a result, although individual building blocks exhibit moderate sensitivity to fabrication
deviations, these effects predominantly lead to minor spectral shifts and small excess losses,
without significantly degrading the overall cavity performance. Within this robust framework, a
systematic exploration of cavity length, coupling length, and coupling gap further provides
practical design guidelines for trading off sharp, high-Q resonant dips against enhanced peak
reflectivity, effectively enabling the engineering of SC-FP reflectors for different target
specifications.

In this regard, the thesis traces a step-by-step pathway toward a fully integrated, compact HECL
application based on an SC-FP wavelength-selective reflector and integrated gain sections,
evolving from hybrid fiber-assisted coupling (Chapter 4) to fiber-free two-chip butt-coupling and
transfer printed HECL configurations (Chapter 5).
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In the first approach, the external-cavity combines a SiN PIC incorporating the SC-FP reflector,
with a fiber-based balanced and un-balanced Sagnac loop reflector and a commercial fiber-coupled
SOA, extending over tens of meters. This configuration yields multi-wavelength emission aligned
to the SC-FP resonances, arising from the spectral overlap between the SOA gain ripple, the SC-FP
reflection peaks, and the longitudinal modes of the extended cavity, with multiple longitudinal
modes competing within each resonance. When individual resonances are isolated, the system
supports coherent pulse trains with radio-frequency linewidths as narrow as ~3 kHz and
spontaneously generates multiple identical pulse profiles within the cavity, effectively multiplying
the repetition rate and indicating the onset of partially harmonic mode-locking. These results
confirm the suitability of SC-FP resonators as high-performance wavelength-selective reflectors
for multi-wavelength HECLs and highlight their potential for advanced applications such as
low-phase-noise microwave generation, WDM carrier formation, coherent LiDAR, and
multi-comb spectroscopy.

Building on the fiber—PIC demonstration, two architectures are implemented that further advance
the integration and miniaturization of the HECL platform, eliminating fiber from the external
cavity and reducing its length from meters to the millimeter scale, while simultaneously enhancing
mechanical robustness and polarization stability. The first HECL implements a two-chip butt-
coupling scheme between an RSOA gain and the SiN PIC, air-gap spaced, with the two chips
mounted on independent 3-axis stages and aligned to optimize coupling from the RSOA ridge
waveguide into the on-chip waveguides. This configuration demonstrates laser operation with
output powers of around 0.8 mW, side-mode suppression ratios exceeding 45 dB, and preliminary
linewidth measurements indicating sub-100 kHz optical linewidths using a heterodyne method. A
systematic comparison between shorter and longer RSOA gain chips (lower and higher gain) and
between different SC-FP designs is carried out to assess their impact on lasing performance,
including output power, spectral purity, and stability. The study highlights that the air gap between
the gain chip and the PIC leads to significant coupling losses, which could be mitigated by
incorporating spot-size converters to better match the mode profiles of the SiN and RSOA
waveguides, although the approach remains highly alignment-sensitive. Moreover, continuous
thermal and mechanical stabilization of the stages is required to maintain stable operation,
ultimately limiting the long-term stability and practicality of this free-space butt-coupled solution.
A more advanced level of heterogeneous integration is then explored, in which the RSOA and the
passive SiN structures are co-integrated on the same silicon substrate via transfer printing,
enabling the most compact HECL configuration. The alignment and coupling limitations observed

in the two-chip butt-coupled scheme are addressed through the design of SU-8 spot-size converters

225|Pag.



Conclusions

combined with SiN waveguide tapers, forming an inverse taper configuration at both input and
output to improve mode matching, and by precisely aligning the SC-FP modes position
(consequently the DBR stopband) to the transfer printed RSOA gain spectrum. A key requirement
of this approach is achieving precise vertical and lateral alignment between the RSOA and the
SU-8/SiN waveguide, which is progressively improved over two fabrication iterations by using
fiducial markers in the GDS layout and EBL-defined structures for both SiN and SU-8, guided by
SEM inspection. This refinement leads to a substantial increase in coupled power, yielding output
powers above 0.6 mW with SMSR values around 40 dB, and linewidth measurements confirming
high coherence, with sub-50 kHz linewidths limited by the reference laser in the heterodyne setup.
Future work will focus on the integration of on-chip thermal tuning and phase-control elements,
to enable active management of the coupled thermal and current-induced effects in the RSOA and
resonator, thereby enhancing emission stability and mitigating mode hopping. In combination with
shorter external cavities (centimeters scale), larger FP modes spacing and higher-Q resonances,
these advances are expected to support stable, reconfigurable multi-wavelength operation and to
enable deployment in dense WDM systems, nonlinear optics, and single-frequency on-chip
sensing lasers. Table 6.1 summarizes the HECLs demonstrated throughout the thesis, highlighting
the progression from partially fiber-based architectures toward more compact integrated platforms.
The table compares the main figures of merit, including emission regime, linewidth, SMSR, and
peak emitted power, while values that were not reported are marked as “N.R”.

For advanced laser-oriented applications, the main bottleneck limiting the collected output power
in both the two-chip butt-coupled and transfer-printed HECL configurations arises from coupling
inefficiencies. The relatively low output power is primarily dictated by extrinsic losses at the gain-
chip—SiN interface and at the fiber output, while intra-cavity losses in the SiN FP cavity play a
secondary role. In particular, coupling from the active to the passive section represents the
dominant loss channel and is likely the primary factor responsible for the reduced output power. In
the butt-coupled configuration, the absence of dedicated mode converters leads to a significant
mode mismatch between the III-V gain section and the SiN waveguide, reducing injection
efficiency, while fiber collection via a lensed fiber introduces additional insertion loss.

Although these limitations are partially alleviated in the transfer-printed implementation through
inverse-taper spot-size converters between the RSOA and the SiN platform, further optimization
of mode matching, polymer waveguide geometry, and alignment accuracy is required to fully
improve external efficiency.

Within the cavity, losses are associated with waveguide propagation and residual scattering due to

fabrication-induced imperfections, while the contribution of the Bragg gratings remains limited

226 |Pag.



Conclusions

owing to apodized and adiabatic designs that preserve high reflectivity and suppress radiation
losses. However, the relatively high reflectivity of the SC-FP resonant mirror may further limit the
extracted output power by reducing the outcoupling efficiency.

Overall, these loss mechanisms are consistent with state-of-the-art SiN technology and do not
fundamentally constrain device operation, but they do impact threshold and laser efficiency.
Consequently, the current output power should be regarded as a proof-of-concept limitation, with
clear routes for improvement through optimized coupling strategies, refined fabrication processes,
and improved reflectivity engineering for balanced cavity design.

This work also discusses the broader perspectives and applications of the SC-FP resonators
developed here, with particular emphasis on their use as compact, integrated refractive-index
sensors. The sensing performance of a simple SC-FP architecture is first examined using NaCl
solutions and DI water, focusing on resonance wavelength shifts and corresponding limits of
detection as primary figures of merit. The concept is then extended to coupled SC-FP resonators,
in a photonic molecules scheme, which provide resonance splitting and thereby two independent
spectral readouts per mode, enabling multi-parameter sensing based on both wavelength shifts and
extinction ratio changes induced by the analyte. In this framework, air-gap SC-FP implementations
are introduced to enhance the interaction volume with the environment, with experiments
confirming improved sensitivity compared to fully embedded structures, achieving sensitivities on
the order of 166 nm/RIU and limits of detection down to approximately 4.4 x 10~* RIU.
Building on these results, the potential of SC-FP-based HECLs for refractive index sensing is
explored, where compact, narrow-linewidth single-wavelength sources support high-resolution
liquid or gas sensing.

The active HECL-based resonator does not intrinsically enhance the bulk refractive-index
sensitivity compared to an equivalent passive cavity, as the sensitivity (in nm/RIU) is
fundamentally determined by the modal overlap with the analyte and the cavity design—which
can be optimized through proper grating design, such as sub-wavelength configurations and slot
waveguides. The key advantage of active configuration lies instead in the substantial improvement
of the limit of detection (LOD), which is significantly better than what can be achieved with
passive resonator-based approaches.

By transducing the resonance shift into a narrow and stable lasing emission, the HECL enables
much finer resolution of wavelength (or frequency) shifts than passive spectral measurements.
Within this framework, ultra-narrow linewidth HECL emission enables a reduction of the
refractive index detection limit by over an order of magnitude (107°/107¢ RIU) compared with

passive resonator-based sensors. The sensitivity is further enhanced through heterodyne-based
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detection, reaching values on the order of 1077 RIU by exploiting MHz-level beat notes, well
beyond the capabilities of conventional spectrometric approaches and direct lasing measurements.
These considerations make it a powerful approach for high-resolution refractive-index sensing.

Multi-wavelength HECL-based OFC sources also show strong potential for space applications,
building on comb technologies already demonstrated in free-space optical links, atomic clocks,
precision spectroscopy, atmospheric sensing, and astronomy. Hybrid laser platforms are
particularly attractive for space photonics, as they combine high performance with robustness and
compliance with stringent size, weight, and power constraints, while meeting the demanding
requirements of high output power, low phase noise, and long-term frequency stability in free-

space optical FSO systems.

Table 6.1: Summary of the key figures of merit of all the hybrid external-cavity lasers demonstrated in this
thesis, including fiber-assisted, two-chip butt-coupled, and micro-transfer printed implementations.

SCﬁE-(lj)Esed External-cavity | Emission regime SMSR Linewidth P(;:)l;lel:e
MWL: (10 lines) ~30dB
Fiber circulator Fig. 4.10 -2/3 dBm
and MWL (20 lines) ~10dB
Fiber-assisted | EDFA/ SOA-NL Fig. 4.1 N.R. -2/5 dBm
HECL MWL (50 lines) ~1/2dB -15 dBm
Fig. 4.12
Fiber Sagnac MWL (10 lines) 3/5 dB RF-analysis: 3kHz | -3/-5 dBm
reflector and Fig. 4.15 Comb-analysis: 1 GHz
SOA-L
_ Short RSOA
Two-chip | Air-gap between M qwr"gis 75713 45 dB NR. 13 dBm
butt-coupled | the RSOA chip Long RSOA
HECL and SiN PIC SWL: Fig. 5.19 | 30/35 dB 74 kHz 215 dBm
SWL: Fig. 5.26 50 dB 110 kHz -5 dBm
First iteration
Transfer printed SWL: Fig. 542 | 25/28dB N.R. -20 dBm
p-TP HECL | RSOA coupon on Second iteration
the SiN PIC SWL: Fig. 5.49 40 dB 47 kHz -17 dBm
SWL: Fig. 5.52 35dB 48 kHz -5 dBm
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Appendix

Appendix A: Scattering-matrix derivation of the FP
etalon

This appendix derives the scattering parameters of the Fabry—Pérot etalon used in Section 2.2.1.

A.1 Scattering parameters calculation

The Fabry—Pérot etalon can be viewed as a two-port network, characterized by the normalized
forward- and backward-propagating field amplitudes (a,’ b1) at the left port and (a,’ b,) at the
right port. The response of this two-port is conveniently described in terms of its scattering
matrix S, which relates the outgoing waves to the incoming waves at each port. The scattering

relation is defined as [1]:

[Z; ] _ [511 512] [Zz ], (A.1)

Sa1 S22

where the elements of the matrix § denote the complex amplitude reflection and transmission
coefficients between the ports of the Fabry—Pérot section. In particular, S;; and S,, represent the
reflections seen when exciting the structure from the left and from the right, respectively,
while S,; and S, describe transmission from left to right and from right to left.

Considering Egs. (2.12-2.14) in the thesis, in this section are reported the derivation of the
scattering parameters. To obtain the scattering coefficients S;; and S,;, the Fabry—Perot section is
first excited from the left only. This is implemented by setting the incident field at the right port
to zero, a, = 0, and solving the coupled equations for b, and b, in terms of a;.

From the interface relations at the left boundary, Eq. (2.13), and the propagation relation for the
backward-propagating field, Eq. (2.12), the internal backward amplitude at the left interface can
be expressed as:

b; = tya; + rya}, by = bjeFL, (A2)
where the second equality simply propagates the backward wave from z = 0 to z = L inside the
dielectric block. At the right interface, with a, = 0, b; in Eq. (2.14) reduces to:

b; = ryaj, (A.3)
The internal forward amplitudes at the two interfaces are related through propagation according to
Eq. (2.12), namely a, = aje /AL Substituting this expression into Eq. (A.3) gives:
by = rya;e /2P, (A4)
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Equating the two expressions for by in Eqgs. (A.2) and (A.4) yields a single relation
between a; and a;:

tya, + ria) = ryaie /2P, (A.5)
from which the internal forward amplitude at the left interface is obtained as:

v ty . (A.6)
Y pei2BL —p

Inserting Eq. (A.6) into the left-interface relation for the reflected field, Eq. (2.14), gives:
21 (A7)

by = —ra, + tia; = na; +ty ——7—— a;.
1 101 T 110q 141 11‘26‘123L—r1 1

This expression can be simplified by rewriting the denominator in terms of the round-trip

factor r;m,e J2PL. After mathematical calculations, it yields:

_'rl + tlzrze_jzﬁl' (A8)

b1 = a]_:

1—rreJ2hL
and therefore, the reflection coefficient seen from the left side is:

b, -1 + tir,e /2L (A.9)

11 = —= i .
a, 1—rryeJ2BL

For the transmitted field, b, expression in Eq. (2.14) when a, = 0, Eq. (A.6) reduces to:

By inserting Eq. (A.6) for a; into the forward amplitudes at the two interfaces described by the

propagation relation a, = a;e /A" (Eq. (2.12)), gives:

(51
re J2PL — )

(A.11)

b, = tya, = tyaje /Pl =t, e JPLq,,

Rewriting the denominator in terms of the round-trip factor r,r,e ~/25L | the transmitted field can
be written in the compact form:
5 t t,e AL (A.12)
=—— 7 a4,
27 1 —ryryej2BL 1
The corresponding transmission coefficient becomes:

o - b,  tit,e IPL (A.13)
217, T 1 —ryre 2Bl

Because the Fabry—Perot segment is reciprocal and lossless under the assumptions adopted here,
the scattering matrix is symmetric, and therefore S;, = S,;. The remaining element S,,, which
describes the complex reflection coefficient seen from the right side, can be obtained by repeating

the above procedure for excitation from the right, or more simply by symmetry. The result is:
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1+ tire 2t (A.14)
1 —rre 2Bl -

22 —

Equations (A.9)— (A.14) thus provide the complete set of scattering coefficients for the Fabry—

Pérot resonator.

A.2 FWHM dependence with FSR and Finesse

Starting from the symmetric lossless cavity with 7 = VR, t = V1 — R, the intensity transmission
coefficient results:

(8 =| t? e t* _ (A.15)
1—r2eid | 1 — Reid |2
Compute the denominator:
| 1 —Re® |2= (1 — Re'®)(1 — Re™®) =1 + R? — 2Rcos §. (A.16)
Using cos § = 1 — 2sin 2(§/2),
1+ R? —2Rcos § = (1 —R)? + 4Rsin 2(6/2). (A.17)

Since t?2 = 1 — R, hence t* = (1 — R)?, Eq. (A.15) becomes:

(1—R)2 1 (A18)
T(%) = P 2 = 4R '
(1 -R)?+4Rsin?(5/2) 1+ BT sin 2(8/2)
Therefore,
4R (A.19)

TO) =13 Fsnz@2) " ~a-n7

For | § |K m, sin (6/2) = §/2, it follows:

(A.20)
TO) ® ———rrs
©® 1+ F(6/2)
At half maximum, T = 1/2, hence
1+ F(S,,/2)2=2>F (51/2>2 16 2 (421
_ = = —_— = = Ly = —,
1-2 2 1-2 ﬁ
Because the phase detuning is symmetric, the FWHM in phase results:
(A.22)

4
AS =261 = —.
VEONF
Near resonance, the linewidth A§ can be expressed in the frequency domain v as:
V=V, dé 2w (A.23)
00) = 2m R = @ ~ FSK

Thus,
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a5 2T, _FSR . FSR 4 _2FSR (A24)
= — = = —_— = —_—= .
FSR -~ T 2n 2T NF | aVF

FSR
Hence the finesse results: F = v %\/F .

Appendix B: Derivation of resonator dispersion terms

In this Appendix are derived the relations used in the main text to connect the discrete mode-index
expansion of the resonance frequencies to the continuous propagation-constant dispersion of the

guided mode, following references [2-4].

B.1 Resonance condition

A single spatial mode of a Fabry—Pérot or ring resonator of physical length L is considered. The
longitudinal modes are characterized by an integer mode number m and resonate at angular
frequencies w,, such that the round-trip phase is an integer multiple of 2m:

B(wy) L =2mm, (B.1)
where B(w) is the propagation constant of the guided mode. The reference mode (m,) has
resonance frequency wg, and the relative mode index p is defined as g = m — my, such that u =
0 corresponds to the reference frequency. Subtracting £ (w) evaluated at m, from (B.1) evaluated

at m, gives:

[B(wy) = B(wo)] L = 2mu (B.2)
B.2 Expansion of the modal spectrum in mode index

Because the resonances are nearly equally spaced, the modal frequencies w, are smooth functions

of u. Therefore, the expansion of w,in a Taylor series around u = 0, gives:

1 1 B.3
(l)ﬂ:0)0+D1'w‘u+ED2'w#2+gD3'w”3+..., ( )
where D, , = aoﬂ—wn” lu=o are the dispersion coefficient terms of order n. By using Eq. (B.3), the
integrated dispersion defined in the main text results:
Dint,w n) = w, — (wo + Dl,w“) (B4
That takes the explicit form:
(B.5)

D. = lp 24 lD 34..
nt,w ([,l) 2 2,0M 6 3,wM ’

B.3 Expansion of the propagation constant

Expanding the propagation constant §(w)around w, as:
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1 1
B(w) = PBo + P1w(w — wp) + Eﬁz,w(a’ —wp)? + gﬁaw((u —wy)d + (B.6)

where f; ,is the group delay per unit length, S, ,is the group-velocity dispersion (GVD), and
P3,01s the third-order dispersion (TOD). Substituting (B.6) into the resonance condition (B.2), and

considering Aw, = w, — wy, can be obtained:

1 1 B.
[Brohy + 5 B hof + ¢ Baho + -+ 1L = 21, ®D
B.4 Relation between D, ,and g, ,,
Differentiating the resonance condition (B.2) with respect to u, results:
0 (B.8)
—[B(w,) — BwIL = 2r.
u
The term B (w,)is independent of u, consequently it follows:
8 (w B.
M L = 21. (B.9)
ou
Using the chain rule:
aﬁ(wﬂ) aﬁ aw (B.10)
where it can be replaced Dy ., (1) = dw,/ dp. Eq. (B.9) reduces to:
B1,w W) D1, (1) L = 2m, (B.11)
2
Bl,w(ﬂ) - m (B.12)
This is the expression used in the main text and in the analysis, where S .
B.5 Relation between D, ,and S, ,,
By the differentiation of (B.12) with respect to u. It yields to:
0 21 _2mD B.13
ﬁl,w(ﬂ) __( 1)D1w( ) 1w(:u) 22(1)(/1) ( )
o L D7,
where dD; ,(n)/ 0p = D, ,,(1t). On the other hand, by the chain rule,
0Prw () _ 0P1w (W) 0w (B.14)

a‘u dw a ﬁZw(H) Dlw(/*‘)

Equating (B.13) and (B.14), and re-calling Eq. (B.12), it results:
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Dy . (1) _ Dy . (1) (B.15)

B2,0 (1) D1, (1) = —P1,0 (1) D1, (#)m = —PBroW) D,. (1)
Solving for S, ., (1), yields:
_ D20 Pro®) (B.16)
.BZ,a)(M) - Dl,w (‘u)Z ’

This expression has been reported in the main text.

B.6 Relation between D; ,and S5

The final differentiation is applied on S, ,, (wﬂ) with respect to u and relate the result to f3 (a)“).

Starting from (B.16), introducing the shorthands B; (1) = B (a)#), and B, (u) = 2,0 (wy),

D3,,B1 B.17)
BZ = - D2 .
1w
Differentiating with respect to y gives:
0B, (B.18)
0B, _ D3 By + D, o o DZZ'(UB1
ou Di, D},

where it is used 3D, ,,/ Ot = D3, and D12/ Op = —2D;2,D2,w. The derivative dB;/ du is

computed using the chain rule:

dB; 0By, 0w (B.19)
i a—wwa = B2,0 (1) D1, (1) = B2Dy
Substituting (B.19) into (B.18), derives:
0B,  D34By+ Dy ,B2Dy 42 D22,wBl (B.20)
o D%, D},
On the other hand, by definition,
0B, 0Pz, 0w (B.21)
_ = = D
Equating (B.20) and (B.21) and multiplying both sides by D, it results:
ﬁ3,w(wu) Df,w = _D3,a)BlD1,a> - DZ,wBZDlz,w + 2D22,a)Bl- (B-22)
Using again the relation between B,and B, from (B.17), the term in the middle becomes:
D; By B.23
_DZ,wBZDlz,w = _DZ,w(+) D12,a> = DZZ,wBl' ( )
Dl,w
Hence the right-hand side simplifies to
_D3'wB1D1'w + DZZ'wBl + 2D22,a)Bl = _D3,wBlD1,w + 3D22,0)Bl (B24)
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Then, Eq. (B.22) becomes:

.BS,a) (wu) Df,w = _D3,w (.u) .Bl,w (wu)Dl,w ([1) + 3D2,a) (H)Z .Bl,w (wu)- (B~25)
Dividing by D3 ,, it yields:
1 (B.26)
.83,60 (/1) = - N /A3 [Bl,w (.u)D3,w (:u) + 3.82,(» (.U)Dl,w (H)Dz,w (.u)]'
Dy ()

which is the expression used in the main analysis for f3 .

B.7 Frequency-derivative representation

For completeness, are briefly summarized the relation between the dispersion coefficients defined

with respect to angular frequency and those defined with respect to optical frequency. Defining

o8 a2p a3p . ~ .
Bis = E’ﬂzf = F’ﬁ” = and recalling that w = 2xf, it follows that:

0 _dwo _ 3 (B.27)
of _ofow " 9w

Applying this repeatedly leads to:
By = 21) Bre (B.28)

ﬁZ,f = (Zﬂ)zﬁz,w
.83,f = (2”)3.33,w

These relations are used whenever dispersion quantities are expressed in Hz instead of rad/s.

Appendix C: Laser cavity model

This section presents the mathematical derivation of the round-trip conditions for two-mirror and
three-mirror lasers, combined with the related figure of merit, as well as the derivation of the

dispersion coefficients and the TCMT model. All these are supported by references [1],[5],[6].

C.1 Two-mirror laser cavity round-trip condition

When is considered a Fabry—Pérot cavity consisting of an active section of length L, with material
gain gand internal loss «; 4, followed by a passive section of length L, with loss a; ,, bounded by
mirrors of amplitude reflectivities ryand 75, it can be defined single-pass gain/loss factor for the
field propagation in the two sections.

For the active section of length L, the material provides a gain per unit length I'g and an internal
loss per unit length a; 4. The net gain coefficient is therefore 'g — @; 4, and the field after
propagating through this section is multiplied by:

exp [(Tg — ai,g)Lg), (C.H
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In the passive section of length Lythere is only loss @;;,, so propagation through this region
contributes a factor:
exp (—a;pLy). (C.2)
The total propagation factor for one round trip (excluding the mirrors) is the product of these two
exponentials. Including the reflections from the two mirrors, with amplitude reflectivities 7;and
15, the overall round-trip amplitude factor becomes:
rirsexp [(Tg — @)Ly — aiplyl, (C3)
which is the round-trip amplitude condition for a two-mirror cavity including gain and loss in both
active and passive sections. At threshold, the field must reproduce after a round trip (neither grow
nor decay in amplitude), so the round-trip factor must have magnitude 1. Neglecting the phase
here, this gives the scalar condition:
r172exp [(Fgm — @i g)Lg — aiply] = 1, (C.4)

The round-trip amplitude condition is

rr€xp (nygtth - ai,ng)eXp (_ai,pr) =1, (C.5)

where Iy, is the transverse confinement factor. Taking the natural logarithm of both sides:

lyygla — ajgly — @iply +1n (ry73) = 0. (C.6)

Defining the mean mirror intensity reflection R, = 13, and re-arranging Eq. (C.6).
1
leygmla = aiglg + a;pLy, +1In (—)

Rm (C.7)

To obtain a per-unit-length form, divide both sides of (C.7) by L that is the sum of the passive
and active section lengths:
L aiglg +a;,L, 1 1 (C.8)
g _ %ighg iLp™p
Foy g0 == 4 o ().
Introducing the longitudinal confinement factor I, = LT“’, valid in the limit L, > 4, and define

the 3D confinement factor:
=TT, (C.9)

The length-weighted average internal loss is defined as:

(ai> _ ai,al‘a 2‘ ai,pr’ (C.IO)
while the equivalent mirror loss:
o = l In (L) (C.1D
meL R,/

Substituting (C.9)— (C.11) into (C.8), yields:
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I'gn = (@) + am, (C.12)
which is Eq. (2.65) in the main text.

C.2 Three-mirror laser cavity figures of merits

This section derives additional figures of merit for the three-mirror external-cavity laser. Above
threshold, the steady-state photon rate equation can be written in per-unit-length form as:
vy Tg(N) S = vy({a;) + @), (C.13)

where a; is the average internal loss per unit length and a,, is the distributed mirror loss defined
in Eq. (2.67). A small increase in drive current / then induces a change in carrier density AN (and
hence in gain Ag) such that the additional stimulated emission exactly compensates for the
corresponding increase in total loss; in steady state this condition can be written as:

d_S _ M 1 (C.14)

dl  qV, (a;)+ay’
with n; the internal quantum efficiency and V, the active volume. The total photon flux leaving
the cavity through all mirrors is vy @, S; the incremental photon flux through the chosen output
mirror is therefore v;a,, 1S. While the corresponding incremental optical power is:

dPoy Wy ds _ hv U1 (C.15)
a Wl g T M ey + ay

The differential quantum efficiency 7n4is defined as the ratio between the photon flux at the
output facet and the injected electron flux above threshold:

_ 4 Pou _ @ (C.16)
wodl ) +

Na

which is the compact form used in the main text (Eq. (2.69)). The ratio @, ¢x/amexpresses the
fraction of the total mirror-related power loss that appears as useful output at the external reflector.
When it is considered one round trip in the equivalent two-mirror cavity with amplitude
reflectivities r(HR facet) and ¢ (effective external reflector), let the forward intracavity field at

the external mirror be E. The power lost at the HR mirror in a single pass:

PP =@1-r)) IE (C.17)
Total power lost at the external mirror in a single pass:
1
Peg(t,)total = (1 - 7/}:fo) | E |2- (C18)

Only a fraction of jemerges as useful power into the bus waveguide. Denote by tZ the

®
Pext, total
intensity transmission of the external reflector into the bus waveguide; the corresponding useful
output power per pass is:
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out,ext
Because the two mirrors form a Fabry—Pérot cavity, part of the field that is transmitted or lost at
the external mirror is replenished by multiple reflections between the two mirrors. Summing the
geometric series of forward and backward passes leads to an effective external-mirror loss per

round trip of the form:

PeE<1t,)eff = [(1 —71d) + nre t2] 1 E 12, (C.20)

where the term proportional to 7,7t 2accounts for power that reaches the external mirror after one

or more reflections at the HR facet. The total mirror-related loss per round trip is then:

P o = A =18) 1 E P+ [(1 = 12D + ryrt?] | E 12, (C.21)

Fexpresses the fraction of the total mirror-related power loss that appears as useful output at the

external reflector. By definition:

_ useful power from external mirror Po(ult?ext (C22)
! total mirror-related power loss p@
mirr,total

Using Egs. (C.19) and (C.21) and cancelling | E |?gives:
t? (C.23)

(A=) + (A =18 +riregt?

Fy

Regrouping the terms associated with each mirror yields the compact form:

t2 C24
. : (C.24)

(1—-7rd + %

This expression shows that F;decreases as 7.4 increases: stronger external reflection assigns a
larger share of the mirror loss to the external mirror, but only part of that loss (£2) appears as useful
transmitted power. The slope efficiency n4(in W/A) is the differential output power with respect
to current, that refers to:

_dPy (C.25)
T’S - dI
Combining Eq. (C.25) with the definition of 4 in Eq. (C.16) gives:

oW ma (C.26)

When the useful output is taken at the lossy external mirror, it is convenient to factor out the facet
fraction F; by writing:

a (C.27)

=Fn ——,
nd 1771 (al)+am

so that
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hv U (C.28)
=—Fn ——
Integrating this linear relationship with respect to current yields the standard expression for the
output power above threshold,

hv C.29
Pou() =1 (1 = ) = - (1 = ), (€29

Finally, the output power at the external mirror can be written as:

hv C.30
Po =1 = (= ), (€30)

where h is Planck’s constant, q is the elementary charge, vis the lasing frequency, /and I, are the
drive and threshold currents, and 7 is the slope efficiency of the laser. For a cavity with a lossy
external mirror, the differential quantum efficiency at that mirror can be written as:

Em C.31
Na = Fou M @ +a €30
with («;) the average internal loss, a,,the total mirror loss, and 1; the internal quantum efficiency.
Here F,; is the fraction of total mirror-coupled power that emerges as useful output at the external
reflector, rather than being dissipated inside the photonic crystal cavity or re-injected towards the
HR mirror. The fraction F,; for the vertically coupled reflector is:

t2 (C.32)

(1-rip+

Fou = 7”1Teff té’
— 17
where t?2 is the intensity transmission of the external mirror into the bus waveguide, 7.4 is the
effective amplitude reflectivity at the gain—passive interface, and r;is the HR-facet reflectivity.
Substituting Eq. (C.32) into Eq. (C.31) gives the explicit expression for 74,
t2 A, (C.33)

iTet?  (a;) + ay,
( eff)_l_ 1CT ( l) m
1

Na = MNi

Finally, combining n; = (hv/q) ng with Eq. (C.33) yields:

hv t? A (C.34)

s = — 1 )
s q ' ( ) + 7"lrefft (ai) + Om
Tetr 7”1

C.3 Resonant reflector: TCMT model derivation

For a single resonance driven from one port the amplitude equation is:

da . C.35)
= o = Ty = T)a + KeS.in(D), (
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where w, is the cavity resonance, I}, intrinsic loss, [, coupling loss, and k. the coupling
coefficient, as defined in Eq. (2.77). Assuming a monochromatic excitation input source at

frequency w:

S+,in(t) = syel®t (C.36)
a(t) = Ae/®t
Eq. (C.35) becomes:
da . (C.37)
— = jwAel®t
It JjwAe

Substituting Eq. (C.37) into Eq. (C.35) and factoring out the term e/®? results:

jwAel®t = (jwy — Ty — T)Ae/“t + k. s,e/%t. (C.38)

With simple mathematical manipulations, it can be rearranged to:

[Jw— (wy—Ty —T)]A = ks, (C.39)
Defining the detuning parameter as Aw = w — wy, the steadystate cavity amplitude is:
— K5+ (C.40)
jAw+ Ty + T,
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