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Kurzfassung

Die Fortschritte in der Halbleitertechnologie und dieser zugrundeliegenden litho-
grafischenVerfahren haben unsere digitaleWelt seit über einemhalben Jahrhundert
geprägt. Heute tragen die zunehmende Zahl miteinander verbundener Geräte sowie
zahlreiche Dienste wie z.B. Videostreaming oder die industrielle Automatisierung
erheblich zumWachstum des Internetverkehrs bei. Optische Kommunikation wird
aufgrund der hohen Bandbreite eingesetzt, um die hiermit verbundenen gewaltigen
Datenmengen effizient zu übertragen. Dies betrifft sowohl globale Kommunika-
tionsnetze als auch Datenzentren, in denen die Vernetzung von typischerweise
hunderttausenden von Servern eine große technische Herausforderung darstellt.
Die Integration elektronischer sowie optischer Bauteile ist daher der Schlüssel zur
Schaffung schneller, effizienter und skalierbarer Kommunikationssysteme.

Vor diesem Hintergrund hat sich die integrierte Optik in den letzten Jahren als
einer der wichtigsten Technologietreiber der Informations- und Kommunikations-
technik entwickelt. Hiermit einhergehende photonische integrierte Schaltkreise
(engl. photonic integrated circuits, PIC) enthalten analog zu elektronischen in-
tegrierten Schaltkreisen eine große Anzahl dicht integrierter Bauelemente und
können auf Waferebene hergestellt werden. Die Photonik umfasst jedoch ein brei-
tes Spektrum anMaterialien, die jeweils auf spezifische Bedürfnisse zugeschnitten
sind. Die Silizium-Photonik (SiP) beispielsweise ist im Telekommunikationssektor
aufgrund ihrer Kompatibilität mit der ausgereiften CMOS-Fertigungstechnologie
(engl. complementary metal-oxide-semiconductor) sehr erfolgreich und ermög-
licht eine kostengünstige und dichte Integration von Bauelementen mit hoher
Zuverlässigkeit und Ausbeute. Allerdings verhindert die indirekte Bandlücke von
Silizium eine effiziente Lichtemission, weshalb Lichtquellen und Verstärker auf
III-V-Verbindungshalbleitern wie Indium-Gallium-Arsenid-Phosphid (InGaAsP)
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basieren. Auch die Siliziumnitrid-Plattform (Si3N4) findet zunehmend Beachtung,
da diese sich durch ein breitbandiges Transparenzfenster und einen niedrigen In-
dexkontrast auszeichnet, was verlustarme Wellenleiter und Resonatoren mit hoher
Güte ermöglicht. Folglich beruht die photonische Integration entscheidend auf
der Kombination verschiedenartiger Materialien, um leistungsfähige Systeme zu
schaffen. Insbesondere hybride Integrationsprozesse auf Package-Ebene, bei denen
fertig prozessierte Chips verschiedener Materialsysteme durch Co-Packaging in
sogenannten Multi-Chip-Modulen kombiniert werden, bieten zahlreiche Vortei-
le. Hierzu gehören die Nutzung etablierter Fertigungsverfahren sowie ein hohes
Maß an Flexibilität und damit eine gute Anpassungsfähigkeit an die Anforderun-
gen des stark fragmentierten Photonikmarktes. Die verlustarme Verbindung von
PIC sowie die Anbindung an die Außenwelt über Fasern stellen allerdings große
Herausforderungen dar. Selbst bei einer perfekten Überlappung der Modenfelder
zwischen den verschiedenen zu verbindenden Komponenten sind die Durchmes-
ser der Modenfelder im Allgemeinen sehr klein. Daraus ergeben sich stringente
Anforderungen an die mechanische Ausrichtung, die häufig den Einsatz langsamer
und teurer aktiver Ausrichtungsverfahren erfordert, bei denen die Kopplungseffi-
zienz während der Platzierung jedes einzelnen Bauteils kontinuierlich überwacht
wird. Solche Verfahren tragen erheblich zu den Kosten photonisch integrierter
Baugruppen bei und stellen daher einen limitierenden Faktor für die Skalierbarkeit
der entsprechenden Systeme dar — wenngleich die Massenproduktion der Chips
auf Waferebene bereits ausgereift ist.

Der Millimeterwellen- (mmW) und Terahertz-Frequenzbereich (THz) bietet eben-
falls großes Potenzial in der Kommunikationstechnik. Die Datenübertragung
bei Trägerfrequenzen von Hunderten von GHz eröffnet hier wegen der hohen
Trägerfrequenzen die Möglichkeit, derzeitig vorherrschende Bandbreitenlimitie-
rungen drahtloser Netzwerke zu überwinden. Im Gegensatz zur optischen Frei-
raumkommunikation sind Übertragungen bei Trägerfrequenzen im mmW- und
THz-Frequenzbereich in der Regel weniger anfällig für Dämpfung durch Nebel,
Szintillation und Fehlausrichtung. Dies ermöglicht es, einen attraktiven Kompro-
miss zwischen Übertragungskapazität und Resilienz gegenüber Witterungsein-
flüssen zu finden. In der Vergangenheit basierten THz-Baugruppen häufig auf
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präzisionsgefrästen metallischen Aufbauten (engl. split-block), die zwar eine effi-
ziente Signalführung und Kopplung mittels Hohlleitern ermöglichen, gleichzeitig
allerdings signifikant zu den Kosten und dem Gewicht des Gesamtsystems beitra-
gen. In Analogie zur photonischen Integration spielen daher hybride Multi-Chip-
Module, die Verstärker auf der Grundlage vonMMIC (engl. monolithic microwave
integrated circuits) mit z.B. THz-Signalquellen, Detektoren und Antennen kombi-
nieren, eine entscheidende Rolle bei der Bereitstellung einer vielseitigen Plattform
zur Adressierung der entsprechenden Frequenzbereiche. Heutzutage werden elek-
trische Verbindungen in der Regel durch metallische Bändchen (engl. ribbon
bonds) oder Flip-Chip Verbindungen realisiert. Aufgrund der begrenzten Kontrol-
le über die dreidimensionale (3D) Geometrie der elektrischen Leiter ist jedoch
eine Fehlanpassung der charakteristischen Impedanzen am Übergang der mitein-
ander verbundenen Übertragungsleitungen kaum zu vermeiden. Die erreichbaren
Betriebsbandbreiten zugehöriger Multi-Chip-Module sind daher aufgrund zuneh-
mender Reflexions- und Strahlungsverluste bei hohen Frequenzen zunehmend
limitiert. Dies unterstreicht den Bedarf einer kostengünstigen, kompakten und
effizienten Aufbau- und Verbindungstechnik für THz-Baugruppen.

Die additive Mikrofabrikation von 3D-Freiform-Kopplungsstrukturen stellt einen
vielversprechendenWeg zurÜberwindung dieser Technologielücke sowohl für pho-
tonische als auch für THz-Baugruppen dar. Die vorliegende Dissertation baut auf
früheren Arbeiten [1–3] auf und nutzt die Multiphotonenlithographie (MPL) zur
Herstellung einer Vielzahl an 3D-gedruckten Kopplungsstrukturen. Dies umfasst
zum einen etablierte optische Kopplungsstrukturen wie dielektrische Wellenleiter,
sogenannte photonische Wirebonds (PWB), sowie Mikrolinsen an Bauteilfacetten
(engl. facet-attached microlenses, FaML). Ausgehend von den einzigartigen Mög-
lichkeiten, die PWB und FaML in der optischen Aufbau- und Verbindungstechnik
bieten, wird das bestehende Portfolio an Demonstrationen und Anwendungen er-
heblich erweitert — insbesondere im Hinblick auf hybrid integrierte Lichtquellen
und optische Transceiver-Baugruppen, die das Konzept des räumlichen Multiplex-
ings (engl. space-division multiplexing, SDM) zur parallelen Übertragung großer
Datenströme nutzen. Zum anderen wird das Konzept 3D-gedruckter Kopplungs-
strukturen auf THz-Baugruppen ausgedehnt. Hierbei ermöglicht die lokalisierte
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Metallbeschichtung von 3D-gedruckten Polymer-Trägerstrukturen die Herstellung
von mmW- und THz-Strukturen mit präzise definierten 3D-Freiformgeometrien.
Dieser bislang unerreichte Designfreiraum wird für eine Reihe von THz-Bauteilen
genutzt: Chip-Chip-Verbindungen, Tastspitzen und Antennen. Die einzelnen Ka-
pitel dieser Arbeit behandeln die folgenden Themen:

Kapitel 1 erörtert die Bedeutung von PIC und MMIC für die Informations- und
Kommunikationstechnik und unterstreicht die Notwendigkeit effizienter Aufbau-
und Verbindungstechniken für die jeweiligen photonischen und THz-Baugruppen.
Die Multiphotonenlithographie wird als praktikables Werkzeug für die Bewälti-
gung der hiermit verbundenen Herausforderungen bei der Montage von Multi-
Chip-Modulen eingeführt.

Kapitel 2 legt die theoretischen und technologischen Grundlagen für die folgen-
den Kapitel. Die Prinzipien der Multiphotonenlithographie werden erläutert, und
die verschiedenen Anwendungen sowie Vorteile von 3D-gedruckten Kopplungs-
strukturen für photonische und THz-Baugruppen werden diskutiert.

Kapitel 3 beschreibt die Anwendung von 3D-gedrucktenWellenleitern, sog. PWB,
in hybrid integrierten Diodenlasern mit breitbandig abstimmbaren externen Re-
sonatoren (engl. external-cavity laser, ECL). Ein PWB verbindet hierbei einen
Halbleiterverstärkerchip mit einer auf Si3N4 aufgebauten externen Rückkopp-
lungsstruktur hoher Güte und ermöglicht so den Betrieb mit besonders geringem
Phasenrauschen. Zum ersten Mal wird ein durch ein einzelnes im Resonator um-
laufendes Soliton erzeugter Kerr-Frequenzkamm mit einem Pumplaser erzeugt,
dessen Signal von solch einem hybrid-integrierten ECL abgeleitet wurde.

Kapitel 4 führt aus, wie 3D-gedruckte Mikrolinsen eine verlustarme Kopplung
mit weniger stringenten Anforderungen an die mechanische Ausrichtungsgenau-
igkeit in Transceiver-Baugruppen ermöglichen, die SDM zur parallelen Übertra-
gung großer Datenströme nutzen. Sowohl die einzelnen Kerne von Multimoden-
Mehrkernfasern als auch Multimoden-Faseranordnungen werden hierbei mit stan-
dardisierten Anordnungen von oberflächenemittierenden Lasern (engl. vertical-
cavity surface-emitting laser, VCSEL) oder Photodioden (PD) verbunden. Dies
ist die erste Demonstration einer Kopplungsschnittstelle, die einzelne Kerne einer
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Mehrkernfaser mit linear angeordneten VCSEL / PD verbindet, ohne dass zusätz-
liche Fan-out-Strukturen erforderlich sind. Es wird ein passiver Montageprozess
vorgestellt sowie ein Datenübertragungsexperiment über drei räumlich getrennte
Kanäle durchgeführt.

Kapitel 5 erweitert das Konzept 3D-gedruckter Kopplungsstrukturen auf mmW-
und THz-Baugruppen. Es wird ein neuartiges Konzept zur Herstellung präzise de-
finierter mmW- und THz-Strukturen vorgestellt, das verlustarme Dielektrika und
hochleitfähige Metallelemente in einer wohldefinierten 3D-Freiformgeometrie
kombiniert. Das Konzept nutzt 3D-gedruckte Polymer-Trägerstrukturen, die durch
hochdirektionale Metallabscheidungstechniken in Kombination mit präzise aus-
gerichteten 3D-gedruckten Abschattungsstrukturen selektiv beschichtet werden.
Die Tragfähigkeit dieser Idee wird mittels einer Auswahl funktionaler THz-
Strukturen demonstriert: Ultra-breitbandige Chip-Chip-Verbindungen zur Über-
brückung von Unterbrechungen zwischen elektrischen Leitungen auf verschiede-
nen planaren Substraten, Tastspitzen mit beispielloser Formtreue, die sich für die
Prüfung von integrierten mmW- und THz-Schaltungen eignen, sowie Antennen,
die zur Erhöhung der Strahlungseffizienz vom darunter liegenden hochbrechenden
Substrat abgehoben sind.

Kapitel 6 fasst die vorliegende Arbeit zusammen und skizziert weiterführende
Verbesserungen, Anwendungen und Forschungsrichtungen im Hinblick auf 3D-
gedruckte Kopplungsstrukturen in photonischen und THz-Baugruppen.
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Preface

Advances in semiconductor technology and of the underlying lithographic pro-
cessing techniques have shaped our digital world for over half a century. Today,
the increasing amount of interconnected devices as well as services like video
streaming or industrial automation contribute significantly to the ever-increasing
internet traffic. Optical communications is used due to its high bandwidth to
efficiently transmit the huge amounts of data involved. This applies both to global
communication networks as well as to datacenters, where interconnecting hun-
dreds of thousands of servers represents a major technical challenge. Electrical as
well as optical device integration has thus become key to create fast, efficient, and
scalable communication systems.

Against this backdrop, integrated optics has become one of the most impor-
tant technology drivers in information and communication technology in recent
years. The associated photonic integrated circuits (PIC), much like electronic
integrated circuits, contain a vast amount of densely integrated devices which
can be fabricated on a wafer-scale. However, photonics spans a wide spectrum
of materials, each serving specific needs. Silicon photonics (SiP), for example,
thrives in the telecom sector due to its compatibility with mature complemen-
tary metal-oxide-semiconductor (CMOS) technology, allowing cost-effective and
dense device integration with high reliability and yield. However, the indirect
band gap of silicon prevents efficient light emission. Therefore, light sources and
amplifiers are based on III-V compound semiconductors such as indium gallium
arsenide phosphide (InGaAsP). The silicon nitride (Si3N4) platform has also
gained increasing attention, boasting a broadband transparency window and low
index-contrast, which enables low-loss waveguides and resonators with ultra-high
Q-factors. Therefore, photonic integration crucially relies on the combination of
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different materials to create high-performance systems. Especially package-level
hybrid integration processes, which combine fully processed dies of different ma-
terial systems by co-packaging in so-called multi-chip modules, offer numerous
advantages. These include the use of established manufacturing processes as
well as a high degree of flexibility and thus good adaptability to the requirements
of the highly fragmented photonics market. However, low-loss coupling among
PIC and the connection to the outside world via fibers represent major challenges.
A perfect mode-field overlap between the various components to be interconnected
is difficult to achieve, because the mode-field diameters are generally very small.
This results in stringent requirements for mechanical alignment, often requiring
the use of slow and expensive active alignment techniques where the coupling effi-
ciency is continuously monitored during the placement of each component. Such
techniques add significantly to the cost of photonic assemblies and are therefore
a limiting factor for the scalability of the corresponding systems — despite the
mature wafer-level production of the chips themselves.

The millimeter-wave (mmW) and terahertz (THz) frequency range has likewise
opened up new frontiers in communications, where data transmission at carrier-
frequencies of hundreds of GHz has the potential to overcome bandwidth lim-
itations of current wireless networks. In contrast to free-space optical links,
transmission at carrier frequencies in the mmW and THz frequency range are
typically less susceptible to attenuation by fog, scintillation, and misalignment.
This enables an attractive trade-off between transmission capacity and resilience
to weather influences. In the past, THz assemblies were often based on precision-
milled metallic split-blocks, which enable efficient signal routing and coupling
by means of hollow waveguides, but at the same time contribute significantly
to the cost and weight of the overall system. In close analogy to photonic inte-
gration, hybrid multi-chip modules combining amplifiers based on monolithic
microwave integrated circuits (MMIC) with, e.g., THz signal sources, detectors
and antennas hence play a pivotal role in providing a versatile technology platform
for addressing the associated frequency range. Nowadays, electrical connections
are usually realized by thermosonic ribbon bonding or flip-chip interconnects.
However, due to limited control over the three-dimensional (3D) geometry of the
electrical conductors, a mismatch of the characteristic impedances at the transition
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of interconnected transmission lines is hardly avoidable. The achievable opera-
tional bandwidths of associated multi-chip modules are hence limited to a narrow
band due to increasing reflection and radiation losses at high frequencies. These
challenges underpin the need for cost-effective, compact, and efficient packaging
solutions of THz assemblies.

Additive micro-fabrication of 3D freeform coupling elements represents a promis-
ing path to overcome this technology gap for both photonic and THz assem-
blies. This thesis builds upon previous work [1–3] and uses direct-write multi-
photon lithography (MPL) for the fabrication of various 3D-printed coupling
elements. This includes well-established optical coupling elements such as dielec-
tric waveguides, so-called photonic wire bonds (PWB), as well as facet-attached
microlenses (FaML). Building upon the unique capabilities offered by PWB and
FaML in photonic assemblies, the existing portfolio of demonstrators and appli-
cations has significantly advanced — especially with regard to hybrid integrated
light sources and optical transceiver assemblies that use the concept of space-
division multiplexing (SDM) for the parallel transmission of large data streams.
Furthermore, the concept of 3D-printed coupling elements is expanded to THz
assemblies. Here, the localized metal-coating of 3D-printed polymer templates
enables the fabrication of mmW and THz structures with precisely defined 3D
freeform geometries. This unprecedented design freedom is used for demonstrat-
ing a range of THz devices: chip-chip interconnects, probe tips and antennas.
The individual chapters of this work cover the following subjects:

Chapter 1 discusses the relevance of PIC as well as MMIC for information and
communication technology, and highlights the importance of efficient packaging
solutions for the respective photonic and THz assemblies. Multi-photon litho-
graphy is introduced as a viable tool for tackling the associated challenges of
multi-chip assemblies.

Chapter 2 lays the theoretical and technological foundation for the following
chapters. The principles of direct-write multi-photon lithography are reviewed,
and the various applications and advantages of 3D-printed coupling elements for
photonic and THz assemblies are discussed.
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Chapter 3 describes the application of 3D-printed waveguides, so-called PWB,
in hybrid external-cavity lasers (ECL). The PWB connects a semiconductor
optical amplifier chip with a low-loss Si3N4-based external feedback circuit,
thereby enabling operation with particularly low phase noise performance. For
the first time, a single-soliton Kerr comb is generated with a pump that is derived
from such a hybrid-integrated ECL.

Chapter 4 explains how 3D-printed microlenses enable low-loss and alignment-
tolerant coupling in transceiver assemblies that use SDM for the parallel trans-
mission of large data streams. Both individual cores of multimode multicore
fibers (MCF) as well as multimode fiber arrays are connected to standard arrays of
vertical-cavity surface-emitting lasers (VCSEL) or photodiodes (PD). This repre-
sents the first demonstration of a coupling interface that connects individual cores
of an MCF to VCSEL / PD arranged in a standard linear array without the need
of additional fan-out structures. A passive assembly process is presented, and a
data-transmission experiment over three spatially separated channels is performed.

Chapter 5 extends the concept of 3D-printed coupling elements to mmW and
THz assemblies. A novel concept for fabricating precisely defined mmW and THz
structures is introduced, combining low-loss dielectrics and highly conductive
metal elements in a well-defined 3D freeform geometry. The concept exploits in-
situ printed polymer support structures that are selectively coated through highly
directional metal deposition techniques in combination with precisely aligned
3D-printed shadowing structures. The viability of this concept is demonstrated by
a selection of functional THz structures: ultra-broadband chip-chip interconnects,
bridging the gap between electrical transmission lines on different planar substrates,
probe tips of unprecedented shape fidelity that lend themselves to testing of mmW
and THz integrated circuits, and suspended antennas that are raised above the
underlying high-index substrate for increased radiation efficiency.

Chapter 6 summarizes the work in this thesis and outlines further improvements,
applications and research directions with regards to 3D-printed coupling elements
in photonic and THz assemblies.
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Achievements of the present work

In this thesis, 3D-printed coupling elements are used for both photonic and
terahertz (THz) assemblies. Existing tools and methods [1, 2] for the design and
fabrication of optical coupling elements such as photonic wire bonds (PWB) and
facet-attachedmicrolenses (FaML) are adapted to enable various novel applications.
In particular, the concept of hybrid external-cavity lasers (ECL) based on 3D-
printed intra-cavity coupling elements is expanded by replacing previously used
silicon photonic feedback circuits [J1] with their silicon-nitride-(Si3N4)-based
counterparts. As a result of the lower linear and nonlinear losses, intrinsic
Q-factors of the underlying resonators are greatly increased and two-photon
absorption is eliminated as a critical impairment at high power levels, thereby
facilitating greatly reduced phase noise and small linewidths [J2]. In a second area
of research, the advantages offered by the FaML-based concept are demonstrated
for low-loss coupling with relaxed alignment tolerances in optical transceiver
assemblies that use space-division multiplexing (SDM) for parallel transmission of
large data streams. Coupling of both individual cores ofmultimodemulticore fibers
(MM-MCF) as well as conventional multimode fiber arrays (MM-FA) to standard
arrays of vertical-cavity surface-emitting lasers (VCSEL) or photodiodes (PD)
is demonstrated [J3]. Finally, the concept of 3D-printed coupling elements is
extended to the field of millimeter-wave (mmW) and THz assemblies. Here, the
localized metal-coating of 3D-printed polymer templates enables the fabrication
of mmW and THz structures with precisely defined 3D freeform geometries. This
unprecedented design freedom is used for demonstrating a range of THz devices:
chip-chip interconnects, probe tips and antennas [J4].

A concise overview of the major achievements is given in the following list:
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Demonstration of hybrid ECL that combine low-loss Si3N4-based feedback
circuits with PWB as intra-cavity coupling element: A proof-of-concept de-
vice using a PWB as intra-cavity coupling element between the InP-based gain
chip and a Si3N4-based feedback circuit offers much improved performance com-
pared to its silicon photonics counterpart [J1]. We demonstrate a 90 nm tuning
range (1480 nm– 1570 nm) with on-chip output powers of more than 12 dBm and
side-mode suppression ratios of up to 59 dB in the center of the tuning range.
The devices exhibit intrinsic linewidths of less than 1 kHz, which is one of the
lowest values reported for comparable feedback architectures, see Section 3.2 and
journal publication [J2] for details.

First demonstration of a single-soliton Kerr comb generated with a pump that
is derived from a hybrid ECL: The versatility of the Si3N4-based hybrid ECL
is demonstrated by using the device as a precisely tunable pump laser to generate
dissipative Kerr soliton frequency combs in high-Q Si3N4 microresonators, see
Section 3.3 and journal publication [J2] for details.

Low-loss and alignment-tolerant coupling between MM-FA and standard
linear arrays of VCSEL / PD: Using FaML, low-loss and alignment-tolerant
connections between MM-FA and standard linear arrays of VCSEL / PD are
demonstrated in transceiver assemblies that use SDM for parallel transmission
of large data streams. Average optical coupling losses as low as 0.35 dB for
the transmitter (Tx) and 0.70 dB for the receiver (Rx) are achieved, along with
lateral 1 dB alignment tolerances of ±17 µm (Tx) and ±62 µm (Rx), respectively.
Using a machine-vision based passive alignment process on a custom pick-and-
place machine, average coupling losses of 0.50 dB (Tx) and 0.70 dB (Rx) are
shown, see Section 4.3 and journal publication [J3] for details.

First demonstration of a coupling interface connecting individual cores of
MCF to VCSEL / PD arranged in standard linear arrays: Using FaML, low-
loss and alignment-tolerant connections between individual cores of an MM-MCF
and standard linear arrays of VCSEL / PD are demonstrated in transceiver assem-
blies that use SDM for parallel transmission of large data streams. The presented
scheme does not require any additional fiber-based or waveguide-based fan-out
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structures. Average coupling losses of 0.67 dB (Tx) and 0.63 dB (Rx) are achieved,
along with lateral 1 dB alignment tolerances of ±18 µm (Tx) and ±25 µm (Rx),
respectively. Using a machine-vision based passive alignment process, average
coupling losses of 1.0 dB (Tx) and 0.63 dB (Rx) are shown. Using this approach,
a 3 × 25Gbit/s datacenter transceiver assembly which fits into a small form-factor
pluggable module is built, fulfilling many of the performance metrics specified in
the IEEE 802.3 standard, see Section 4.4 and journal publication [J3].

Development of a novel manufacturing process for fabricating freeform
mmW and THz structures: A novel concept for fabricating precisely defined
mmW and THz structures is introduced and experimentally verified, combin-
ing low-loss dielectrics and highly conductive metal elements in a well-defined
3D freeform geometry. The concept exploits in-situ printed polymer support
structures that are selectively coated through highly directional metal deposition
techniques in combination with precisely aligned 3D-printed shadowing structures.
The resulting metal-coated freeform structures (MCFS) offer high surface quality
in combination with conductivities comparable to bulk material values and do
not require any manual assembly steps, see Section 5.2 and the preprint [J4] of a
submitted journal contribution for details.

Demonstration of chip-chip interconnects offering record-high bandwidths
of 0.33THz and beyond: The concept of MCFS is used for demonstrating THz
interconnects that bridge the gap between electrical transmission lines located
on different planar substrates. The demonstrated 3 dB-bandwidths in excess
of 0.33THz represent a record for in-plane chip-chip connections, see Section 5.3.1
and the preprint [J4] of a submitted journal contribution for details.

First demonstration of additively manufactured electrical probes with op-
erating frequencies above 110GHz: The concept of MCFS is further used
for demonstrating THz probes offering unprecedented shape fidelity that lend
themselves to testing of mmW and THz integrated circuits. Highly repeatable
contacting over many probing cycles with 3 dB-bandwidths in excess of 0.19THz
and with 6 dB-bandwidths far beyond the 0.33THz range of our measurement
system are demonstrated, see Section 5.3.2 and the preprint [J4] of a submitted
journal contribution for details.
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First demonstration of additively manufactured 3D freeform mmW / THz
antennas without the requirement of manual assembly: The concept of MCFS
is finally used for demonstrating THz antennas which are raised above the underly-
ing high-index substrate for better radiation efficiency. No manual assembly steps
are required. At a frequency of 0.27THz, a maximum gain of 5.5 dBi over an
isotropic radiator is measured in the surface-normal direction, see Section 5.3.3
and the preprint [J4] of a submitted journal contribution for details.
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1 Introduction

In the evolving landscape of modern technology, the fusion of electronics and pho-
tonics has progressed for over half a century owing to advances in semiconductor
technology and of the underlying lithographic processing techniques [4]. This
convergence has been the technical foundation of modern information and com-
munication technology [5], shaping a world where digital devices, from personal
computers to smartphones, have seamlessly integrated into our daily lives. These
devices have consequently given rise to a vast amount of services and applications,
including cloud-based services such as video streaming, the internet of things, re-
mote work or industrial automation. As a result, global internet traffic was already
predicted to surpass 4.8 zettabytes per year by 2022 [6], which corresponds to
more data traffic per day as ten years ago within about two weeks. Herein, mobile
and wireless devices contribute 20% of the total traffic, and are expected to exceed
a staggering 7 zettabytes per year by 2030 [7]. Optical communications is used
due to its high bandwidth to efficiently transmit the huge amounts of data involved.
This applies both to global communication networks as well as to datacenters,
where interconnecting hundreds of thousands of servers represents a major tech-
nical challenge. Yet, data are primarily generated and processed in electronic
form, thus requiring devices for electro-optic and opto-electronic conversion, i.e.,
modulators and photodiodes (PD). Electrical as well as optical device integration
has thus become key to create fast, efficient, and scalable communication systems.

Challenges and approaches for photonic assemblies

Against this backdrop, integrated optics has become one of the most important
technology drivers in information and communication technology in recent years.
Unlike electronics, where silicon has dominated as the principal material of choice
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for fabricating circuits [4], photonics spans a wide spectrum of material systems
and associated integration platforms, each tailored to specific needs. Among
these integration platforms, silicon photonics (SiP) [8] thrives in the telecom
sector, leveraging mature complementary metal-oxide-semiconductor (CMOS)
technology to achieve high yield and high-density device integration at low cost.
With silicon being optically transparent at the important optical communication
wavelength bands around 1.31 µm and 1.55 µm, this platform offers a variety of
passive components such as waveguides [9] and passive devices such as power
splitters [10], resonators [11], or filters [12] along with active devices, such as
electro-optic modulators based on the plasma-dispersion effect [13] or highly-
efficient waveguide-coupled germanium (Ge) PD [14]. However, the indirect band
gap of silicon impedes efficient light emission. For applications requiring light
sources or optical amplifiers, III-V compound semiconductors such as indium
gallium arsenide phosphide (InGaAsP) are key [15]. However, despite its potential
for efficient light generation and detection, the InP platform also suffers from draw-
backs such as comparatively high raw-material and processing costs in conjunction
with small substrate areas and comparatively low yield — facts which ultimately
limit the scalability of the associated PIC. In addition to SiP and InP, several other
material platforms have received attention over the previous years, comprising
also different variations of silicon-nitride-(Si3N4)-based PIC [11, 16, 17]. The
main reasons are the broadband transparency window of Si3N4, which reaches
from the ultraviolet (UV) to the mid-infrared (mid-IR) as a result of the large band
gap of the order of (3 . . . 4) eV. Two-photon absorption (TPA) is thus eliminated
as a critical impairment at high power levels as the photon energies of 0.95 eV
and 0.8 eV associated with the telecom wavelengths of 1.31 µm and 1.55 µm,
respectively, are below half the band gap energy of Si3N4 [18]. Furthermore, the
refractive-index-contrast between the Si3N4 waveguide core and the surrounding
silicon dioxide (SiO2) cladding is smaller than that for SiP circuits, which is key
to ultra-low-loss waveguides [19]. Consequently, intrinsic Q-factors of resonator-
based feedback circuits can be largely increased. These features are particularly
important for high-performance chip-scale lasers, which crucially rely on high
intra-cavity power levels and on low-loss frequency-selective feedback circuits
for achieving low phase noise performance [20, 21]. Furthermore, Si3N4 shows
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a Kerr-nonlinearity which, in combination with the possibility of engineering
the waveguide cross-section to achieve anomalous dispersion [16, 22], can be
leveraged for generating so-called Kerr-soliton frequency-combs in high-Q Si3N4

ring resonators [23–26]. However, silicon nitride is still limited to purely passive
functionalities and is unsuited for implementing PD, high-speed electro-optic
modulators, or light-emitting devices such as lasers or optical amplifiers.

As these examples illustrate, there is no universally applicable optical integra-
tion platform that can offer all functionalities to build high-performance systems.
As a consequence, photonic integration crucially relies on the combination of
different materials in a common system, and the associated approaches can be
largely subdivided into two fields: Chip-level hybrid integration, where differ-
ent material systems are combined in the front-end of the fabrication line, and
package-level hybrid integration processes, which combine fully processed dies
of different material systems by co-packaging in so-called multi-chip modules
at the back-end of the line. Chip-level hybrid integration comprises so-called
heterogeneous integration, which combines different materials based on transfer
of InGaAsP epitaxial layers to pre-processed passive silicon or silicon nitride
PIC using wafer bonding techniques [27–29]. While such concepts pave a path
towards high-density monolithic integration, the underlying processes are still
comparatively complex [30] and hence mainly suited for high-volume applications
that justify the associated technological overhead. Alternatively, individual dies
can first be processed on separate substrates and then be combined in a compact
multi-chip module using package-level hybrid integration. This concept comes
with a number of advantages, including the use of established manufacturing
processes for the respective dies as well as the possibility to optimize and test
individual components. This high degree of flexibility is furthermore beneficial
for coping with the requirements of a highly fragmented photonics market. How-
ever, coupling of light among PIC and the connection to the outside world via
fibers represent major challenges due to a possible mismatch of the mode-field
diameters (MFD) of the underlying components as well as stringent requirements
on the mechanical alignment. Since the associated MFD might range from 10 µm
for standard single-mode fibers (SMF) at 1.55 µm to hardly 0.5 µm for SiP wave-
guides, most PIC employ mode-expanding spot-size converters (SSC) [31, 32] or
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inverse tapers [33, 34]. Nevertheless, even if the MFD of the components can be
sufficiently matched, they are generally still tiny — bringing the chips in physical
contact in spite of similarly small alignment tolerances hence remains a laborious
task [35]. Achieving low-loss coupling is therefore usually not possible with
passive alignment procedures. Instead, slow and expensive active alignment tech-
niques must be pursued, where the coupling efficiency is continuously monitored
during the placement of each component. Such techniques add significantly to the
cost of photonic assemblies and are therefore a limiting factor for the scalability of
the corresponding systems [36, 37] — despite the mature wafer-level production
of the chips themselves.

Additive manufacturing of three-dimensional (3D) freeform coupling elements has
emerged as a promising concept to overcome this technological gap for photonic
assemblies. In this context, multi-photon lithography (MPL) [38] allows the
fabrication of nearly arbitrary 3D structures with tiny features on the nanoscale
and superior surface finish [39]. In MPL systems, the localized polymerization of
a photoresist material is initiated by irradiating the initially liquid material with a
focused femtosecond laser beam. Importantly, conventional microscopic imaging
techniques such as nonlinear fluorescence imaging or confocal laser scanning can
be employed for the detection of on-chip structures in the coordinate system of the
lithography tool. This allows for the precise alignment of the 3D-printed structures
with respect to optical interfaces or markers on the underlying PIC. Alignment
accuracies of the order of 100 nm can be achieved with such strategies [40],
thereby alleviating the need for costly high-precision assembly. Previous work
has explored hybrid optical multi-chip or fiber-chip assemblies using 3D-printed
dielectric waveguides, so-called photonic wire bonds (PWB) [J1, 40–42], as well
as facet-attached microlenses (FaML) [3, J5, J6, 43]. In the first approach, PWB
are used in analogy to electrical wire bonds, therefore requiring only moderate
accuracy in the initial positioning of PIC and fibers. The precise positions and
directions of the optical coupling interfaces are detected in a second step, once
the glued assembly is temporarily fixed within the MPL system. A suitable 3D
freeform trajectory of the PWB can be found, and the associated waveguide cross-
section along this path is adapted to match the MFD of the coupling interfaces on
either end of the PWB. Care must be taken such that all interfaces in the package
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remain accessible to the lithography tool during the writing process. Typical
dimensions of PWB are therefore limited to a single write field of the MPL system,
which corresponds approximately to a circle with a diameter of 400 µm. For
bridging larger coupling distances up to the millimeter range, MPL can be used
for 3D-printing of individually optimized beam-expanding microlenses on the
facets of PIC or fibers prior to final assembly. In this FaML-based approach, the
lensed components are then aligned with respect to each other in a second step.
As a result of the enlarged beams, alignment is greatly simplified and passive
assembly, e.g., based on industry-standard machine vision, becomes feasible.
With respect to PWB, this thesis focuses on demonstrating a chip-scale hybrid
external-cavity laser (ECL) that is based on low-loss Si3N4 feedback circuits,
and that comprises a PWB as intra-cavity coupling element to connect the InP-
based optical amplifier chip with the PIC providing frequency-selective feedback.
Regarding FaML, low-loss and alignment-tolerant coupling of individual cores of
multimode multicore fibers as well as multimode fiber arrays to standard arrays
of vertical-cavity surface-emitting lasers (VCSEL) or PD are demonstrated within
transceiver assemblies, that use the concept of space-division multiplexing (SDM)
for the parallel transmission of large data streams.

Challenges and approaches for terahertz assemblies

While photonics has revolutionized fiber-bound communication links, the milli-
meter-wave (mmW) and terahertz (THz) frequency range likewise opened up
new frontiers in wireless communications within the realm of future sixth-
generation (6G) networks [44]. Specifically, data transmission at carrier-
frequencies of hundreds of GHz has the potential to overcome bandwidth lim-
itations of current wireless networks, thereby enabling for example high-speed
wireless backhaul applications [45, 46]. In contrast to free-space optical links,
transmission at carrier frequencies in the mmW and THz frequency range are
typically less susceptible to attenuation by fog, scintillation, andmisalignment [45].
This enables an attractive trade-off between transmission capacity and resilience
to weather influences. However, this challenging territory, often referred to as the
"THz gap" [47], remained inaccessible for years due to the scarcity of efficient
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sources and detectors. Recent advancements in solid-state devices have made
THz signal generation and processing possible [48], but the need for packaging
solutions that facilitate efficient and broadband connections has become evident as
the electrical technologies prevalent at lower carrier frequencies are not arbitrarily
scalable to shorter and shorter wavelengths.

Historically, mmW and THz assemblies were based on precision-milled metallic
split-blocks [48, 49], facilitating highly efficient signal guidance and coupling
through hollow waveguides. However, the evolving need for weight and cost
reduction drove the demand for new packaging and assembly concepts for THz
circuits. In close analogy to photonic integration involving PIC, hybrid multi-
chip modules combining amplifiers based on monolithic microwave integrated
circuits (MMIC) with, e.g., THz signal sources, detectors and antennas hence play
a pivotal role in providing a versatile platform addressing the associated frequency
range. THz signals can for example be generated by means of opto-electronic
conversion, where the signal is first modulated onto an optical carrier which is then
downconverted to the THz domain in a second step. Hereby, photomixers such as
PD are commonly used for mixing of the two optical signals, which leads to a beat
note in the photocurrent centered about the difference frequency. In this context,
uni-traveling-carrier (UTC) PD coupled to optical waveguides on the InP platform
are particularly interesting due to their capability for high-speed operation as a
result of the large operating bandwidths [50]. The reverse operation, namely
the conversion of THz signals into the optical domain, can be achieved with
the help of fast photoconductors [51], ultra-broadband modulators [52] or plas-
monic internal-photoemission detectors (PIPED) [53], which could potentially
be co-integrated on the SiP platform. On the other hand, state-of-the-art MMIC-
based power amplifiers achieving operating bandwidths of more than 200GHz
are commonly based on InP heterojunction bipolar transistors (HBT) or in-
dium gallium arsenide (InGaAs) high-electron-mobility transistors (HEMT) [54].
In the associated multi-chip modules, electrical chip-to-chip and chip-to-board
interconnects between the various MMIC and the underlying packaging substrate
are usually realized by thermosonic ribbon bonding [49]. However, due to limited
control over the 3D geometry of the electrical conductors, a significant mismatch
of the characteristic impedances at the transition of interconnected transmission
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lines is hardly avoidable. A sizable parasitic inductance is furthermore introduced
if the electrical bond wires are getting extensively long [55]. Flip-chip intercon-
nects on the other hand suffer from a parasitic capacitance of the associated bond
pads or balls. Improving the performance thus crucially relies on the optimization
of the interconnect geometry [56]. In all these cases, however, the design freedom
and precision of the underlying manufacturing processes are limited and do in
particular not allow for a versatile adaption of the 3D geometry to the extent
that the characteristic impedance of the interconnect can be precisely controlled.
The achievable operational bandwidths of associatedmulti-chip modules are hence
limited to a narrow band due to increasing reflection and radiation losses at high
frequencies [49]. Other prevailing solutions that exploit on-chip antennas for
radiating into, e.g., hollow waveguides have the drawback of a limited antenna effi-
ciency and directivity. Although antennas that are suspended from the underlying
substrate can be used for improved performance, the associated complex fabrica-
tion and assembly still remain laborious tasks [49]. These challenges underpin
the urgency for innovative packaging solutions of THz assemblies that address the
specific demands while remaining cost-effective, compact, and efficient.

Within this thesis, the concept of 3D-printed coupling elements using MPL is
further extended to the field of mmW and THz assemblies. A novel approach
is introduced and experimentally demonstrated that exploits precisely localized
conductive coatings of in-situ printed polymer templates, obtained through highly
directionalmetal deposition techniques in combinationwith 3D-printed shadowing
structures. The resulting metal-coated freeform structures (MCFS) offer high
surface quality, low dielectric losses in the polymer base structure, and high
coating conductivities close to those of bulk metal, while alleviating the need
for additional mechanical assembly steps. Owing to the unprecedented design
freedom offered by this concept, the fabricated 3D-freeform mmW and THz
structures overcome the limitations of conventional planar architectures and offer
hitherto unachieved precision and functionality. The presented experimental
demonstrations comprise ultra-broadband chip-chip interconnects, THz probe
tips, and suspended THz antennas that are raised above the underlying substrate,
offering bandwidths in excess of 0.3THz.
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2 Theoretical and technological
background

This chapter introduces the theoretical and technological background which is
relevant for this work. Section 2.1 gives a general introduction to direct-write multi-
photon laser lithography (MPL), followed by a brief description of theMPL system
used within this work. In Section 2.2, key metrics of laser frequency noise are
presented and applied to the case of hybrid integrated external-cavity lasers (ECL).
Section 2.3 summarizes multiplexing techniques in optical fiber communications
with an emphasis on space-division multiplexing (SDM) in short-reach systems.
Finally, Section 2.4 outlines the fundamentals of millimeter-wave (mmW) and
terahertz (THz) technology including electrical transmission lines and antennas.

2.1 Direct-write multi-photon laser lithography

Over the previous two decades, multi-photon lithography (MPL) has emerged as
a powerful laser-based additive micro- and nanofabrication technique, enabling
precise fabrication of three-dimensional structures with unparalleled design free-
dom and highest resolution [38, 57]. The technology has been used in various
application fields, including (but not limited to) micromechanics [58], material
sciences [59], microfluidics [60], life sciences [61], microelectronics [62] as well
as photonics [3, 39, 42, 63], where in-situ printed optical coupling elements offer
new perspectives for package-level system integration [40, J5].
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2.1.1 Fundamentals of multi-photon lithography

In essence, multi-photon lithography relies on the simultaneous absorption of two
or more photons in the focal spot of a high-intensity laser. Interestingly, the process
of two-photon absorptionwas first postulated byMariaGöppert-Mayer1 in her 1930
doctoral thesis and one year later in a publication [64], although its experimental
demonstration was considered unfeasible at the time. It was only after the advent
of Theodore Maiman’s laser in 1960 that access to the necessary high optical
intensities became possible, leading to the first experimental verification of two-
photon absorption by Kaiser and Garrett in 1961 [65]. Despite this achievement,
it was not until three decades later, in the 1990s, that two-photon absorption found
practical applications, particularly in biological microscopy, where two-photon-
induced fluorescence microscopy is now widely used [66]. In 1997, Maruo and
coworkers played a pivotal role in advancing the field by pioneering two-photon
polymerization using a photo-sensitive polymer material [67]. The evolution of
MPL was further facilitated by the development of cost-effective and compact
fiber-based femtosecond (fs) lasers, replacing significantly more expensive mode-
locked titanium-sapphire lasers. Today, commercial lithography systems have
become readily available, leading to widespread adoption of MPL as a tool of
choice for high-resolution 3D lithography [68].

In MPL systems, negative-tone photoresists are commonly used, for which molec-
ular moieties in exposed regions are cross-linked and hence become insoluble in a
subsequent solvent-based development process. These photoresists usually consist
of soluble organic monomers2 and a photoactive substance, often referred to as a
photoinitiator. In most commonly used photoresists, the photoinitiator generates
free radicals upon exposure to light, thereby initiating a radical-polymerization
chain reaction. This process cross-links the monomers, each possessing one or

1 The two-photon absorption cross-section is typically given in the non-SI unit Göppert-Mayer (GM),
1 GM = 1 × 10−50 cm4 s per photon and molecule.

2 Various chemical systems have been employed for MPL photoresists, including epoxies [69],
thiol-ene chemistry [70] or (meth)acrylates [71]. Among these, multi-functional acrylates are
widely used due to their cost-effectiveness, availability, and rapid polymerization rates [72].
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more functional groups, and leads to the formation of a polymer chain or network.
Once a certain polymerization level is reached, the polymer network becomes
insoluble to the developer. To avoid unrestrained chain growth, which could
cause the entire material to be cross-linked and would hence impede localized
solidification as needed for defining 3D features with high spatial resolution, ter-
mination of this chain reaction is crucial. Termination can either occur through
reaction with other radicals or through the presence of inhibitors like dissolved
molecular oxygen [72] or deliberately added quenchers [73]. Photoresist materials
are therefore carefully engineered such that these termination effects are strong
enough to not negatively impact the achievable resolution. As a consequence, the
size of the polymerized volume element (voxel) is predominantly determined by
the level of exposure to the lithography radiation [74]. To model the influence
of the lithography system and the beam shape on the locally achieved degree of
polymerization within one such volume element, a common assumption is that the
amount of generated radicals is directly proportional to the deposited lithography
doseD [71]. The number of simultaneously absorbed photons which are required
to generate one radical is commonly referred to as the nonlinearity orderN . With
the exposure time τexp and a local photon flux ϕ proportional to the incident laser
power P , the accumulated exposure dose D can be expressed as

D ∝ τexp ϕ
N ∝ τexp P

N . (2.1)

The nonlinearity orderN depends on the photoinitiator aswell as on the lithography
wavelength. A significant number of photoinitiators known from traditional
photolithography using ultraviolet (UV) light also exhibit two-photon absorption
(N = 2) when exposed to near-infrared (NIR) light at approximately 800 nm, i.e.,
at half the UV photon energy. Nevertheless, it is also known that when using these
photoinitiators, more intricate absorption processes such as cascaded absorption
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via a triplet state arise, therefore resulting in higher nonlinearity orders (N > 2)
in many situations3 [71].

Despite the complex and hitherto not fully understood reaction kinetics of the
photoresists, the creation of micro-structures by MPL can generally be modeled
by two simplifying assumptions [75, 76]:

• Threshold behavior: According to the threshold model, the highly-nonlinear
dependence of the photoresist solubility on the exposure dose can be approxi-
mated by a step-like behavior. The material is only sufficiently cross-linked if a
certain local threshold doseDth is exceeded, whereas all regions withD < Dth

are not polymerized and do not remain after the development process.

• Dose accumulation: According to the accumulation model, a photoresist
"integrates" exposure doses over time4. The total locally deposited dose is
therefore given by D ∝

�
PN(t) dt, where PN(t) is the time-dependent local

incident laser power. Note that the validity of the accumulation model is subject
to some limitations5.

Figure 2.1 shows the simulated dose distributionsD for different lithography laser
wavelengths λ (measured in vacuum) and nonlinearity orders N . The depicted
normalized distributions are based on calculations of the optical point-spread

3 Experimental studies of the nonlinearity order have been performed by varying the repetition rate
and the pulse energy of the lithography laser when exposing lines with a constant velocity [71].
It was found that, for repetition rates above 100 kHz and depending on the chemical composition
of the specific photoresist, the nonlinearity order for the polymerization threshold lies in the
range N = 2 . . . 3, whereas the damage threshold indicated by micro explosions rather follows a
N = 5 . . . 7 dependency. This discrepancy arises, e.g., from heat accumulation in the photoresist
when using large pulse energies and/or high repetition rates, thus necessitating careful optimization
of the parameters for maintaining a wide process window.

4 The opposite of the accumulation model would be the forgetting photoresist, which completely
ignores all below-threshold exposures. So far, however, no practical viable forgetting photoresist
has been demonstrated.

5 For instance, photoresin diffusion processes or the decay of radicals are neglected. The model
also breaks down in cases where the laser power is chosen so low that the rate of oxygen diffusion
from the surrounding exceeds the rate of radical generation, thereby preventing polymerization
even for infinitely long exposure times. In analogy to similar effects in analog photography, this is
referred to as the Schwarzschild-effect [77].
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Fig. 2.1: Simulated normalized distributions of deposited lithography dose D in a photoresist
(n = 1.52) for different vacuum wavelengths λ of the lithography laser and for different nonlin-
earity orders N . The depicted distributions are based on calculations of the optical point-spread
function (PSF) assuming an immersion-objective with a numerical aperture of NA = 1.4. White
contour lines depict 3 dB steps of deposited dose. (a) Dose distribution for single-photon absorption
(N = 1) at λ = 780 nm, indicating a low resolution and significant axial side lobes. Hence, exposing
adjacent positions results in dose accumulation in all three dimensions, see Fig. 2.2. (b) Dose distri-
bution for two-photon absorption (N = 2) at λ = 780 nm, revealing an improvement in resolution
and largely suppressed side lobes. (c) Dose distribution for single-photon absorption (N = 1) at
λ = 780 nm/

√
2 ≈ 552 nm, providing nominally identical resolution as in Subfigure (b). However,

the influence of the axial side lobes remains much more pronounced.

function (PSF)6 assuming an immersion objective with a numerical aperture of
NA = 1.4 [38]. The refractive index of the photoresist, which simultaneously
acts as an index-matched immersion fluid between the substrate and the lithog-
raphy objective, is set to n = 1.52. White contour lines depict 3 dB steps of
deposited dose, taken with respect to the highest dose close to the center of
the voxel. When comparing Fig. 2.1(a) and (b), one can clearly see that for a
fixed lithography wavelength of, e.g., λ = 780 nm the dose distribution for two-
photon absorption (N = 2) is more confined than in the case of single-photon

6 The depicted optical PSF can be numerically calculated using the vectorial Debye approxima-
tion [38, 78].
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2 Theoretical and technological background

absorption (N = 1). Consequently, the resolution is enhanced as can be inferred
from the denser contour spacing. Generally speaking, by using an N -th order
absorption process, the achievable resolution improves by roughly a factor of√
N [75]. It is therefore often wrongly claimed that the enhanced optical resolu-

tion is the main advantage of multi-photon lithography. However, as can be seen
in Fig. 2.1(c), the nominally identical resolution as in the depicted two-photon
absorption case can also be achieved by a single-photon absorption process using
a green laser at λ = 780 nm/

√
2 ≈ 552 nm. In fact, by virtue of the threshold

model, arbitrarily small voxels could theoretically be solidified irrespective of the
nonlinearity order N or laser wavelength λ, given that the laser power P can be
adjusted such that only a small portion of the illustrated dose distributionD is just
above the threshold doseDth. Therefore, any of the contour lines in Fig. 2.1 could
depict a region where a polymerized voxel is formed — the size is especially not
limited to the optical resolution according to the Abbe diffraction limit [75].

The key advantage of using multi-photon lithography is only revealed when
fabricating complex three-dimensional bulk structures. In traditional single-
photon absorption (N = 1), the PSF exhibits significant side lobes as seen in
Fig. 2.1(a) and (c). The deposited doses for each focus therefore overlap in
the entire volume and are integrated according to the accumulation model. This
leads to unintentional dose accumulation and thereby polymerization outside of the
desired 3D-geometry ifDth is exceeded— a phenomenon known as the proximity
effect [1, 76]. This issue becomes especially pronounced when structuring large
thin areas oriented perpendicular to the axial direction of the lithography beam.
On the contrary, for multi-photon absorption (N ≥ 2) the axial lobes of the PSF
are suppressed significantly as seen in Fig. 2.1(b) for N = 2. Dose contributions
located at a larger distance to the voxel center therefore fail to add up to a significant
degree. This phenomenon can be more intuitively understood with the help of a
simple model, illustrated in Fig. 2.2 [1]. For a first exposure at a pointP0 within the
focal plane, a focal areaA0 with a uniform intensity I0 and consequently a uniform
dose D0 within are considered. The unintentionally accumulated dose D1 at a
second point P1, which is located outside the writing plane at an axial distance ∆z
from P0, can then be estimated. Owing to the s-fold increase of the lithography

14



2.1 Direct-write multi-photon laser lithography

Fig. 2.2: Simplified model for visualizing the impact of dose accumulation outside the writing plane
when structuring extended areas within a focal plane of the lithography laser (blue rectangle). For a first
exposure at a point P0 inside the focal plane, a focal area A0 with a uniform intensity I0 is considered.
For this illumination of A0, the unintentionally accumulated dose D1 at a second point P1, which is
located outside the writing plane at an axial distance ∆z from P0, can then be estimated. Owing to
the s-fold increase of the lithography beam cross-section in the plane of P1, the intensity I1 at P1 is
s-fold smaller, i.e., I1 = I0/s. However, scanning the laser beam within the projected area of A1 in
the focal plane of P0 (indicated by the dashed circle) will lead to an unintentional dose accumulation
at P1. This z-independent dose accumulation essentially impedes 3D structuring for N = 1, but may
be significantly reduced by utilizing an absorption process with a nonlinearity order N ≥ 2.

beam cross-section in the plane of P1, A1 = sA0, the intensity I1 at P1 is s-fold
smaller, i.e., I1 = I0/s. However, when the laser beam is laterally scanned within
the projected area of A1 in the focal plane of P0 (indicated by the dashed circle),
the dose at P1 will accumulate for the s non-overlapping point exposures required
to fill this area. For single-photon absorption (D ∝ I), we hence find that the
unintentionally accumulated dose is given by D1 ∝ s × I0/s = I0, which is
constant7 and in particular independent of the axial distance ∆z. On the other
hand, for the case of an N -th order absorption process (D ∝ IN ), the relation
becomes D1 ∝ s× I0/s

N = I0/s
N−1, such that the reduced dose accumulation

7 Strictly speaking, this is only correct if the absorbance of the input light in the photoresist can
be neglected between the two considered planes with separation ∆z. Nevertheless, printing
of 3D-structures is possible even when using linear absorption processes (N = 1) in practice,
since the accumulation model does not consider the case of very low exposure doses for which
practically no polymerization is observable independently of the exposure time, see also 5.
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2 Theoretical and technological background

leads to a drastically improved shape-fidelity. Nevertheless, the resolution of the
lithography system will ultimately be limited if two voxels are placed very close
to one another as a result of the overlapping dose distributions. The minimum
separation between the two voxels for which two adjacent features can still be
distinguished is determined by the multi-photon Sparrow criterion8 [75], and is
often referred to as the "resolution of the lithography system".

Another essential metric of an MPL system is the attainable aspect ratio of
a polymerized voxel. While the ideal voxel would be spherical, it becomes
evident from Fig. 2.1(b) that the voxel shape is typically elongated along the
axial coordinate z and further dependent on the exposure dose D. Assuming
that the tails of the dose distribution are sufficiently suppressed, we can make the
simplified assumption that the relevant center part of the distribution can be well
approximated by a 3D Gaussian distribution with standard deviations σr and σz

in the radial direction r and in the axial direction z, respectively,

D(r, z) ∝ e− r2
2σ2

r e− z2
2σ2

z . (2.2)

As can be seen fromEq. 2.2, the dose distributionD(r, z) is rotationally symmetric
with respect to the axis of the lithography beam and drops off from its on-axis
maximum value depending on the radial distance r. In the case of a low-NA
objective, the lateral and axial optical resolution lead to σr ∝ λ/n

NA/n and σz ∝
λ/n

(NA/n)2 , respectively [79]. The dose distribution in the radial direction hence
scales roughly linearly, while the size in the axial direction scales approximately
quadratically with the NA. For the aspect ratio of the voxel we consequently
find σz/σr ∝ n/NA = 1/ sin(θmax) with the objective acceptance angle θmax.
The need for high-NA objectives therefore becomes immediately apparent when
considering the fabrication of 3D-structures with fine details, in particular in the
axial direction. Note that for high-NA objectives there does not exist a closed
form expression for the PSF. Thus, numerical simulations as shown in Fig. 2.1

8 For conventional optical instruments, the Sparrow limit is defined as the distance between two
point objects of equal intensity at which a dip half way between them ceases to be visible in the
joint intensity distribution.
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2.1 Direct-write multi-photon laser lithography

are used to approximate the expected lithography resolution as well as the exact
aspect ratio of the voxel. Empirical approximations for σr and σz for NA > 0.7
are given as9 [66]

σr = 0.230√
N

× λ

NA0.91 ,

σz = 0.376√
N

× λ

n−
√
n2 − NA2

.
(2.3)

When using identical values as for the dose simulations in Fig. 2.1, namely an
objective with NA = 1.4 immersed in a photoresist with n = 1.52 at a lithography
wavelength of λ = 780 nm, we find from Eq. 2.3 σr ≈ 93 nm and σz ≈ 230 nm
for a two-photon process (N = 2). The aspect ratio of the voxel is given as
σz/σr ≈ 2.5. These values correspond to full-width at half maximum (FWHM)
beamwidths ofwr,FWHM = 220 nm andwz,FWHM = 526 nm, which can be directly
interpreted as the voxel size in the lateral and the axial direction, respectively,
if the threshold dose Dth lies at half of the peak dose. The corresponding region
is depicted in Fig. 2.1(b) by the contour line at −3 dB.

2.1.2 Lithography system

The fabrication of 3D-printed coupling structures for photonic and terahertz
assemblies does not only require highest resolution on the sub-micrometer scale,
but also precise alignment of the fabricated structures with respect to existing
circuitry or alignment markers on the underlying substrates. Within this thesis,
a lithography machine from preceding work [2] was used, see Fig. 2.3. Only minor
modifications in the respective processes and machine software were required for
the experimental demonstrations presented in Chapter 3, 4 and 5.

9 Note that among various literature sources, the widths of a Gaussian distribution with given
standard deviation σ may be defined differently. The width could be referred to as 1/e half-
width w1/e =

√
2 σ ≈ 1.41 σ, as 1/e2 half-width w1/e2 = 2 σ or as full-width at half maxi-

mum (FWHM) wFWHM = 2
√

2 ln 2 σ ≈ 2.35 σ.
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2 Theoretical and technological background

The MPL system is implemented as a versatile setup designed to combine high-
resolution nanolithography and advanced imaging capabilities. The core of the
system is a fs-laser source emitting 58 fs pulses at a repetition rate of 100MHz
at λ = 780 nm. A pulse compressor pre-chirps the pulses to compensate the
group delay dispersion (GDD) introduced by various optical components in the
system. The optical power of the laser beam is modulated using an acousto-optic
modulator (AOM). The beam then passes the optical setup until it reaches an
inverted microscope10, where a high-NA objective11 focuses the laser beam into
the liquid photoresist, which concurrently serves as an index-matched immersion
medium. The AOM allows for precise control of the laser intensity, enabling the
deposition of specific exposure doses in the photoresist. Galvanometric mirrors
are used for fast scanning of the beam in the (x, y)-plane, allowing the layer-by-
layer fabrication of complex 3D structures at manageable fabrication times. For
controlling the z-position, a piezoelectric actuator moves the microscope objective
accordingly. The high NA of the objective ensures a small focal spot, resulting
in sub-micron resolution during the fabrication process. To achieve the highest
possible NA and thus the smallest possible voxel size, a variable beam expander
is integrated into the system. The beam expander ensures that the rear aperture of
the objective is fully illuminated, thereby maximizing the effective NA.

The lithography system also offers two advanced imaging modalities: confocal
laser imaging and fluorescence imaging, both operated at laser powers far below the
polymerization threshold. For confocal imaging, the lithography focus is scanned
throughout the sample, and the recorded signal levels of the back-scattered light
can be used for reconstruction of a volumetric image based on the known focus
locations. This proves especially useful for the detection of strongly reflective
surfaces within the sample, where the large amount of reflected light leads to a
high signal-to-noise ratio (SNR). The acquired images are furthermore inherently
aligned to the coordinate systemof the lithography system, and fabricated structures

10 In such a configuration, the microscope objective in fact points upwards and the sample is mounted
inside the MPL system upside-down.

11 The depicted MPL system can be operated with different objectives. Within the scope of this
thesis, the 3D-printed coupling structures presented in Chapter 3 have been fabricated using a
63× / 1.4 objective. All other samples have been printed with a 40× / 1.4 objective.
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2.1 Direct-write multi-photon laser lithography

Fig. 2.3: Schematic of the MPL system [2] used for this work. Abbreviations: AOM – acousto-optic
modulator; BS – beam splitter; PD – photodetector; MMF – multimode fiber; PMT – photo multiplier
tube. The lithography system utilizes a femtosecond (fs) laser emitting around a vacuum wavelength
of λ = 780 nm, the power of which can be modulated by an acousto-optic modulator (AOM). After
the modulator, the beam passes through the optical setup and reaches an inverted microscope, where
a high-NA objective focuses the laser beam into the liquid photoresist which concurrently serves as
an index-matched immersion medium. Galvanometric mirrors are used for fast scanning of the beam
in the (x, y)-plane. For controlling the z-position, a piezoelectric actuator moves the microscope
objective accordingly. The MPL system is equipped both with a confocal as well as a fluorescence
imaging path for precise detection and alignment of the fabricated structures with respect to existing
features on the sample. The illumination for standard bright-field microscopic imaging has been
omitted for simplicity. Adapted and reproduced with permission from [1, 2].
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can thereby be precisely aligned with respect to existing circuitry or alignment
markers on the underlying substrates. Note that finding the desired sample position
based on a maximum of the confocal signal requires precise axial alignment
of the confocal pinhole, which can be done using a suitable test target. As a
complementary modality, fluorescence imaging relies on multi-photon excitation
of the photoinitiator and a parasitic decay path present in the photoresist [80],
which leads to the emission of fluorescent light only if the focal spot is within the
material. Since this highly localized fluorescence emission occurs specifically at
the focal spot of the laser beam, no additional spatial filtering is required due to
its confined nature. Fluorescence imaging proves particularly valuable for weakly
reflecting interfaces, such as resist-glass interfaces and hence allows for accurate
determination of interface height and monitoring of the optical resolution of the
MPL system without relying on the alignment of specific optical components such
as pinholes, see Appendix D of [2] for more details.

One critical aspect of any MPL system is the achievable peak printing rate
(in voxels/s), which is loosely determined by the scanning speed of the laser
focus vscan for a specific lateral voxel size12. Typical scanning speeds used within
the framework of this thesis are of the order of 50mm/s, resulting in peak printing
rates of approximately 2 × 105 voxels/s when considering the simulated lateral
voxel size of wr,FWHM = 220 nm. The scanning speed vscan ∝ 1/τexp could
be further increased by appropriately scaling the laser power P in proportion to
N
√
vscan as to maintain the effective dose for a given nonlinearity order N , see

Eq. 2.1. Peak printing rates of up to 107 voxels/s have already been demonstrated
with an AOM-based scanning system [81]. Further parallelization of the printing
process can be achieved through the use of multiple voxels in conjunction with
a digital phase mask, which can lead to printing rates of up to 108 voxels/s [81].
Typical volume printing rates for MPL13 lie in the range (10−9 . . . 10−2)mm3/s.

12 In practice, the maximum focal scanning speed can only be reached for large structures with a
high fill factor, for which the scanning direction does not change too often within a single writing
field. The overall volume printing rate is often additionally limited by the settling time of the
piezoelectric drive which is used to move the comparatively heavy objective lens.

13 An up to date overview of the performance parameters for various printing techniques can be
found here: https://3dprintingspeed.aph.kit.edu.
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2.1 Direct-write multi-photon laser lithography

It is also worth mentioning, that significant efforts have recently been spent to
replace expensive fs-lasers in conventional MPL setups by cheap continuous-
wave (CW) lasers through the use of so-called two-step absorption as the primary
excitation mechanism [82–84]. In this concept, a special photoinitiator is added
to the photoresist to permit the excitation of electrons into a real idle state
via a first single-photon absorption step. Absorption of a second photon via
another single-photon process then allows the electron in the idle state to reach an
energetic level fromwhich the polymerization reaction is started14. This successive
two-step excitation can take place, e.g., using a single 405 nm CW laser if the
absorption spectra of the ground and intermediate state overlap sufficiently15 [82].
Importantly, the same quadratic dependency on the incident power as for two-
photon absorption (N = 2) is achieved, permitting a similar resolution. However,
the achievable printing rates of the order of 104 voxels/s are currently still limited
by the lifetime associated with the intermediate state [82]. Alternatively, the
photoresist is engineered such that the absorption spectrum of the ground state is
maximum at the emission wavelength of a first laser, whereas the intermediate state
is only sensitive to an exposure at the wavelength of a second laser. This so-called
two-color two-step absorption can be used to reach improved volume printing rates
of (10−2 . . . 102)mm3/s at the expense of larger voxel sizes in a light-sheet-type
printing configuration [83]: In this approach, the beam of a CW laser emitting at
660 nm is shaped into a flat sheet of light parallel to the substrate. A 440 nm CW
laser then projects a high-resolution image into a focal plane coinciding with the
light sheet. Polymerization can thus only occur in the regions where both beams
overlap. Although this technique could in principle be beneficial for reducing the
fabrication time— especially for mmW and THz structures with dimensions up to
the mm-range — the concept can neither be readily applied to photonic nor THz
multi-chip assemblies since the various dies on the submount severely restrict the
accessibly of the coupling interfaces to the light sheet.

14 Suitable photoinitiators for such chemical systems are known as reluctant Norrish type-I com-
pounds [38] and comprise, e.g., benzil or biacetyl. Quenchers and scavengers are commonly
added to ensure that no chemical reaction is triggered from the intermediate state [82, 83].

15 An additional laser at 532 nm may be used for promoting transitions from the intermediate state,
thereby increasing the polymerization rate and consequently the achievable printing speed [84].
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2.2 Laser frequency noise and linewidth

Lasers with high spectral purity are important in various fields, including precise
frequency measurement [85], advanced spectroscopy [86], high-speed coherent
optical communications [31], or quantum photonic applications [87], just to name
a few. Even for a single-frequency laser, where essentially all power is confined
in a single resonator mode, the emitted light is never perfectly monochromatic
as the amplitude and phase will undergo random fluctuations which are, e.g.,
triggered by spontaneous emission in the laser gain medium. While amplitude
fluctuations lead to laser intensity noise16, phase fluctuations and associated phase
and frequency noise lead to a non-zero spectral width δf of the emitted laser line
or, equivalently, to a limited temporal coherence. Note that frequency and phase
noise are often used interchangeably, in essence describing the same phenomenon
in different ways17.

2.2.1 Metrics of laser frequency noise

Historically, there exist two interrelated yet different definitions which are com-
monly used when referring to the frequency noise of a laser as illustrated in Fig. 2.4.
The spectral characteristics can be described either in terms of the power spectral
density (PSD) of the instantaneous optical frequency fluctuations SF(f), often
simply called the frequency-noise spectrum, Fig. 2.4(a), or by means of the optical

16 In this context, the frequency-dependent so-called relative intensity noise RIN(f) is commonly
used as a metric. The quantitiy RIN(f) df indicates the relative power fluctuations within an
infinitesimally small frequency interval df with respect to the average overall optical power of
the laser. RIN(f) can hence be integrated over a specified measurement bandwidth to obtain a
root-mean-squared (RMS) value of the dimensionless RIN, which may be specified in percent.
The RIN of a laser source is usually quantified by specifying the RIN within a reference bandwidth
of 1Hz on a dB scale, indicated by the unit dBHz−1.

17 In fact, frequency noise refers to the instantaneous frequency deviation of the laser tone under
consideration from an ideal tone with constant frequency and corresponds to the time-derivative
of the associated phase deviations. An ideally constant frequency corresponds to a linear increase
of phase as a function of time — any random deviation of the time-dependent phase from this
purely linear phase evolution can therefore be attributed to frequency noise.
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2.2 Laser frequency noise and linewidth

Fig. 2.4: Typical frequency-noise spectrum SF(f) and associated line shape SE(f̃) of a single-
frequency laser oscillating at f0 = 1.55µm. (a) The frequency-noise spectrum can be modeled
as a sum of individual noise contributions Sαf−α of integer order α, and the corresponding fit
is given by the blue dashed line (αmax = 3). Depending on the observation time τ0, different
parts of the frequency-noise spectrum influence the associated line shape in fundamentally different
ways. The frequency-noise spectrum can therefore be divided in two distinct regions, defined by
the so-called β − separation line Sβ(f) = (8 ln(2) f)/π2, for which SF(fcut) = Sβ(fcut) =
(8 ln(2) fcut)/π2 holds true. For long observation times τ0, higher-order noise contributions (α ≥ 1)
at low Fourier frequencies dominate, and the linewidth δfFWHM,G is proportional to the red-shaded
area

√
A, which is defined by fcut and by the minimum observable Fourier frequency fmin = 1/τ0.

For sufficiently short observation times τ0, the relevant part of the frequency-noise spectrum at Fourier
frequencies f > fmin becomes purely white (α = 0), and the associated linewidth is given by
δfFWHM,L = πS0 ≈ 1 kHz (green line). (b) The line shape SE(f̃) for an observation time of
τ0 = 20ms can be well approximated in the central region by a Gaussian (δfFWHM,G, red dotted
line), whereas the tails are best reproduced by a Lorentzian function (δfFWHM,L, green dotted line).
The overall line shape can be modeled by a Voigt function, leading to the linewidth δfFWHM,V.

"line shape" SE(f̃), which is defined as the PSD of the optical field, Fig. 2.4(b).
While both approaches complement each other, knowledge of the frequency-noise
spectrum generally provides more comprehensive information about the origin of
the laser frequency noise as will be motivated in the following [88, 89].

As a starting point, we consider an optical field with a constant amplitude18

E0 (in units of
√
W ) oscillating at the frequency f0 which is described by

E(t) = E0e j[2πf0t+φ(t)], where φ(t) are random phase fluctuations. The instanta-
neous frequency f̃(t) is then given by the temporal derivative of the overall phase,

18 Note that E0 can effectively be considered to be constant since amplitude fluctuations are strongly
damped as a result of gain saturation in the laser resonator [90]. The influence of amplitude noise
on the phase fluctuation φ(t) is therefore neglected.
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i.e., f̃(t) = f0 + dφ
dt /(2π) = f0 + δf̃(t) with the term δf̃(t) describing the fluc-

tuations of the instantaneous frequency originating from the random phase φ(t).
We further assume that the phase change ∆φ(t1, t2) = φ(t2) −φ(t1) in-between
times t1 and t2 can be described by a zero-mean stationary Gaussian random
process, which means that its characteristics such as the variance do not depend
on the choice of the origin of time, but rather on the time difference τ only, i.e.,
∆φ(t, τ) = φ(t+ τ) −φ(t). The coherence function (autocorrelation) associated
with the fluctuations of the instantaneous frequency deviation δf̃(t) is then given
as Γδf̃ (τ) = δf̃(t) δf̃(t+ τ), and the frequency-noise spectrum SF(f) can be
calculated as the associated Fourier transform19,

SF(f) = F
{

Γδf̃ (τ)
}

= 2 ℜ

{� +∞

0
Γδf̃ (τ) e−j2πfτ dτ

}
. (2.4)

A typical frequency-noise spectrum of a single-frequency laser (f0 = 1.55 µm) is
shown in Fig. 2.4(a). It can be conveniently modeled as a sum of the individual
noise contributions20 of integer order α ≥ 0, as given by

SF(f) =
αmax∑
α=0

Sαf
−α. (2.5)

The frequency-noise spectrum can hence be considered as a superposition of
a spectrally constant white frequency noise S0f

0 (α = 0), flicker frequency
noise S1f

−1 (α = 1), random-walk frequency noise S2f
−2 (α = 2) as well

as higher-order frequency-noise contributions (α > 2). A fit for αmax = 3 is

19 This is known as the Wiener-Khinchin theorem [91, 92], which states that the spectral
decomposition of the autocorrelation function of a stationary random process is defined by its
power spectrum. Note that we consider single-sided spectral densities throughout this thesis.
Since all phase and frequency signals are real signals, their PSD are even functions and the
negative frequency half-plane is therefore redundant.

20 The primary source of phase noise is rooted in quantum effects, specifically the spontaneous
emission in the gain medium and quantum noise linked to optical losses. Additionally, technical
and environmental factors such as vibrations and fluctuations of the pump current or temperature
contribute to the overall noise.
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illustrated in Fig. 2.4(a) by the blue dashed line. In close analogy, we can define
the coherence function of the optical light field as ΓE(τ) = E*(t)E(t+ τ),
where (.)* denotes the complex conjugate. Inserting the ansatz for E(t) yields

ΓE(τ) = E2
0 e j2πf0τ e j ∆φ(t,τ). (2.6)

We then use the definition of the so-called moment-generating function for a
zero-mean random Gaussian process to find [93]

e j ∆φ(t,τ) = e−∆φ(t,τ)2/2 = e−σ2
∆φ/2, (2.7)

where σ2
∆φ denotes the variance of the phase difference. As shown in [88, 94],

the variance σ2
∆φ may be written in terms of the frequency-noise spectrum as

σ2
∆φ = 4

� +∞

0
SF(f) sin2(πfτ)

f2 df. (2.8)

By inserting Eqs. 2.7 and 2.8 in Eq. 2.6, the coherence function is re-written as

ΓE(τ) = E2
0 e j2πf0τ e−2

� +∞
0 SF(f) sin2(πfτ)

f2 df
. (2.9)

Using Eq. 2.9, the spectral line shape SE(f̃) is finally calculated as the Fourier
transform of the coherence function ΓE(τ), i.e.,

SE(f̃) = 2 ℜ

{� +∞

0
ΓE(τ) e−j2πf̃τ dτ

}
,

= 2 ℜ

{� +∞

0
E2

0 e−j2π(f̃−f0)τ e−2
� +∞

0 SF(f) sin2(πfτ)
f2 df dτ

}
,

= 2E2
0

� +∞

0
cos[2π(f̃ − f0)τ ] e−2

� +∞
0 SF(f) sin2(πfτ)

f2 df dτ.

(2.10)
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In the general case of a frequency-noise spectrum according to Eq. 2.5, it is
not possible to obtain an analytical expression for Eq. 2.10. The laser line
shape in Fig. 2.4(b) was therefore numerically calculated21 from the associ-
ated frequency-noise spectrum in Fig. 2.4(a). To calculate the line shape us-
ing the Fourier transform in Eq. 2.10, one has to integrate for an infinite time.
In real measurements, however, this is of cause not possible and instead a finite
observation time τ0 is chosen, which can then be considered as the upper limit
of the outer integral in Eq. 2.10. The minimum Fourier frequency fmin that
is considered in such a measurement is given by the inverse of the observation
time, fmin = 1/τ0. This value can then be considered as the lower limit of the
integral over SF(f) in Eq. 2.10. The result of Eq. 2.10 hence depends on the
choice of this observation time τ0, whereby the exact shape of the frequency-
noise spectrum SF(f) plays a crucial role. However, it has been shown [95]
that the frequency-noise spectrum SF(f) can be divided in two distinct regions,
which influence the resulting line shape SE(f̃) in fundamentally different ways
depending on the observation time τ0. The line isolating these two areas is called
β− separation line, which is given by the relation [95]

Sβ(f) = 8 ln 2
π2 f. (2.11)

The intersection point of the actual frequency-noise spectrumand the line according
to Eq. 2.11 defines a "cutoff" frequency fcut, for which SF(fcut) = Sβ(fcut) =
(8 ln(2) fcut)/π2 holds true. In Fig. 2.4(a), the β− separation line is drawn
in red, and from the intersection point with SF(f) we find fcut ≈ 47 kHz.
The range f < fcut of the frequency-noise spectrum plays a role in particular for
long observation times, whereas the range f > fcut has an effect predominantly
for short observation times. This is explained in more detail in the following.

21 Importantly, knowledge of the frequency-noise PSD SF(f) enables retrieval of the laser line
shape SE(f̃), while the reverse process, i.e., finding the frequency-noise spectrum from the laser
line shape is not generally possible as the origin of the noise sources and underlying statistics are
not captured in the line shape. The relation between the frequency-noise spectrum and the line
shape is hence not bijective [88, 95].
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Long observation times: For long observation times τ0 ≫ 1/fcut, the extracted
line shape SE(f̃) will be predominantly determined by the frequency-noise contri-
butions at low Fourier frequencies f < fcut. As can be inferred from Fig. 2.4(a),
higher-order noise sources (α ≥ 1) are most pronounced in this regime. It has
been shown [95], that such noise contributions with a spectral density SF(f) larger
than their respective Fourier frequency f give rise to an autocorrelation function
which is governed by a multiplication of various Gaussian functions [95], and the
spectral line shape SE(f̃), which is given as the Fourier transform in Eq. 2.10, can
consequently be approximated by a Gaussian function as well, i.e.,

SE(f̃)
∣∣∣
f<fcut

∝ e
− (f̃−f0)2

2σ2
G . (2.12)

The associated FWHM linewidth δfFWHM,G = 2
√

2 ln 2σG is often referred to
as the "effective" or "long-term" linewidth of the laser. The minimum Fourier
frequency that is considered in a measurement is given by the inverse of the
observation time, fmin = 1/τ0, and for fcut > 5fmin, a good approximation of
the associated linewidth22 is given by

δfFWHM,G ≈
√

8 ln 2×A ∝
√
A, (2.13)

where A =
� fcut

fmin
SF(f)df . In Fig. 2.4(a), A can be interpreted as the red-shaded

area under the frequency-noise spectrum in the region SF(fmin < f < fcut). For
our example, we find δfFWHM,G ≈ 6MHz for an observation time of τ0 = 20ms,
and the associated Gaussian function (red dotted line) represents a good fit to the
central line shape region, see Fig. 2.4(b).

22 In the presence of noise contributions with α > 0, the approximation obviously yields larger
values for long-term linewidths δfFWHM,G for measurements with smaller fmin, i.e., the
effective linewidth δfFWHM,G increases with the observation time τ0. In fact, for infinitely long
observation times, the area A and consequently Eq. 2.13 diverge, which is consistent with the
picture of a random-walk process for which the standard deviation tends to infinity with time.
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Short observation times: The impact on the line shape SE(f̃) for short obser-
vation times τ0 ≪ 1/fcut is primarily determined by the high Fourier frequency
contributions f > fcut. Notably, if the lower frequency limit fmin = 1/τ0 can
be assumed to be high enough, the impact of higher-order noise contributions is
fully excluded. In this case, the relevant part of the frequency-noise spectrum can
be considered purely white (α = 0), and Eq. 2.9 can be analytically solved for a
constant noise floor SF(f) = S0. This results in

ΓE(τ) = E2
0 e j2πf0τ e−π2S0|τ | = E2

0 e j2πf0τ e−πδfFWHM,L|τ |, (2.14)

and using Eq. 2.10 we find a Lorentzian line shape

SE(f̃)
∣∣∣
f>fcut

∝ 1
π

(δfFWHM,L/2)
(f̃ − f0)2 + (δfFWHM,L/2)2

. (2.15)

The associated FWHM linewidth is given as

δfFWHM,L = πS0, (2.16)

and is often referred to as the "intrinsic", "instantaneous", "short-term" or "funda-
mental" linewidth of the laser. Importantly, the linewidth δfFWHM,L may be easily
extracted from the frequency-noise spectrum by fitting Eq. 2.5 to the measurement
data and finding S0 in the high-frequency limit, as indicated by the green line
in Fig. 2.4(a). For our example, we find δfFWHM,L ≈ 1 kHz with the help of
Eq. 2.16, and the tails of the line shape are well reproduced by the associated
Lorentzian function (green dotted line), see Fig. 2.4(b).

For quantifying the degree of temporal coherence, we may equivalently define the
so-called coherence time τc as the time over which ΓE(τ) has decayed to 1/e of
its maximum value at τ = 0. Using Eq. 2.14, we find ΓE(τc) != ΓE(0)/e ↔
1−πδfFWHM,L τc

!= 0, leading to a coherence time τc = (π δfFWHM,L)−1 which
scales inversely with the laser linewidth. For our example we find τc ≈ 0.3ms,
which corresponds to a coherence length of about 95 km in air.
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2.2 Laser frequency noise and linewidth

Remarkably, the linewidth δfFWHM,L as derived in the previous paragraphmatches
the fundamental (quantum-limited) linewidth as already predicted by Schawlow
and Townes in 1958 before the first laser was even invented [96]. With the
corrections introduced by Lax in 1967 [97], and the additions made by Henry
in 1982 [98], the fundamental linewidth can be written as23

δfFWHM,L = π hf0 ∆f2
cav

P
=
v2

g hf0 (αi + αm)αm nsp

4π P (1 + α2
H). (2.17)

In this relation, hf0 is the photon energy with Planck’s constant h, ∆fcav =
(2πτp)−1 = vg(αi + αm)/(2π) is the FWHM bandwidth of the passive laser
cavity given in terms of the photon lifetime τp, or, equivalently, in terms of the
distributedmodal power loss of the laser waveguideαi (not including contributions
from band-to-band transitions), the distributed power loss of the two mirrors αm

(both in units of 1/m), and the group velocity vg. P relates to the laser output
power, nsp is the spontaneous emission factor [99], and αH is the so-called Henry
or linewidth-enhancement factor [98, 100], which takes into account linewidth-
broadening effects due to amplitude-phase coupling that result from a dependence
of the refractive index on the carrier density. Typical values for semiconductor
lasers are of the order of αH = 2 . . . 5 and can reach up to 9 [100], thus causing a
significant increase of δfFWHM,L.

It should also be noted that the overall laser line shape SE(f̃) is sometimes
represented as a Voigt function [93, 101], which is effectively the result of
a convolution of a Gaussian and a Lorentzian profile. The resulting FWHM
linewidth δfFWHM,V is referred to as the "integrated" linewidth, and for the
depicted example, we can simply extract δfFWHM,V ≈ 8MHz from the −3 dB
points in Fig. 2.4(b). A single definition of the laser linewidth δf , which can fully
describe the laser frequency noise, does hence not exist, and the full frequency-
noise spectrum SF(f) needs to be measured and analyzed instead. Although in
many applications, such as in coherent optical communications, a measurement

23 The first expression in Eq. 2.17 corresponds to the original formula as derived by Schawlow and
Townes, which holds true only for a purely white noise limited four-level single-frequency laser
without amplitude-phase coupling [96].
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of the laser linewidth δfFWHM,L often suffices24, a more thorough understanding
of the spectral distribution of the frequency fluctuations is required in, e.g.,
spectrometry, metrology, or sensing applications [104].

2.2.2 Linewidth reduction in external-cavity lasers

By taking a closer look at Eq. 2.17, first strategies for reducing the intrinsic laser
linewidth can already be deduced: Considering that δfFWHM,L ∝ ∆f2

cav, lowering
the bandwidth∆fcav of the passive laser resonator is certainly a good starting point.
For gaining a more detailed understanding of the underlying parameters, we first
introduce the cavity round-trip length 2L and the associated round-trip time τrt =
2L/vg. In a second step, the cavity bandwidth is then simply rewritten in terms
of the round-trip time and cavity length as ∆fcav = 2L(αi + αm)/(2πτrt) [105].
Two effective recipes for reducing the linewidth are hence to increase the round-trip
time τrt ∝ L, i.e., making the cavity longer, as well as to minimize the round-trip
losses 2L(αi + αm) [104].

In the case of integrated external-cavity lasers (ECL), one side of a Fabry-Pérot
diode laser consisting of a gain section with length Lgain is connected to an
external passive feedback circuit of length Lpass, thereby extending the cavity to
LECL = Lgain + Lpass ≫ Lgain. At the same time, minimizing the distributed
resonator losses αi + αm as determined by the gain element, passive waveguide
(WG) sections as well as the coupling interfaces in-between, is of great importance.
This can for example be achieved by using low-loss silicon nitride (Si3N4) WG [11,
16, 17] for the passive sections and by maintaining low coupling losses within
the cavity. Importantly, the external cavity needs to exhibit a strong dispersive
behavior in order to provide frequency-selectivity and permit single-mode oper-
ation in spite of the long laser cavity. In practice, various types of integrated

24 The impact of frequency noise in optical communication links depends, e.g., on the specific
symbol duration and modulation format used. Shorter symbol durations are generally less prone
to frequency noise, as the associated short observation times lead to the line shape being mainly
determined by the frequency-noise contributions at high Fourier frequencies [102, 103].
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2.2 Laser frequency noise and linewidth

extended cavities have been demonstrated [106], among which single-frequency
Bragg gratings [107] and (frequency-tunable) ring resonators [20, 108] are most
commonly used. Surprisingly, if the lasing mode of an ECL is appropriately de-
tuned with respect to the resonant reflection of the external feedback, the influence
of the amplitude-phase coupling related to the Henry factor αH in Eq. 2.17 can be
counteracted [109–111]. The associated linewidth narrowing thereby enables the
operation at fundamental linewidths even below the Schawlow-Townes limit.

In order to shed light on the origins of this effect, we first consider a simple Fabry-
Pérot diode laser with cavity lengthLgain and (amplitude) reflection coefficients r1

and r2 of the two mirrors. We can then start from two well-known conditions that
must be fulfilled to achieve lasing operation: First, the distributed cavity power
gain g (in units of 1/m) must equal the distributed cavity losses αi + αm, i.e.,

g
!= αi + αm = αi − ln(r2

1 r
2
2)/2Lgain = αi − ln(r1r2)/Lgain. (2.18)

In this expression, the distributed mirror lossαm = − ln(r1r2)/Lgain is expressed
in terms of the two reflection coefficients r1 and r2 as well as the cavity round-trip
length 2Lgain. Second, the accumulated phase during one round-trip through the
resonator must be an integer multiple of 2π, i.e., 2Lgainβ(ω) != 2πm form ∈ N
with the intra-cavity propagation constant β(ω) = ωne(ω)/c. Hereby, ne(ω) is
the so-called effective refractive index of the associated WG mode, which depends
on the materials and the geometry of the underlying WG structure [112]. In this
context, it is common practice to express β(ω) as a Taylor series around an angular
carrier frequency ωc = 2πfc of an optical field of interest,

β(ω) =
∞∑

n=0

1
n! β

(n)
c (ω − ωc)n, β(n)

c = ∂nβ(ω)
∂ ωn

∣∣∣∣
ω=ωc

. (2.19)
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Is is usually sufficient to only consider the first three Taylor coefficients β(0)
c , β(1)

c

and β(2)
c , which are given as

β(0)
c = ωcne,c

c
,

β(1)
c = 1

c

[
ne(ω) + ω

∂ ne(ω)
∂ ω

]∣∣∣∣
ω=ωc

= neg,c

c
= 1
vg,c

,

β(2)
c = ∂β(1)(ω)

∂ ω

∣∣∣∣∣
ω=ωc

= 1
c

∂ neg(ω)
∂ ω

∣∣∣∣∣
ω=ωc

.

(2.20)

In these relations, neg(ω) = ne(ω) + ω ∂ ne(ω)
∂ ω = c/vg(ω) is the effective group

refractive index and the subscript c is used to denote quantities at the carrier
frequency ω = ωc. Using Eq. 2.19 and 2.20 to approximate β(ω) by the first two
Taylor coefficients (nmax = 1) yields the round-trip phase condition [111]

2Lgainβ(ω) ≈ 2Lgain

[ωcne,c

c
+ ω − ωc

vg,c
− αH

g

2

]
!= 2πm, m ∈ N, (2.21)

where ne,c refers to the effective refractive index at a gain of g = 0 and the term
αHg/2 is introduced due to amplitude-phase coupling25.

In a next step, we analyze the influence of a frequency-dependent facet
reflectivity as caused by an external-feedback circuit using the so-called effective
mirror model [111]. One of the two mirror reflectivities is therefore replaced by
a complex amplitude reflection coefficient, i.e., r2 → reff(ω) = |reff(ω)|e jΦ(ω).
To still fulfill the lasing conditions given by Eqs. 2.18 and 2.21, the new phase
term Φ(ω) must be added to the left-hand sides of Eq. 2.21, whereas the mir-
ror reflectivity r2 in Eq. 2.18 is exchanged by the effective reflectivity |reff(ω)|.
We then find the change in gain δgECL associated with the fluctuations of the
angular ECL emission frequency δω̃ECL by linearizing the modified Eq. 2.18

25 The factor of 1/2 accounts for the conversion from power to amplitude gain.
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with respect to an operating point g0 = g(ω0), which is located above threshold.
To this end, we first derive Eq. 2.18 with r2 = |reff(ω)| with respect to ω,

dg
dω = d

dωαi − 1
Lgain

d ln(r1|reff(ω)|)
dω = − 1

Lgain

d ln(|reff(ω)|)
dω . (2.22)

Eq. 2.22 can then be used to obtain the relation [111]

δgECL = g0 − 1
Lgain

d ln(|reff(ω)|)
dω δω̃ECL. (2.23)

Note that in the case of a facet reflectivity which does not depend on frequency,
we would find dg/dω = 0 from Eq. 2.22. As a direct consequence, the gain of
a Fabry-Pérot diode laser in the absence of external feedback is constant over
frequency and given by g0. Similarly, we can linearize the round-trip phase
condition governed by Eq. 2.21 with the added term Φ(ω) by first finding the
derivative with respect to ω,

d
dω

[
2Lgainβ(ω) + Φ(ω)

]
≈ 2Lgain

vg,c
− αHLgain

dg
dω + dΦ(ω)

dω
!= 0, (2.24)

and thereby a second expression for δgECL related to δω̃ECL [111],

δgECL = 2
αHvg,c

(
1 + vg,c

2Lgain

dΦ(ω)
dω

)
δω̃ECL. (2.25)

With Eqs. 2.23 and 2.25 the term δgECL can be eliminated, and solving for δω̃ECL

yields an expression for the instantaneous angular frequency fluctuations of a laser
under frequency-dependent external feedback. This term can be conveniently
written as [111]

δω̃ECL = δω̃0

F (ω) , F (ω) = 1 + 1
τrt,c

dΦ(ω)
dω︸ ︷︷ ︸

A(ω)

+ αH

τrt,c

d ln |reff(ω)|
dω︸ ︷︷ ︸

B(ω)

, (2.26)
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where δω̃0 = g0αHvg,c/2 are the instantaneous angular frequency fluctuations in
the absence of external feedback and τrt,c = 2Lgain/vg,c is the round-trip time
in the Fabry-Pérot cavity, both at ω = ωc. As becomes apparent from Eq. 2.26,
δω̃0 is reduced by a factor of F (ω) by virtue of the frequency-dependent feedback.
It can furthermore be shown [98, 111], that the same factor F (ω) is responsible for
reducing the phase fluctuations in an ECL, and the Lorentzian linewidth, which
depends on the square of these fluctuations, reduces by a factor ofF 2(ω) compared
to the linewidth δf0 of a Fabry-Pérot diode laser with facet reflectivities r1

and |reff(ω)|, i.e., δfECL = δf0/F
2(ω). By combining Eq. 2.17 with F (ω) as

defined in Eq. 2.26, the fundamental linewidth of an ECL is thus given as

δfECL = δf0

F 2(ω) =
v2

g,c hfECL (αi + αm)αm nsp (1 + α2
H)

4π P
[
1 + 1

τrt,c

dΦ(ω)
dω + αH

τrt,c

d ln |reff(ω)|
dω

]2 . (2.27)

From a physical point of view, the termA(ω) in Eq. 2.26 accounts for the increase
in round-trip accumulated phase — it therefore corresponds to the factor by which
the coherence time τc is increased by the extended cavity compared to the solitary
Fabry-Pérot diode laser. On the other hand, the term B(ω) in Eq. 2.26 is related
to the slope of the loss curve associated with the frequency-dependent mirror
reflectivity |reff(ω)|. If the lasing mode is detuned with respect to the resonant
reflection of the external feedback, the linewidth broadening due to amplitude-
phase coupling can be counteracted — an operating principle which is therefore
also referred to as detuned loading [110]. Importantly, this effect can only be
observed when operating the ECL on the low-frequency side with respect to the
external mirror resonance (red-detuned), as can be understood from the following
considerations [104, 110]: If the operating point of the laser is initially chosen on
the low-frequency side, an increase in frequency, i.e., towards the mirror resonance,
causes an increase in reflectivity, which in turn increases the photon density in
the cavity and reduces the carrier density in the gain section. The refractive index
is thus increased through the free-carrier plasma dispersion effect [113], and as
a consequence the frequency of the laser is pulled down, thereby stabilizing the
laser oscillation. On the contrary, operating the laser on the high-frequency side
can lead to linewidth broadening. Since the laser must always satisfy the phase
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2.2 Laser frequency noise and linewidth

condition in Eq. 2.21, such a detuned operation may be achieved by introducing
an additional controllable phase shifter within the resonator which permits tuning
the frequency of the laser mode independently of the mirror resonance.

In the following, we give a practical example of how Eq. 2.27 can be used to
numerically estimate the linewidth of an integrated ECL based on the parameters
and cavity layout presented in Chapter 3 and the associated Appendix A — an
overview over the various parameters is given in Table 2.1 at the end of this
section. We start our considerations by defining the terms |reff(ω)| and dΦ(ω)/dω
associated with the schematic ECL arrangement shown in Fig. 2.5(a). The ECL
is modeled as a three-section device consisting of a gain section, typically made
up of a direct bandgap III-V material, a passive section comprising, e.g., on-
chip WG of the external-feedback circuit or various coupling interfaces26, and a
resonant frequency-selective mirror. We model the gain element as well as theK
passive sub-sections by their respective length Li and effective group refractive
index neg,i = c/vg,i at ω = ωc. The associated power transmission of the
individual sections is ηpass,i, which leads to a single-pass amplitude transmission
of √

ηpass for the full passive section. The laser is then simplified to a single active
section in-between two reflecting facets as shown in Fig. 2.5(b), where the back
facet maintains it frequency-independent amplitude reflection coefficient r1, while
the front facet (red line) possesses a frequency-dependent complex amplitude
reflection coefficient reff(ω) = |reff(ω)|e jΦ(ω). Thus, the entire extended laser
cavity is lumped into reff(ω), where the magnitude |reff(ω)| accounts for the
constant round-trip amplitude transmission (√ηpass)2 of the passive section and
the amplitude reflection of the mirror |rm(ω)|. For a full round-trip, we thus find

|reff(ω)| = √
ηpass |rm(ω)|√ηpass =

[ K∏
i=1

(√ηpass,i)2
]

|rm(ω)|. (2.28)

26 Note that the effective mirror model does not take into account back-reflections at the various
interfaces, e.g., in-between the gain element and the first passive section, which could be based
on a completely different material platform. Therefore, anti-reflection coatings and tilted WG are
commonly employed to avoid spurious back-reflections into the gain element.
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On the other hand, the term dΦ(ω)/dω accounts for the accumulated phase shifts
due to the propagation through the passive section Φpass(ω) as well as the
frequency-dependent phase shift Φm(ω) associated with the highly dispersive
mirror. In the most general case, the phase contribution from the mirror is given
by Φm(ω) = arg{rm(ω)}, and with a constant phase offset Φ0 we find

Φ(ω) = Φ0 + 2Φpass(ω) + Φm(ω)

→ dΦ
dω = 2

[ K∑
i=1

Lineg,i

c

]
+ d

dω arg
{
rm(ω)

}
.

(2.29)

The frequency-selective mirror is implemented as a Sagnac loop with a Vernier
pair of tunable racetrack resonators R1 and R2, see Fig. 3.1(b) and associated
explanations. In Eqs. 2.28 and 2.29, the magnitude |rm(ω)| and phase Φm(ω)
of the mirror reflectivity are therefore given by the magnitude and phase of
the complex reflection from the Sagnac loop mirror, which results from the
multiplication of the individual drop-port transmissions of the two racetrack
resonators R1 and R2 [J1]. The associated round-trip amplitude transmission
factor a, amplitude transmission and coupling coefficients τ and κ of the coupling
zones, as well as the frequency-dependent round-trip phase θ(ω) of R1 and R2 are
derived in Appendix A.1 and summarized in Table 2.1. For simplicity, we assume
that the resonance frequencies of both resonators perfectly coincide at or near
the lasing frequency fECL, leading to a reflection spectrum as shown in Fig. A.1.
By introducing and controlling an additional phase shift within the cavity, the
frequency fECL of the lasing resonator mode can be independently tuned with
respect to the peak of the reflection spectrum of the external Sagnac loop mirror
at fres, leading to a detuning fECL − fres. The frequency-selective mirror is
combined with passive Si3N4 WG on a common PIC, which is connected to the
gain element by means of a 3D-printed PWB. We thus take into account K = 2
passive sub-sections to find √

ηpass and dΦpass(ω)/dω from the lengths LPWB

and LSiN, effective group refractive indices neg,PWB and neg,SiN, and associated
power transmissions ηPWB and ηSiN of the PWB and Si3N4 external-feedback
circuit, respectively.
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2.2 Laser frequency noise and linewidth

Fig. 2.5:Modeling of a laser with a resonant frequency-selective mirror as an extended cavity following
the so-called effective mirror model [111]. (a) Block diagram representation of the three-section
external-cavity laser (ECL): The ECL consists of a gain section with constant reflection coefficient r1,
K passive sub-sections with associated power transmission ηpass,i, and a frequency-selective mirror
with complex reflection rm(ω). (b) The laser is simplified to a single active section, where the
entire extended cavity is lumped into a frequency-dependent complex amplitude reflection reff(ω)
of the front facet (red line). (c) For evaluating the linewidth reduction due to the extended cavity,
a Fabry-Pérot diode laser with facet reflectivities r1 and |reff(ω)| is considered as a reference.

Figure 2.6 shows the calculated parameters A(ω), B(ω) and F (ω) according to
Eq. 2.26 as well as the corresponding linewidths δfECL and δf0 of the ECL and
reference Fabry-Pérot diode laser (compare Fig. 2.5(c)) according to Eq. 2.27,
all as a function of the detuning fECL − fres. As expected, the term A(ω) (blue
dashed line) reflects the increase in laser cavity length due to the accumulated
phase, determined by a constant factor from the passive sections and a frequency-
dependent portion from the two racetrack resonators with the maxima located at
resonance, i.e., fECL = fres. On the contrary, the term B(ω) (red dashed line)
is related to the slope of the loss curve associated with the frequency-dependent
mirror reflectivity. B(ω) is an odd function with respect to the laser detuning,
andF (ω) (black line) thus has itsmaximum located towards the low-frequency side.
In Fig. 2.6(b), the fundamental linewidth δfECL of the ECL (green line) is therefore
significantly reduced compared to the linewidth δf0 of the reference Fabry-Pérot
diode laser (magenta line) at the coinciding low-frequency side (red-detuned,
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fECL < fres), while linewidth broadening can be observed for positive detuning
(blue-detuned, fECL > fres), where |F | < 1. For similar reasons, the operating
points associated with maximum output power (fECL = fres) and with minimal
linewidth (fECL < fres) can not be assumed to be identical. The zoom-in in
Fig. 2.6(b) predicts a minimum achievable linewidth of δfECL ≈ 1 kHz for a
PWB loss of aPWB = −10 log10 ηPWB = 1.6 dB and a detuning of approximately
−1.4GHz, which is in excellent agreement to the linewidth δfFWHM,L ≈ 1 kHz
extracted from the measurement shown in Section 2.2.1. The green dashed lines
in the zoom-in of Fig. 2.6(b) further indicate the linewidth for varying loss aPWB

in steps of 3 dB. For a given external-feedback circuit and gain element, the
achievable linewidth of the ECL is generally limited by the contribution of the
coupling loss between those two components to the overall passive resonator
losses. Therefore, using low-loss 3D-printed coupling structures such as PWB
can fundamentally improve the performance of ECL [J2].
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Fig. 2.6: Theoretically estimated linewidths of an ECL as a function of the detuning of the laser
emission fECL with respect to the resonance frequency fres of a frequency-selective Sagnac loop
mirror. The frequency-dependence of the facet reflectivity allows to counteract amplitude-phase
coupling related to the Henry factor αH if the laser is operated under appropriate feedback conditions,
thereby leading to significant linewidth narrowing. (a)Calculated parametersA(ω), B(ω), andF (ω)
according to Eq. 2.26. The term A(ω) (blue dashed line) reflects the increase in laser cavity length,
determined by a constant factor from the passive sections and a frequency-dependent portion from
the two racetrack resonators in the Sagnac loop mirror. The term B(ω) (red dashed line) is related
to the slope of the loss curve associated with the frequency-dependent mirror reflectivity. B(ω) is an
odd function with respect to the laser detuning, and F (ω) (black line) thus has its maximum located
towards the low-frequency side. (b) Corresponding linewidth of the ECL (green line) and reference
Fabry-Pérot diode laser (magenta line) according to Eq. 2.27. The fundamental linewidth δfECL is
drastically reduced compared to the linewidth δf0 at the coinciding low-frequency side (red-detuned,
fECL < fres), while linewidth broadening can be observed for positive detuning (blue-detuned,
fECL > fres), where |F | < 1. The green dashed lines in the zoom-in indicate the achievable
linewidths for varying losses aPWB = −10 log10 ηPWB in steps of 3 dB. For a PWB loss of
aPWB = 1.6 dB and a detuning of approximately −1.4GHz, the minimum achievable linewidth
is δfECL ≈ 1 kHz.
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Table 2.1:Summary of parameters and values used for the calculation of the theoretical laser linewidths.

Symbol Description Value, extracted from / source

hfECL Photon energy 0.813 eV at a center frequency
of fc = 196.6THz

LSiN Length of passive WG on Si3N4 chip 6.7mm, compare also [114]
LPWB Length of full PWB trajectory 317 µm, from microscope

measurements
Lgain Length of gain section 700 µm, see Section 3.2.2
neg,SiN Effective group refractive index

of on-chip Si3N4 WG
1.73, see Appendix A.1

neg,PWB Effective group refractive index
of intra-cavity PWB

1.46, from simulation
of PWB cross-section

neg,gain Effective group refractive index
of active gain section

3.422, from gain ripple fre-
quency spacing of RSOA [J1]

ηPWB Power transmission of PWB 69.2% (1.6 dB),
see Appendix A.2

ηSiN Power transmission of Si3N4 WG 98.5% (6.7mm-long Si3N4
WG with propagation loss of
0.1 dB/cm [17, 115])

a Round-trip amplitude transmission
factor of racetrack resonator R1&R2

0.999, see Appendix A.1

τ Amplitude transmission coefficient
of the coupling zones of R1& R2

0.928, see Appendix A.1

κ Amplitude coupling coefficient of
the coupling zones of R1&R2

0.372, see Appendix A.1

nsp Spontaneous emission factor 1.5, average value from typical
range of 1.25 . . . 1.75 [99]

αH Henry factor of gain section 3.5, average value from typical
range of 2 . . . 5 [100]

αi Distributed modal power
loss of gain section

17 cm−1, average of estimated
range of (14 . . . 20) cm−1 [J1]

r1 Back facet amplitude reflection factor
√

90%, see Section 3.2.2
P Total output power 15.85mW (12 dBm),

see Section 3.2.4
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2.2.3 Generation of narrow-linewidth Kerr combs

An optical frequency comb features a characteristic optical spectrum compris-
ing many phase-locked, evenly-spaced tones which would ideally have identi-
cal intensities. Kerr frequency combs are generated by coupling a high-power
CW pump laser27 with angular frequency ωp into a Kerr-nonlinear optical
microresonator, see Fig. 2.7(a) [118]. The resonance frequencies of the mi-
croresonator are given by ωres,n with the resonance index n. The microres-
onator further features anomalous group-velocity dispersion (GVD), i.e., β(2)

c =
∂2

∂ω2 β(ω)|ω=ωc = ∂
∂ ωv

−1
g (ω)|ω=ωc

< 0 holds true, where β(ω) is the intra-cavity
propagation constant, see Section 2.2.2 and the definitions in Eqs. 2.19 and 2.20.
The resonance frequencies of the microresonator are separated by the free spec-
tral range (FSR) ∆ωres,n = 2πvg,n/L, where vg,n represents the group velocity
at the respective resonance ωn. Note that the presence of GVD implies that
the microresonator FSR becomes frequency-dependent, i.e., for anomalous GVD
∂

∂ωvg,n > 0 leads to ∂
∂ω ∆ωres,n > 0 and thus to an increasing FSRwith frequency

and resonance index n. Given that the power build-up in the cavity reaches the
threshold of modulation instability, a frequency comb forms, which is partially
coupled out to the WG again. Hereby, four-wave mixing (FWM) leads to the
formation of a large number of spectral lines as a result of pair-wise conversion
of pump photons to photons which are up- and down-shifted in frequency [119].
Energy conversion ensures that all comb lines have an equidistant spacing ∆ωFSR

that is very similar to the microresonator FSR at the pumped resonance ωres,0, i.e.,
∆ωFSR ≈ ∆ωres,0. Thus, the spectrum of the frequency comb can be written as
ωµ = ω0 + µ∆ωFSR with the (finite) comb line index µ ∈ Z. As a consequence
of the frequency-dependent microresonator FSR, a mismatch between the comb
line spacing∆ωFSR and the resonance frequencies ωn of the microresonator arises
that increases for comb lines further away from ω0. This ultimately limits the
bandwidth of the generated frequency comb.

27 Other schemes without the requirement for an external laser source do exist [116, 117], but will
not be further discussed in this work.
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Importantly, the generation of Kerr combs requires a careful balancing of the pulse
broadening associated with the cavity dispersion with the nonlinear phase delay
introduced by self-phase modulation (SPM) as a result of the optical Kerr-effect at
high intensities. Dispersion arises from the fundamental frequency-dependence of
the refractive index associated with the resonator medium as well as the geometry
of the underlyingWG structure. In this context, the termβ(2)

c is used to quantify the
GVD and associated temporal pulse broadening. Remarkably, if a medium features
anomalous GVD (β(2) < 0), e.g., by proper choice of materials and careful design
of the WG cross-section, the spectral broadening caused by SPM may be fully
compensated28. The shape and spectral composition of the propagating pulses are
thus retained over time, leading to the formation of soliton pulses that circulate
in the cavity. The relatively high losses in a microresonator associated with the
WG losses and the coupling between the resonator and the bus WG necessitate a
constant CW background in order to maintain a soliton state by providing sufficient
parametric gain. Such soliton-based frequency combs are therefore commonly
referred to as dissipative Kerr solitons (DKS). As illustrated in Fig. 2.7(a), the
output spectrum of the microresonator is composed of a superposition of the DKS
spectrum (equidistant blue lines) with the strong signal at ω0 (red line) originating
from the pump laser. In the time domain, this corresponds to a series of pulses
occurring at a fixed spacing tR = 2π/∆ωFSR.

Microresonators can also support the co-existence of several soliton pulses circu-
lating in the cavity at the same time, a state which is referred to as multi-soliton
(MS) state. Hereby, the exact shape of the comb envelope depends on the
specific number of circulating solitons and their spacing [119]. For many ap-
plications, the so-called single-soliton (SS) state featuring a single ultra-short
pulse is of particular interest due to the associated spectrum featuring a smooth
and broadband spectral envelope, as schematically illustrated in Fig. 2.7(a). It is
therefore of great interest to find a deterministic route for reaching the SS state

28 Note that it is theoretically possible to generate Kerr combs in resonators featuring normal GVD,
but in practice this is hardly observed due to temperature effects [120]. In such a case, e.g., "dark"
solitons can form, which correspond to very localized drops of intensity in the field circulating
the Kerr-nonlinear resonator.
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2.2 Laser frequency noise and linewidth

Fig. 2.7: Generation of frequency combs in Kerr-nonlinear microresonators. (a) A high-power
continuous-wave (CW) laser emitting at angular frequency ωp is coupled into a high-Q Kerr-nonlinear
microresonator featuring anomalous group-velocity dispersion (GVD), and is precisely detuned with
respect to a resonance ωres,n of the cold cavity. (b) Intra-cavity power vs. pump wavelength for
the forward tuning scheme: The pump laser is tuned from the low-wavelength side (blue-detuned,
ωp > ωres,0, Position 1 ) of a cold cavity resonance 2πc/ωres,0 to the high-wavelength side
(red-detuned, ωp < ωres,0, Position 2 ), giving rise to modulation instability. In addition to the
Kerr-nonlinear resonance shift, the position of the "hot" resonance is subject to a thermally-induced
resonance shift. The pump laser thus stays effectively blue-detuned with respect to the hot cavity
(blue power trace). By further tuning of the pump laser (towards Position 3 ), the system enters a
bistable regime, where multiple dissipative Kerr solitons circulate in the microresonator. The switching
to this multi-soliton (MS) state is accompanied by a step-like decrease in the intra-cavity power.
(c) Intra-cavity power vs. pump wavelength for the combined forward + backward tuning scheme:
The forward tuning is stopped once a MS state and the associated drop in intra-cavity power are
observed (Position 2 ). The pump laser is then tuned backwards to lower wavelengths (blue-detuning,
towards Position 3 ), which allows the successive extinction of intra-cavity solitons down to the
single-soliton (SS) state as apparent from the staircase-like power trace. This is enabled by the thermal
nonlinearity of the microresonator which leads to a reduction of the thermally-induced resonance shift
each time a soliton is lost. The scheme permits further backwards tuning of the pump while still
maintaining an operation in the effectively red-detuned regime (red power trace) within the soliton
existence range. Adapted and reproduced with permission from Springer Nature [118].
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in a reliable way. Various techniques for the generation of DKS have been experi-
mentally demonstrated, among which tuning the frequency of a CW pump-laser
is the method of choice in most experiments29 [118, 119, 125]. This technique
requires carefully tuning the frequency ωp with respect to a pumped cavity reso-
nance ωres,0 to control the detuing δω = ωres,0 − ωp. The two most commonly
used principles, namely the forward and the combined forward + backward tuning
approach [118], are illustrated in Fig. 2.7(b) and (c), respectively. Initially, the
pump is operated in the blue-detuned regime, i.e., at a lower wavelength λ com-
pared to the cold cavity resonance 2πc/ωres,0. When tuning the laser from the left
side of the cold resonance (blue-detuned, δω < 0, Position 1 ) to the right-hand
side (red-detuned, δω > 0, Position 2 ), the intra-cavity power gradually increases.
This induces a shift of the hot cavity resonance towards higher wavelengths as a
result of the Kerr-effect, whereby the refractive index increases with the intensity.
An additional resonance shift results from the absorbed light leading to an in-
creased temperature and thereby an expansion of the microresonator, as well as
to an increased refractive index. This may be expressed in terms of an effective
detuning δωeff = δω − ∆T, where ∆T accounts for the thermally induced reso-
nance shift. The pump laser thus stays effectively blue-detuned with respect to the
hot cavity resonance during the tuning procedure (δωeff < 0, blue power trace in
Fig. 2.7(b)). If the gain threshold of modulation instability is reached, initial comb
formation can be observed. By further tuning the pump laser towards Position 3
in Fig. 2.7(b), the system enters a bistable regime where mode-locked operation
becomes possible and multiple DKS can circulate in the microresonator. This
switching to the MS state is accompanied by a step-like response in the power
trace as shown in Fig. 2.7(b), whereby an effective zero detuning (δωeff = 0) of
the hot resonance is reached at the associated wavelength. Reducing the number
of solitons or even switching to a SS state may in principle occur by further tuning
of the pump laser into the effectively red-detuned regime (δωeff > 0). In fact, it

29 Other approaches include shifting the pumped resonance ωres,0 of the Kerr-nonlinear resonator
while keeping the operating frequency constant, e.g., by using integrated micro-heaters [23,
121], temperature tuning through varying pump power [122], electro-optic tuning [123],
or single-sideband modulation [124].
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has been shown [119] that solitons are supported only for a certain range of the
effective detuning δωeff in the effectively red-detuned regime, also referred to as the
soliton existence range. The main challenge therefore lies in the thermally-induced
resonance shift ∆T that acts in addition to the Kerr-nonlinear resonance shift,
but on a much slower timescale. Reaching the soliton state without the resonator
being in thermal equilibrium implies further changes to the detuning δωeff , which
will destabilize the system and commonly make the SS state inaccessible by the
forward tuning technique [118]. This phenomenon is visualized in the right-
hand side graph in Fig. 2.7(b), where a multitude of experimentally recorded
power traces associated with the normalized intra-cavity power have been overlaid,
revealing the predominant formation of MS states with six to nine solitons in the
depicted example.

To overcome this problem, the combined forward + backward tuning scheme is
usually employed, providing a reliable and robust way to access the SS state in a
Kerr-nonlinear resonator. As outlined in Fig. 2.7(c), the initial forward tuning is
stopped once a MS state and the associated drop in intra-cavity power are observed
(δω > 0, Position 2 ). Then, the pump laser is tuned back to lower wavelengths
(blue-detuning, towards Position 3 ), which allows the successive extinction of
intra-cavity solitons down to the SS state. Importantly, this is enabled by the
thermal nonlinearity of the microresonator which leads to a reduction of ∆T each
time a soliton is lost. This in turn increases the effective detuning δωeff , which
permits further backwards tuning of the pump laser to lower wavelengths (lowering
δω) while still maintaining an operation in the effectively red-detuned regime of
the hot cavity, i.e., δωeff > 0 all along the red trace in Fig. 2.7(c) within the soliton
existence range30. As shown in Fig. 2.7(c), the backward tuning thus leads to a
staircase-like decay of the intra-cavity power with equal step heights and widths
until the SS state is reached. Neglecting the strong peak stemming from the CW
pump laser, the spectral envelope of the various comb tones (index µ) associated

30 In practice, the backward tuning must be carried out in an adiabatic way with a speed much smaller
than the thermal relaxation rate. This ensures that thermal equilibrium is reached in each MS
state, before further backward tuning of the CW pump laser is pursued [118].
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with this SS state can be described as [119, 126]

Ψ(µ) ∝ sech2

(
π

2

√
β′

ζ
µ

)
, (2.30)

where β′ ∝ −β(2)
c and ζ ∝ δω are normalized quantities (without any unit)

describing the dispersion and detuning, respectively. As can be inferred from
Eq. 2.30, β′ > 0 and ζ > 0 must hold true for Ψ(µ) to be real, thus implying
anomalous GVD (β(2)

c < 0). Note that broadband combs require the pre-factor√
β′/ζ in the argument of the sech2 function to be as small as possible, which

may be achieved by proper choice of detuning and cavity dispersion [25, 126].

While comb generation was successfully demonstrated over the previous years in
a plethora of Kerr-nonlinear microresonators such as silica toroidal cavities [127]
or crystalline whispering-gallery mode microresonators [128], Kerr comb gen-
erators based on integrated Si3N4-based devices hold particular promise since
they can be efficiently fabricated on a wafer level, and since Si3N4 WG offer low
propagation loss and do not suffer from two-photon-induced free-carrier absorp-
tion. This permits fabrication of high-Q microresonators that significantly reduce
the intensity levels required for reaching the threshold of modulation instability
compared to earlier Kerr-comb concepts. To generate "high-performance" Kerr
combs, one requires CW pump lasers that ideally fulfill three characteristics:
First, the emission wavelength of the pump needs to be tunable. This is especially
important in order to precisely control the detuning δω as needed for Kerr-comb
generation, see the discussion in the previous paragraphs. Comb generators that
are based on self-injection locking (SIL) of the pump laser to the Kerr-nonlinear
resonator [23–26, 129–131] do not fulfill this condition, as the pump tone can-
not be independently detuned from the resonance of the cold ring. Therefore,
SS states with a large detuning and broad bandwidth may be hard to obtain.
Secondly, the pump laser must feature low frequency-noise performance, as the
frequency noise of the individual comb lines is dictated by the frequency noise
of the CW pump. Lastly, the assembly of such pump lasers should be similarly
scalable as the fabrication of the underlying Si3N4 PIC themselves. Hybrid ECL
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based on Si3N4 feedback circuits fulfill these requirements in an almost ideal
way. In this context, ring resonators on the Si3N4 PIC can be used for tuning
the frequency-selective feedback, thereby enabling the independent control of
the ECL emission wavelength with respect to the pumped cavity resonance31.
Furthermore, hybrid ECL using Si3N4-based feedback circuits can operate with
ultra-low linewidths as a result of the low passive WG losses and large optical
cavity length, see Section 2.2.2 for a more detailed discussion. Finally, 3D-printed
coupling elements such as PWB and FaML permit scalable assembly of associated
integrated systems. More details on the practical implementation of such pump
lasers and Kerr-comb generators based on Si3N4 PIC can be found in Chapter 3.

2.2.4 Characterization techniques

The measurement of the laser frequency noise in the form of the line shape SE(f̃)
or the frequency-noise spectrum SF(f) is far from a trivial task, in particular
because the evolution of the phase must be compared to a known reference.
Traditional diffraction-grating based optical spectrum analyzers (OSA) offer a
wide wavelength scanning range and large dynamic range, but the spectral res-
olution is typically limited to the gigahertz level32. The rapid evolution and
widespread adoption of narrow-linewidth lasers and frequency combs has likewise
increased the demand for suitable characterization techniques. Commonly utilized
measurement methodologies are depicted in Fig. 2.8, among which the heterodyne
beating with an ultra-stable reference laser and frequency discriminator method
have been employed in the course of this thesis. These approaches are described
in more detail in the following.

31 Strictly speaking, the emission of the pump ECL at fECL and the resonance fres of the frequency-
selective Sagnac loop mirror need to be synchronously tuned [114] with respect to the reso-
nance of the Kerr-nonlinear resonator ωres,0, such that fECL − fres = const. in Fig. 2.6.
In practice, however, tuning fECL by a dedicated phase shifter usually suffices, since the detuning
δω = ωres,0 −2π(fECL −fres) in the final SS state is comparatively small, thereby not imposing
a dramatic change on the operating point of the ECL pump.

32 See for example: https://tmi.yokogawa.com/solutions/products/optical-measurin
g-instruments/optical-spectrum-analyzer/.
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Heterodyne beating with a reference laser: A conceptually simple measurement
method is based on recording the beat note of a laser under test (LUT, fLUT) with a
highly-stable reference laser (fref ) [132], see Fig. 2.8(a). The tones emitted by the
LUT and reference laser each pass an isolator and a polarization controller (PC),
before being superimposed on a photodetector (PD). The reference laser is tuned
close33 to the LUT such that the resulting beat note in the photocurrent centered
about the difference frequency |fref − fLUT| can be measured using an electrical
spectrum analyzer (ESA). The spectral line shape SE(f̃) of the beat note hereby
represents the convolution of the LUT and the reference laser spectrum. In the
case of a frequency comb, multiple beat notes with a separation of the FSR can
be observed. If the frequency noise of the reference laser is negligible compared
to the LUT (δfref ≪ δfLUT), the measured spectrum of the beat note directly
represents the LUT line shape. Alternatively, a reference laser with similar noise
performance can be chosen (δfref ≈ δfLUT), and the LUT linewidth is extracted
by taking into account the spectral broadening due to the convolution of the two
spectra34. In order to extract the full frequency-noise spectrum SF(f), more
sophisticated evaluation schemes based on the coherent detection of the phase
differences need to be employed, e.g., using offline digital signal processing (DSP)
based on a carrier phase recovery [133] or by replacing the combiner with a 90◦

optical hybrid followed by a digital coherent receiver [88, 133].

Delayed self-homodyne / self-heterodyne interferometric measurement: An
often more convenient method, which eliminates the need for a reference laser,
is based on an interferometric measurement of the LUT using an imbalanced
interferometer [134], see Fig. 2.8(b). The incident light is first split into the two
arms of an imbalanced Mach-Zehnder interferometer (MZI), and a delay τd much

33 In practice, the difference frequency |fref − fLUT| is selected such that it largely exceeds the
spectral half-width of the investigated laser line shape, thereby avoiding impairments due to
spectral foldback of negative frequency components in the real-valued photocurrent.

34 Note, however, that in such a scenario the factor by which the measured line shape of the electrical
spectrum is broadened with respect to the actual line shape of the LUT depends on whether
the underlying spectra of the LUT and reference laser are better resembled by a Gaussian or a
Lorentzian function given the observation time τ0. In practice, the FWHM linewidth of the LUT
is therefore smaller by a factor

√
2 (Gaussian) . . . 2 (Lorentzian).
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2.2 Laser frequency noise and linewidth

Fig. 2.8: Overview of measurement techniques for laser frequency noise and linewidth. Abbrevia-
tions: AOM – acousto-optic modulator; ESA – electrical spectrum analyzer; LUT – laser under test;
PC – polarization controller; PD – photodetector; PS – phase shifter. (a) Heterodyne beating with a
reference laser: The signals from a laser under test (LUT) and a reference laser are superimposed on
a photodetector (PD), and the spectrum of the photocurrent is measured using an electrical spectrum
analyzer (ESA). The retrieved line shape allows the extraction of the linewidth if the reference laser
noise is either negligible or of similar performance as the LUT. (b) Delayed self-homodyne / self-
heterodyne interferometric measurement: To remove the need for a reference laser, an interfero-
metric measurement using an imbalanced Mach-Zehnder interferometer (MZI) can be performed.
For delays τd much larger than the coherence time τc ∝ (δfLUT)−1, the noise of the delayed
reference becomes uncorrelated to the LUT and the recorded line shape is a simple self-convolution.
The lower arm of the MZI can either be left as is (delayed self-homodyne), or an acousto-optic
modulator (AOM, fAOM) is inserted to slightly shift the beat note frequency (delayed self-heterodyne).
(c) Frequency discriminator technique: A direct measurement of the frequency-noise spectrum is
enabled by a frequency discriminator, based, e.g., on an imbalanced MZI with a delay τd much
smaller than the coherence time τc leading to a beating at the PD. The resulting output intensity
becomes linearly proportional to the phase difference ∆φ(t) = φ(t+τd)−φ(t) for small delay-time
differences τd if the interferometer is held in the quadrature-point. This condition is maintained by
introducing a phase shift φbias, which is controlled by means of a feedback loop or locking circuit.

larger than the coherence time τc ∝ (δfLUT)−1 of the LUT is introduced in one
of the paths, such that the noise of the delayed reference becomes uncorrelated to
the noise of the LUT. Therefore, the line shape SE(f̃) — which is again found
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from the spectrum of the photocurrent beat note recorded by the ESA— becomes
a simple self-convolution of the LUT line shape, from which its linewidth can be
retrieved. The lower arm of the MZI can either be left as is, leading to a beat signal
centered around 0Hz (delayed self-homodyne), or an AOM is inserted to shift
the center frequency to fAOM (delayed self-heterodyne), thus avoiding the noisy
low-frequency range in the measurement of the photocurrent. However, when
measuring an LUT with ultra-low linewidth (i.e. very long coherence time τc),
an excessively long delay length τd is required for decorrelation of the two
arms. Such a long fiber delay renders the delayed self-homodyne / self-heterodyne
measurements highly susceptible to environmental influences such as acoustic
noise, which appear at low offset frequencies, leading to spectral line broadening
and limiting the measurement to a detection of the envelope of the frequency-
drifting "perfect" Lorentzian source [94, 135, 136]. To partially circumvent
these limitations, adapted concepts using recirculating fiber loops [137, 138], a
combination of short and long fibers [139], or shorter delay lines in conjunction
with more sophisticated mathematical analysis have been proposed [140–142].

Frequency discriminator technique: Another method for characterizing the
frequency noise of a LUT is to convert the fluctuations of the instantaneous
frequency δf̃(t) to intensity fluctuations I(t) using an optical frequency discrim-
inator, based, e.g., on an imbalanced interferometer or a high-finesse reference
cavity [143–145], see Fig. 2.8(c). In case of an imbalanced MZI, the incident
light is again split into two arms, but this time a delay τd much shorter than
the coherence time τc of the laser tone under test is introduced in one of the
paths. This leads to a coherent beating at the PD, and the output intensity of
the interferometer is proportional to the phase difference of the two arms, i.e.,
I(t) ∝ 1

2 [1+cos(∆φ(t)+2πfLUTτd)]. In this relation∆φ(t) = φ(t+τd)−φ(t)
is the phase difference introduced by the delay-time difference τd, and the
term 2πfLUTτd is an additional phase shift between the combined optical
fields [145]. If the interferometer is held in the quadrature-point such that
2πfLUTτd = π/2 ± 2πN is fulfilled for N = 0, 1, 2, . . . , the intensity fluc-
tuations become directly proportional to the phase difference (if ∆φ(t) is kept
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small35), i.e., I(t) ∝ 1
2 [1∓sin(∆φ(t))] ∝ ∆φ(t). This condition is usually main-

tained by an additional phase shift φbias in the second arm, which is controlled by
means of a feedback loop or locking circuit. The interferometer can therefore be
considered as a black box which linearly transforms the frequency variations at the
input into a photocurrent variation of the PD at the output. The frequency-noise
spectrum SF(f) can then be computed from the recorded PSD by taking into
account the relation between the phase difference and instantaneous frequency,
which can be estimated by δf̃(t) ≈ ∆φ(t)/(2πτd) for sufficiently small τd [88].
Although the requirement for a continuous quadrature biasing makes this mea-
surement scheme more complex at first sight, it comes with the added benefit of
retrieving the full noise characteristics within much shorter measurement times
and without the need for cumbersome data evaluation.

2.3 Space-division multiplexing in short-reach
systems

The relentless proliferation of digital services has led to an unprecedented surge
in data demand within optical communication networks. However, the inherent
scaling disparities between CMOS-based computing and storage systems required
for, e.g., the generation and processing of data on the one hand, and the com-
munication network resources on the other hand are starting to manifest in a
network "capacity-crunch" [146, 147], posing a challenge to existing data trans-
mission paradigms. One approach to cope with the capacity requirements in
modern communication networks is to utilize advanced multiplexing techniques,
involving the simultaneous transmission of multiple signals over a shared medium.
Hereby, the five physical dimensions time, frequency, quadrature, polarization,
and space may be exploited as illustrated in Fig. 2.9 [148]:

35 In fact, it must be assured that the photocurrent variations due to the discrimination of the frequency
noise dominate when compared to the laser intensity noise. In practice, these effects can be
separated by taking multiple measurements on opposite slopes of the biased discriminator [145].
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Fig. 2.9: Overview of multiplexing techniques in optical fiber communications. To cope with the ever-
increasing capacity requirements, advanced multiplexing techniques for simultaneous transmission
of multiple signals over a shared medium can be utilized, exploiting the five physical dimensions
time, frequency, quadrature, polarization, and space. Adapted and reproduced with permission from
Springer Nature [148].

• Time: In the temporal domain, data streams are traditionally segmented into
distinct time slots which define the rate at which information can be carried over
a communication link. Time-division multiplexing (TDM) may be employed to
transmit multiple optical signals over a commonmedium by assigning individual
transmission time slots to each data source. To this end, the associated temporal
pulse-trains of the signals can be interleaved, and a multiplexed signal with an
increased aggregate line rate is generated [149].
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• Quadrature: Quadrature multiplexing methods exploit both the amplitude
and phase of electromagnetic waves to encode data. Advancements in DSP
have enabled coherent optical communications with higher-order modulation
formats [150, 151] such as so-called quadrature amplitude modulation (QAM),
which has become a mainstay of current long-reach optical communication
systems [152]. However, owing to the logarithmic scaling of an information
channel’s capacitywith the SNR36, these higher-ordermodulation formats always
come at the cost of more stringent optical SNR (OSNR) requirements [146, 154].
Recent advances in constellation shaping techniques already permit the operation
close to the Shannon limit [155].

• Polarization: Polarization-division multiplexing (PDM) relies on the two
orthogonal polarization states of light to transmit data. However, drifts in the
polarization state can occur due to environmental effects acting on the fiber
network, which eventually leads to rapid and erratic rotation of the polarized
light’s Jones vector over the entire Poincaré sphere. This needs to be coped with
at the receiver side by advanced DSP techniques [156].

• Frequency: Multiple signals can also be transmitted by utilizing a multitude of
distinct carrier frequencies. In optical communications, this principle is well-
known as wavelength-division multiplexing (WDM) and widely adopted in long-
haul communication systems since the 1980s. However, in some cases, further
scalability of this approach is hampered by the limited spectral bandwidth of the
communication channel, which is often dictated by the associated optical ampli-
fiers andwhich sets an upper bound to the usable transmission capacity of a single
optical fiber [146, 154]. More specifically, standard single-mode fibers (SMF)
and equipment such as optical amplifiers and multiplexers are usually optimized
for operation in the telecommunication C-band (1530 nm. . . 1565 nm). Using a

36 This is well known as the Shannon-Hartley theorem [153], which defines the theoretical upper
bound of the information rate that can be transmitted error-free for a certain SNR = S/N and
bandwidth B as C = B log2(1+SNR). Herein, S and N are the average signal and noise power
over the bandwidth B of the associated Gaussian distributions, respectively, and it is assumed that
the communication channel is linear and only subject to additive white Gaussian noise (AWGN).
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larger number of WDM channels beyond this frequency range might necessitate
impractical and costly system designs and implementations [146].

• Space: Space-division multiplexing (SDM) relies on parallel transmission
through different spatial channels within optical fiber links. The spatially
separated channels rely, e.g., on different spatial modes or physically separated
fiber cores, provided by fiber bundles, fiber ribbons or multi-core fibers (MCF)
in single- or multi-mode configurations [157]. While the concept of SDM is
almost as old as optical communication through fibers itself, only recently serious
attention has been given to network platforms exploiting MCF due to the need
for extensive changes in the system architecture as well as associated challenges
in maintaining compatibility with existing fiber networks [148]. Nevertheless,
space is the only remaining dimension that promises a long-term linear scaling
of system capacity by orders of magnitude [146]. As a result, SDM has become
the new research frontier, with novel types of fibers building a base for the
evolution of optical communication systems towards massive parallelism.

In the context of short-reach interconnects (< 100m), scaling of the achievable
data rates through, e.g., parallel transmission via spatially separated channels is
seen as an especially attractive approach [146, 158]. This involves, for example,
board-to-board or rack-to-rack communications in intra-datacenter links or high-
performance computing systems, where hundreds of thousands of interconnects
are required. Each of these interconnects requires transceivers at either end, which
represent the major contribution to the overall cost. Such transceiver assemblies
must hence be very cost-effective. This can be achieved by keeping the symbol
rates of individual links comparatively low, thereby alleviating the cost of asso-
ciated electronic circuitry such as, e.g., analog-to-digital and digital-to-analog
converters (ADC /DAC). Instead, parallel transmission over many physically sep-
arated fiber cores, provided by fiber ribbons or MCF, is commonly employed
for scaling of the aggregate data rates. Active optical cables (AOC) based on
intensity-modulated (IM) vertical-cavity surface-emitting lasers (VCSEL) and
direct-detection (DD) via photodiodes (PD) have been the main workhorse for
optical interconnects in this field. VCSEL are semiconductor lasers which emit
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light in a direction perpendicular to the chip surface. They feature an extremely
short cavity (cavity length of the order of a few micrometers), comprising a
quantum-well gain section, which is sandwiched in-between two distributed Bragg
reflectors (DBR) as resonator mirrors. The associated fabrication processes allow
for wafer-level production and testing of individual devices or two-dimensional
device arrays, making them suitable for mass production at very low cost.
The short optical cavity further permits lasing in a single longitudinal mode
as well as modulation frequencies well in the gigahertz range due to the small
associated cavity volume. The lateral size of the active region can be adjusted to
optimize the VCSEL, e.g., for achieving low threshold currents by using small
device diameters of the order of a few micrometers, or high output-power levels of
tens of mW obtained for large device diameters of the order of tens of micrometers.
However, since increasing the diameter of the active region will inevitably lead to
the support ofmultiple transversemodes, VCSELwith high beam-quality37 are usu-
ally limited to an output power of a few mW. Compared to edge-emitting devices,
VCSEL furthermore feature a low beam divergence and symmetric beam profile,
which, in combination with appropriate lenses, enable efficient coupling into
commonly utilized multimode fibers (MMF) with core sizes of the order of 50 µm.
Especially VCSEL emitting at a wavelength of 850 nm in combination with graded-
index MMF find broad commercial application [158].

Typical single channel line rates in AOC are of the order of 25Gbit/s for
on-off-keying (OOK) or 50Gbit/s using four-level pulse-amplitude modula-
tion (PAM4) [160]. For achieving higher aggregate data rates, AOC conventionally
employ linear arrays of VCSEL and PD which are interconnected to the outside
world via spatially separated fiber optic links. As an example of such an SDM-
based transmission link, the IEEE 802.3 industry standard specifies the use of
linear 4 × 1 arrays38 of VCSEL and PD at line rates of 25Gbit/s (OOK) to reach

37 As a general rule of thumb, VCSEL employing an oxide aperture for current confinement typically
emit in a single transverse mode for diameters of the active region of up to 4µm. For larger
diameters, VCSEL become transverse multi-moded and tend to develop ring-shaped near- and
far-field patterns [159].

38 Owing to the four-fold increase in the line rate, the associated AOC are commonly referred to as
quad small form-factor pluggable (QSFP) modules according to the IEEE 802.3 standard [161].
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aggregate line rates of 100Gbit/s [161]. For achieving higher data rates at similarly
low cost, the channel count needs to be scaled up through the implementation of
even larger device arrays [162], which will inevitably lead to a bottleneck in terms
of the economical feasibility of currently implemented packaging concepts. Fur-
ther scalability is thus hampered by the increasing cost as a result of the growing
number of fibers as well as space constraints arising from the physical size of the
associated plugs. Multimode MCF (MM-MCF) comprising many cores which
are more densely spaced compared to conventional MMF arrays have therefore
stepped into the forefront, promising a significant reduction of the associated fiber
installations. However, AOC employing MCF suffer from challenges related to the
optical assembly. Specifically, individual cores of MCF must be connected with
linear arrays of VCSEL or PD having industry-standard pitches of, e.g., 250 µm.
Commonly employed coupling schemes therefore rely on bulky fan-out structures,
often in conjunction with custom connector and fiber arrangements. Such solutions
are technically complex and challenging to scale, in particular when it comes to
compact short-reach datacenter transceivers that are subject to stringent constraints
in footprint and in assembly costs. In this context, 3D-printed optical coupling
elements such as facet-attached microlenses (FaML) represent a promising avenue
for interconnecting active components such as VCSEL and PD with MM-MCF
without the need for extensive active alignment [J3]. More details on the practical
implementation of such transceiver assemblies can be found in Chapter 4.

2.4 Fundamentals of millimeter-wave (mmW)
and terahertz (THz) technology

Positioned between the microwave and IR regions, millimeter-waves (mmW) and
terahertz (THz) signals hold immense promise for a wide variety of applica-
tions. This chapter summarizes the fundamentals that are required to understand
the concepts developed and presented within this thesis. First, the guidance of
electromagnetic waves via electric transmission lines, in particular coplanar wave-
guides (CPW), is addressed. In a next step, basic principles for the measurement of
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two-port networks are introduced. Lastly, we cover basic performance parameters
concerning the radiation of electromagnetic waves and associated antenna metrics,
especially in the context of slot antennas which are fed via CPW.

2.4.1 Electrical transmission lines

If the physical size of an electrical circuit is significantly smaller than the wave-
length of the electrical signal under consideration, the components within the
network can be treated as lumped elements which are connected by ideal (lossless)
wires. However, at high frequencies, the dimensions of the network become
comparable to a significant fraction of the wavelength, and the assumption of
lumped elements can no longer be used. This leads to variations in currents and
voltages along the circuit, requiring rigorous application of Maxwell’s equations
for accurate representation of networks. For simplification, microwave theory
has therefore devised models that make use of circuit theory for analyzing such
networks also at higher frequencies. One example is the propagation of voltages
and currents along a conductor of a transmission line, which can be represented by
a concatenation of many infinitesimally short sections, each with a length denoted
as ∆z and an equivalent circuit as depicted in Fig. 2.10. Hereby, ∆z is chosen
small enough such that the assumption of lumped elements is justified within
each section. Each of these sections is then modeled by a series resistance R′∆z,
a series inductance L′∆z, a parallel conductance G′∆z, and a parallel capaci-
tance C ′∆z, where the values R′, L′, G′ and C ′ represent differential quantities
of the transmission line given per length with units W/m, H/m, S/m, and F/m,
respectively [163].

The time-dependent voltages and currents along the transmission line are governed
by the so-called telegrapher equations [163], which may be directly derived from
the equivalent circuit shown in Fig. 2.10:

∂ u(z, t)
∂ z

= −R′ i(z, t) − L′ ∂ i(z, t)
∂ t

∂ i(z, t)
∂ z

= −G′ u(z, t) − C ′ ∂ u(z, t)
∂ t

.

(2.31)
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Fig. 2.10: Equivalent circuit of a short section of transmission line with length ∆z, where ∆z is
chosen small enough such that the assumption of lumped elements is justified. The transmission
line is then given by a concatenation of many such unit elements, where each section is modeled by
a series resistance R′∆z, a series inductance L′∆z, a parallel conductance G′∆z, and a parallel
capacitance C′∆z. Hereby, the values R′, L′, G′ and C′ represent differential quantities which are
given per length with units W/m, H/m, S/m, and F/m, respectively.

The two relations given in Eq. 2.31 can be simplified for time-harmonic volt-
ages u(z, t) = ℜ{U(z)e jωt} and currents i(z, t) = ℜ{I(z)e jωt}, and by com-
bining the two resulting expressions, we can derive wave equations for the volt-
age U(z) and current I(z), which are solved by a superposition of forward and
backward traveling waves39,

U(z) = U+
0 e −γz + U−

0 e γz

I(z) = I+
0 e −γz + I−

0 e γz.
(2.32)

In these relations, γ =
√

(R′ + jωL′)(G′ + jωC ′) is the complex-valued propaga-
tion constant40, and the terms U+

0 , I+
0 and U−

0 , I−
0 are the amplitudes associated

with the forward and backward traveling voltage and current waves at z = 0,

39 Note that in the used convention the current is counted with a positive sign when flowing along
the positive z-direction, irrespective of the propation direction of the underlying forward and
backward traveling current waves. The amplitude I−

0 of the backward propagating current wave
is thus negative, leading to a positive line impedance ZL in Eq. 2.35.

40 The propagation parameter γ can further be written as γ = α + jβ, where α represents an
amplitude attenuation and β is the effective propagation constant. Note, however, that in optics α
commonly refers to the power attenuation (compare, e.g., the distributed power-loss parametersαrt,
αm and αgain in Section 2.2).
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respectively. The solution for the voltage wave U(z) in Eq. 2.32 can then be used
in conjunction with the wave equation as derived from Eq. 2.31 for time-harmonic
signals to determine the current I(z) on the line,

I(z) =
γ

R′ + jωL′ (U+
0 e −γz − U−

0 e γ). (2.33)

Comparing Eq. 2.33 to the solution for the current wave I(z) in Eq. 2.32 permits
the definition of a so-called characteristic (line) impedance [163]

ZL = R′ + jωL′

γ
=

√
R′ + jωL′

G′ + jωC ′ , (2.34)

which relates the voltage and current of the waves on the line, i.e,

ZL = U+
0
I+

0
= −U−

0
I−

0
. (2.35)

In these relations, both γ and ZL are generally complex-valued quantities, which
are fully determined by R′, L′, G′ and C ′ and hence depend on the specific
cross-section of the transmission line. Signal propagation is thus described by
the characteristic line impedance ZL in combination with the length z = L

and propagation constant γ of the transmission line. Note that for low-loss
transmission lines, the assumptions ωL′ ≫ R′ and ωC ′ ≫ G′ are commonly
made for high frequencies, i.e., large ω. Equation 2.34 hence reduces to
ZL ≈

√
L′/C ′ ∈ R [163].

A fundamental property of distributed systems are wave reflections, which may
be observed at transitions between interconnected circuit elements. Figure 2.11
shows a schematic representation of a transmission line, which is connected to a
lumped termination impedanceZtrm at z = 0 and which is fed by an incident wave
U+

0 e −γz from a source located at z < 0. We further assume that all backward
propagating waves are absorbed at the left end of the transmission line such that
no further back-reflection from the left has to be considered. As was shown in
the previous paragraphs and Eq. 2.35, the ratio of voltage to current for such a
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Fig. 2.11: Schematic representation of a transmission line with characteristic line impedance ZL,
length L and propagation constant γ, which is fed by an incident wave U+

0 e −γz from a source located
at z < 0 and terminated with a load impedance Ztrm. The voltage U(z) and current I(z) must be
related by Ztrm at z = 0, thus giving rise to a reflected wave U−

0 e γz in case Ztrm ̸= ZL. Choosing
Ztrm = ZL results in Γref = 0. Such a load is thus said to be matched to the transmission line,
since no reflection of the incident wave can be observed.

traveling wave is given by the characteristic line impedance ZL. However, when
the line is terminated with an arbitrary load Ztrm ̸= ZL, the voltage U(z) and
current I(z) must be related by Ztrm at z = 0. This gives rise to a reflected wave
U−

0 e γz to satisfy the boundary condition, which can be formulated with the help
of Eqs. 2.32 – 2.35 as

Ztrm
!= U(z = 0)
I(z = 0) = U+

0 + U−
0

U+
0 − U−

0
ZL. (2.36)

From Eq. 2.36, we find the complex amplitude reflection coefficient [163]

Γref = U−
0

U+
0

= Ztrm − ZL
Ztrm + ZL

. (2.37)

As becomes apparent from Eq. 2.37, choosing Ztrm = ZL results in Γref = 0.
Such a load is thus said to bematched to the transmission line, since no reflection of
the incident wave can be observed. Matching the characteristic impedances within
mmW and THz circuits, e.g., for feeding a device under test with a transmission
line, is thus crucial to minimize signal reflection at the various interfaces.
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Coplanar waveguide (CPW) transmission lines

Coplanarwaveguides (CPW) as originally proposed byCheng P.Wen in 1969 [164],
represent a special type of planar electrical transmission line which consists of
three metallic conductors of thickness hm positioned atop a dielectric substrate
with a complex relative permittivity ϵr = ϵ′ − jϵ′′, see Fig. 2.12. A central
planar conductor (width wS) is flanked by two planar conductors situated at a
distance dSG, where in the ideal case the outer conductors are semi-infinitely
extended and the substrate is infinitely thick. In real-world implementations, see
Fig. 2.12, both the outer conductor width wG and substrate height h are finite.

CPW support propagation of two fundamental modes with no lower cut-off
frequency [164, 165], the electric and magnetic field distributions of which are
depicted in Fig. 2.12(a) and (b). Figure 2.12(a) shows the so-called "even" or CPW
mode, characterized by the two outer ground conductors (labeled "G") having the
same potential, which is distinct from the potential of the central signal conductor
(labeled "S"). The even mode is a quasi-transverse electromagnetic (TEM) mode
without any longitudinal field component, where the electric field lines begin (or
end) at the signal line and end (or begin) at the two surrounding ground planes.
The magnetic field lines enclose the signal conductor. Figure 2.12(b) shows the
so-called "odd" or slot-line mode, characterized by the two outer conductors with
potentials of opposite sign. Some electric field lines directly traverse from one
ground plane to the other without them touching the signal line at all. Typically, the
"even" mode is desired for CPW signal propagation as no change of the associated
transmission line parameters is ideally observed with frequency41. The even
mode consequently features very low dispersion, thereby permitting broadband
operation up to the mmW and THz frequency range [165]. For the following
explanations, we therefore always refer to the "even" mode of the CPW.

41 To prevent unintentional excitation of the parasitic "odd" mode, the two ground planes must be
kept at the same potential. This is commonly achieved by means of air bridges [165] or the use of
measurement probes in ground-signal-ground (GSG) configuration.
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Fig. 2.12: Field distributions of the two fundamental modes of a coplanar waveguide (CPW) which
consists of three metallic conductors positioned atop a dielectric substrate. (a) Field distributions of
the so-called "even" or CPW mode, characterized by the two outer ground conductors (labeled "G")
having the same potential, which is distinct from the potential of the central signal conductor (labeled
"S"). The even mode is a quasi-transverse electromagnetic (TEM) mode without any longitudinal field
component and is usually preferred due to favorable dispersion characteristics. (b) Field distributions
of the so-called "odd" or slot-line mode, characterized by the two outer conductors with potentials of
opposite sign. In this case, the magnetic field has longitudinal components.

In the realm of monolithic microwave integrated circuits (MMIC), CPW have
proven to offer numerous advantages over, e.g., microstrip transmission lines [165].
Since all conductors are confined to a single plane, no via holes are required,
enabling the straightforward series and parallel implementation of active and
passive devices. Moreover, the presence of two ground planes minimizes cross-
talk between neighboring lines and thereby permits more condensed circuit designs.
Additionally, due to the fundamental CPW modes not requiring any backside-
metallization for propagation, CPW can in principle work with arbitrarily thick
substrates. This eliminates the need for technologically demanding and costly
backside-preparation and substrate-thinning techniques. Within this thesis, the
key advantages of CPW lie in their straightforward fabrication, in the flexibility in
adjusting the characteristic line impedanceZL over awide range, seeAppendixD.2,
as well as in the availability of simple on-wafer measurement techniques for the
characterization of associated mmW and THz devices.
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One reason that kept CPW from extensive application in the past was the long
lasting lack of an accurate and flexible design basis [165]. As an example, no closed
form expressions exist for the exact description of the line impedance ZL,CPW of
a CPW. However, by applying quasi-static approximations42, the characteristics of
a CPW can be analytically evaluated, e.g., using the so-called conformal mapping
technique. Hereby, the complex geometry of a CPW is mapped into an analytically
more manageable structure, often a parallel-plate configuration. The associated
capacitance can then be simply calculated and is a measure of the cross-sectional
differential line capacitance C ′

CPW of the CPW. The line impedance ZL,CPW

is then given by Eq. 2.34 for the case of low-losses and in the limit of high
frequencies, whereby we assume that the differential inductance L′ = (C ′v2

ph)−1

can be expressed in terms of the differential capacitance C ′
0 of the same WG

arrangement in vacuum, i.e., the phase velocity vph is given by the speed of
light c [164, 165],

ZL,CPW ≈

√
L′

CPW
C ′

CPW
=
√

1
C ′

CPW C ′
0c

2 =
√

ϵ0µ0

C ′
CPWC

′
0
. (2.38)

In this relation, ϵ0 and µ0 are the vacuum permittivity and permeability, respec-
tively, which are related to the speed of light by c = 1/√ϵ0µ0. Under the
same assumptions, we can also determine the propagation constant γ, compare
Eq. 2.34. All derivations of the transmission line parameters hence reduce to
the calculation of a differential line capacitance C ′

0 in absence of a dielectric,
and the differential line capacitance C ′

CPW of the CPW. Expressions for all these
differential capacitances are readily available in the literature for various conductor
arrangements [164, 165].

To give some practical examples, the various feed CPW utilized in Chapter 5 can
be evaluated both via the approximate conformal mapping technique given by
Eq. 2.38 as well as by a numerical time-domain solver (CST Microwave Studio,

42 Note that these assumptions imply that only the fundamental quasi-TEM mode of the CPW is
considered. In such a case, lumped element models similar to the ones in Section 2.4.1 can be
employed [163].
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see Section 5.5 for details). To check the consistency of both approaches, the line
impedances ZL,CPW are evaluated for an operating frequency of f = 0.3THz
and for CPW dimensions as given in Table 5.1 in Section 5.5 along with a
metallization thickness of hm = 3 µm. We further assume an alumina (Al2O3)
substrate with relative permittivity ϵ′ = 9.9 and height h = 635 µm. For the
feed lines used in the experiments with the THz probes, we find the differential
capacitancesC ′

0 ≈ 26 pF/m andC ′
CPW ≈ 144 pF/m using the conformal mapping

technique. This results in an approximate line impedance of ZL,CPW ≈ 54.5W,
which is within 0.5W of the result retrieved from numerical simulations. The
relative error is hence below 1%, thereby proving the validity of the approach.
With the conformal mapping technique it becomes not only possible to analyze
the CPW line impedance from the cross-sectional geometry of the line [165], but
also to find analytic expressions for estimating the losses in CPW [166–168].

Clearly, CPW structures are seldom as ideal as assumed in the previous paragraphs.
For example, the dielectric material of the substrate may consist of multiple layers,
or the medium above the conductors may be different from vacuum, e.g., in cased
where a cladding is deposited on top of the CPW. The metal conductors are
thus embedded within multiple dielectric slabs, each featuring a characteristic
layer height and relative permittivity. It is therefore convenient to first split such
multi-layer arrangements into multiple single-layer slabs with modified dielectric
constants, such that the already mentioned conformal mapping techniques can
be applied again [169, 170]. The differential capacitance C ′

CPW of the CPW
is then approximated by the sum of the partial capacitances associated with the
individual single-layer arrangements (Veyers–Fouad Hanna approximation [171]).
Importantly, this method requires extensive use of the magnetic-wall boundary
condition43 at the various dielectric/dielectric interfaces, which implies that the
dielectric constants of the layers must decrease when going away from the metal
strips of the CPW [170]. However, typical permittivities of 3D-printable pho-
toresists commonly range from ϵ′ = 2.5 . . . 3.5 in the mmW and THz frequency

43 A magnetic wall acts like a perfect magnetic conductor, where the magnetic field becomes
zero inside. As a consequence, tangential components of the magnetic field as well as normal
components of the electric field are zero all over the surface [172].
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range [173, 174] — significantly lower than the permittivities associated with the
underlying substratematerials such as alumina (ϵ′ = 9.9). For arrangements where
a CPW-like geometry is formed on top of a 3D-printed polymeric support, e.g.,
by directive metal coating, numerical simulations are thus required for accurate
modeling of the line impedance ZL,CPW.

2.4.2 Characterization of two-port networks

When describing mmW and THz networks consisting of multiple circuit elements,
one is usually only interested in a certain set of quantities such as the voltage,
current, or power flow at a specific set of terminals, also referred to as ports44,
within the network — as opposed to a rigorous description of the fields at all
points in space. Linear electrical networks are therefore commonly regarded
as "black boxes", which can contain various interconnected circuit components
or lumped elements and which are described using a square matrix of complex
frequency-dependent functions, the so-called scattering parameters. For analyzing
an entire system of components, the various "black boxes" can then simply be
connected through the associated input and output ports to consider effects such
as reflections or loss.

In the following, we restrict our explanations to linear two-port networks which
can be described using complex-valued (2 × 2)-matrices for relating the incident
wave amplitude a1 and the reflected wave amplitude b1 at the input (Port 1) to the
incident and reflected wave amplitudes a2 and b2 at the output (Port 2). Two-port
representations used in this work include for example the scattering matrix S,
which relates the incident and reflected wave amplitudes as [163, 175]

(
b1

b2

)
=
(

S 11 S 12

S 21 S 22︸ ︷︷ ︸
S

)(
a1

a2

)
. (2.39)

44 At each port, the current flowing from outside the circuit into the terminal is equal to the current
flowing out of the terminal [163].
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A schematic representation of such a two-port network is shown in Fig. 2.13,
where the voltage and current at the respective port i with (generally complex)
reference impedance Zi are denoted as Ui and Ii for i ∈ {1, 2}, respectively.
The incident and reflected wave amplitudes ai and bi (in units of

√
W ) can then be

defined by the overall voltage Ui and current Ii, or equivalently by the respective
incident and reflected voltage and current wave amplitudes through the relations
Ui = U+

i + U−
i and Ii = I+

i + I−
i = (U+

i − U−
i )/Zi, compare Eqs. 2.32

and 2.33, [163, 175]

ai = 1
2
Ui + ZiIi√

ℜ{Zi}
= U+

i√
ℜ{Zi}

,

bi = 1
2
Ui − Z∗

i Ii√
ℜ{Zi}

= U−
i√

ℜ{Zi}
.

(2.40)

The definition according to Eq. 2.40 is especially useful since the power trans-
ported by the associated incident and reflected waves is given by |ai|2/2 and
|bi|2/2, respectively, with the net power flowing into the system at port i being
(|ai|2 − |bi|2)/2. This makes wave amplitudes particularly convenient for systems
where voltages and currents cannot be straightforwardly defined, such as hollow
WG [163]. From the definitions in Eq. 2.40, the generalized scattering parameters
as introduced in Eq. 2.39 are given as

S ij = bi

aj
= U−

i

U+
j

√
ℜ{Zj}
ℜ{Zi}

∣∣∣∣∣∣
ak= 0 for k ̸=j

, (2.41)

where the subscripts i, j ∈ {1, 2} refer to the transmission between or the re-
flection at the respective ports. More specifically, S 11 = b1/a1 = U−

1 /U
+
1 can

be imagined as a complex-valued voltage reflection coefficient, describing the
ratio of the outgoing to the ingoing wave amplitude at Port 1 of the network for
the case where Port 2 is terminated with a matched load impedance Z2, i.e.,
a2 = 0. The magnitude of S 11 is often referred to via the dB-value of the
associated power reflection coefficient |S11|2, i.e., S11,dB = 10 log10( |S11|2).

66



2.4 Fundamentals of millimeter-wave and terahertz (THz) technology

Fig. 2.13: Schematic representation of a two-port network, where the current and voltage at port i with
generally complex-valued reference impedanceZi are denoted as Ii andUi for i ∈ {1, 2}, respectively.
The incident and reflected wave amplitudes are indicated by the respective arrows labeled ai and bi.

Similarly, the term S 21 = b2/a1 = (U−
2
√

ℜ{Z1})/(U+
1
√

ℜ{Z2}) defines the
complex-valued transmission coefficient for a wave incident at Port 1 andmeasured
at Port 2, again for the case where all other ports are terminated with a matched
load impedance. The associated power transmission |S21|2 is often referred to
in decibels as S21,dB = 10 log10( |S21|2). Note that in many textbooks identical
reference impedances of the ports are tacitly assumed, thereby dropping the term√

ℜ{Zj}/ℜ{Zi} in Eq. 2.41. This is because 50W cables and components are
commonly utilized in measurement systems or in conjunction with vector network
analyzers (VNA), and the obtained S-parameters are thus almost exclusively
referred to Zi = Z0 = 50W ∈ R. If a linear network contains only passive
elements and reciprocal materials45 as is the case within this thesis, S additionally
becomes reciprocal (meaning S ij = S ji holds true).

Unfortunately, the S-parameter definition according to Eq. 2.39 does not allow to
efficiently describe a simple concatenation of systems matrices, since knowledge
of the wave amplitudes related to both ports is required for calculating the system
response. An easier description of cascaded networks may be obtained through

45 Non-reciprocal materials are, e.g., subject to the so-called magneto-optic effect which leads to
an alternation of the electromagnetic wave propagating through the respective medium by the
presence of a quasistatic magnetic field. Such materials can therefore be used for the fabrication
of non-reciprocal passive devices such as isolators.
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the use of so-called transfer matrices46 T, where the input wave amplitudes a1

and b1 are represented in terms of the output wave amplitudes a2 and b2 [176],

(
a1

b1

)
=
(

T 11 T 12

T 21 T 22︸ ︷︷ ︸
T

)(
b2

a2

)
. (2.42)

A schematic representation of such a cascaded two-port network is shown in
Fig. 2.14. Network A (Port 1, Port 2) and Network B (Port 2, Port 3) are
connected through the common Port 2, and the various reference impedances are
denoted as Zi for i ∈ {1, 2, 3}. The superscripts (A) and (B) of the incident and
reflected wave amplitudes ai and bi are chosen for an easier distinction between
the two networks. To find a relationship for the cascaded network (Port 1, Port 3),
we can start by using the definition in Eq. 2.42 to write down the T-matrices of
the individual Networks A and B as(

a
(A)
1

b
(A)
1

)
= TA

(
b

(A)
2

a
(A)
2

)
,

(
a

(B)
2

b
(B)
2

)
= TB

(
b

(B)
3

a
(B)
3

)
. (2.43)

The port conditions b(A)
2 = a

(B)
2 and a(A)

2 = b
(B)
2 relating the wave amplitudes at

the output of Network A to the input of Network B can then be used to find

(
a

(A)
1

b
(A)
1

)
= TA

(
a

(B)
2

b
(B)
2

)
= TATB︸ ︷︷ ︸

Tcascade

(
b

(B)
3

a
(B)
3

)
. (2.44)

Equation 2.44 conveniently relates the input and output wave amplitudes of the
cascaded network (Port 1, Port 3) through the T -parameter matrix Tcascade that is
simply themultiplication of theT-matrices associatedwith the individual networks.
Although there is no simple physical means to measure the T -parameters of a

46 Note that the definition of the transfer matrix T in Eq. 2.42 is not unique, as the order of the
incident and reflected wave amplitudes at each port could be swapped. Therefore, special care
must be taken when comparing such parameters among different sources [176].
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Fig. 2.14: Schematic representation of cascaded two-port networks. Network A (Port 1, Port 2)
and Network B (Port 2, Port 3) are connected through the common Port 2, and the various reference
impedance are denoted asZi for i ∈ {1, 2, 3}. The superscripts (A) and (B) of the incident and reflected
wave amplitude ai and bi are chosen for an easier distinction between the two networks. IfN individual
networks are cascaded and represented by their respective transfer matrices T A, T B, . . . T N, the
transfer matrix of the cascaded network can simply be calculated as T cascade = T AT B . . . T N.

given system, formulas for converting between S and T matrices are readily
available [176],

T =
(
T 11 T 12

T 21 T 22

)
=
( 1/S 21 −S 22/S 21

S 11/S 21 − det(S)/S 21

)
, (2.45)

S =
(
S 11 S 12

S 21 S 22

)
=
(
T 21/T 11 det(T)/T 11

1/T 11 −T 12/T 11

)
. (2.46)

Hereby, det(S) = S 11S 22 − S 12S 21 and det(T) = T 11T 22 − T 12T 21 are
the determinant of the S-parameter matrix S and T -parameter matrix T, respec-
tively. Individually measured S-parameter matrices S A,S B, . . .S N may hence
be converted to the equivalent T matrices T A,T B, . . .T N using Eq. 2.45. Equa-
tion 2.44may then be generalized to a cascade ofN systems, i.e., the transfermatrix
of the cascaded network can simply be calculated as T cascade = T AT B . . .T N.
The S-parameters associated with the cascaded system are finally found by con-
verting T cascade to S cascade using Eq. 2.46. Equivalently, any two-port network
may be represented as a concatenation of individual two-ports, which permits
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the successive mathematical removal of the outermost circuit elements by mul-
tiplication with the respective inverse matrices T−1

A ,T−1
B . . .T−1

N — a process
commonly referred to as de-embedding [177, 178]. Practical examples of this
technique are given in Appendices D.4 and D.5.

2.4.3 Antennas

Antennas transform guidedwaves into free-spacewaves. The electric andmagnetic
fields radiated by an antenna are commonly categorized into the following three
regions depending on the radial distance r from the antenna center-point, whereby
the boundaries can be defined in terms of the wavelength λ = c/f of the radiated
free-space wave and the biggest geometrical extension Lmax of the antenna [179]:

• Reactive near-field region: 0 < r < 0.62
√
L3

max/λ

The reactive near-field is the region immediately surrounding the antenna,
wherein the electromagnetic fields are changing very quickly due to evanescent
waves created by surface currents. Electric and magnetic fields are 90◦ out
of phase, and the emitted fields are thus purely reactive (non-radiating), which
leads to the power oscillating within this region.

• Radiating near-field (Fresnel) region: 0.62
√
L3

max/λ ≤ r < 2 (L2
max/λ)

In the radiating near-field region, radiation fields start to dominate, and the
angular field distribution of the antenna begins to smoothen and form lobes
depending on the distance r.

• Far-field (Fraunhofer) region: 2 (L2
max/λ) ≤ r < ∞

In the far-field region, the Poynting vector of the radiated wave is predominately
real and power can thus be transmitted. The electric andmagnetic components of
the radiatedwave are normal with respect to each other and to the Poynting vector,
which is oriented along the radial propagation direction. Hence, a quasi-TEM
wave is formed and the radiation pattern can be simply described in spherical
coordinates using only the azimuthal angle φ and the elevation angle θ.
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All antenna configurations considered within this thesis are observed in the far-
field region, for which the various performance metrics are illustrated in Fig. 2.15.
The radiation pattern of an antenna is described by the dependence of the emitted
intensity on the direction, given by the azimuthal angle φ and the elevation
angle θ. Quantitatively, the radiation pattern ξ(φ, θ) is defined as the radiated
power per unit solid angle dΩ = sinθ dθ dφ. We can hence find the total radiated
power Prad of an antenna by integrating the radiation pattern ξ(φ, θ) over all solid
angles dΩ [179],

Prad =
"

Ω
ξ(φ, θ) dΩ =

� 2π

0

� π

0
ξ(φ, θ) sinθ dθ dφ. (2.47)

For an isotropic radiator, ξ(φ, θ) = ξiso becomes independent of the direction,
and with Eq. 2.47 we can find the equivalent total radiated power Prad = 4πξiso.
We can then define the directivity D(φ, θ) of any antenna by relating the radiated
power per solid angle ξ(φ, θ) to the radiated power per solid angle ξiso of a
fictitious isotropic source with an equivalent radiated power Prad,

D(φ, θ) = ξ(φ, θ)
ξiso

= 4π ξ(φ, θ)
Prad

. (2.48)

Obviously, the directivity D(φ, θ) is a measure describing purely the directional
properties of an antenna but does not relate to the efficiency with which power is
transformed from the ongoing guide wave to the outgoing free-space wave or vice
versa. This aspect is covered by several efficiency metrics, which take into account
losses at the input port due to reflections stemming from impedance mismatch
or losses within the antenna itself, e.g., as a result of dielectric and conductor
losses [179, 180], see the illustrations in Fig. 2.15. Therefore, another useful
metric describing the performance of an antenna is the direction-dependent gain,
which is defined as

G(φ, θ) = ηradD(φ, θ), (2.49)

where ηrad ≤ 1 is the radiation efficiency taking into account losses within the
antenna structure. Finally, Eq. 2.49 can be adapted to take into account losses when
the antenna element is connected to a feed transmission line with characteristic
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Fig. 2.15: Illustration of the performance metrics related to the far-field ( r ≥ 2 [L2
max/λ] )

power-transfer characteristics of an antenna. The total radiated power Prad is given by integrat-
ing the radiation pattern ξ(φ, θ) (in units of power per solid angle) over all spherical directions.
The directivity D(φ, θ) is a measure describing the directional properties of the antenna by relating the
radiated power per solid angle ξ(φ, θ) to the radiated power per solid angle of a fictitious isotropic source.
In addition, a series of efficiencies are used to take into account losses at the input port due to reflections
stemming from impedance mismatch (ηin) or losses within the antenna itself (ηrad). Another useful
performance measure is hence the realized gain GR(φ, θ), which is related to the gain G(φ, θ) and
directivity D(φ, θ) by the two efficiencies as GR(φ, θ) = ηinG(φ, θ) = ηinηradD(φ, θ).

impedance ZL, see Fig. 2.15. If the input impedance of the antenna is given
asZ in, any impedance mismatch leads to the partial reflection Pref of the feed port
power Pport at the antenna input, i.e., Pref = |Γref |2Pport according to Eq. 2.37.
Therefore, the power Pin fed to the actual antenna input is reduced accordingly,

Pin = (1 − |Γref |2)Pport =
(

1 −
∣∣∣∣Z in − ZL
Z in + ZL

∣∣∣∣2 )Pport. (2.50)

Equation 2.50 may be equivalently represented by an input-matching efficiency
ηin = (1 − |Γref |2) ≤ 1, which allows to define the so-called realized gain as

GR(φ, θ) = ηinG(φ, θ) = ηinηradD(φ, θ). (2.51)

Equation 2.51 thus describes the direction-dependent ratio of the radiated power
per solid angle with respect to the radiated power per solid angle that would
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be obtained if the accepted power by an antenna was radiated isotropically47.
The measured gain patterns are usually given in decibels and visualized in polar
plots for certain cross-sectional planes that are associated with, e.g., the azimuthal
or elevation angle.

CPW-fed slot antennas

The antenna structures considered within this thesis are CPW-fed slot antennas,
see Fig. 2.17(b), which are elevated from the underlying high-index substrate for
increased radiation efficiency in the surface-normal direction. In planar mmW
circuits, this type of antenna has gained increasing attention due the ease of
fabrication and the increased bandwidths compared to microstrip-based patch
antennas. The symmetric conductor arrangement of CPW furthermore promotes
the propagation of balanced signals, where the electrical fields associated with
the two CPW slots are equal but point in opposing directions, see Fig. 2.12(a).
This greatly simplifies the connection to center-fed slot antennas, where the ter-
minals require voltages which are equal but opposite in sign due to the inherent
symmetry of the arrangement. Therefore, no dedicated circuits for the transforma-
tion between balanced and unbalanced transmission lines are required48 [181].

Figure 2.16(a) shows a schematic slot antenna with a slot width w ≪ λ and
slot length L in a metallic sheet that is excited by a voltage from a feed line
across the transverse direction at its center49. If the metal sheet surrounding
the slot is perfectly conducting, infinitely extended and very thin, the slot an-
tenna is complementary to a planar dipole as shown in Fig. 2.16(b). According to

47 For perfectly matched (ZL = Zin → ηin = 1) and lossless (ηrad = 1) antennas, Eq. 2.51 hence
simplifies to GR(φ, θ) = G(φ, θ) = D(φ, θ) ∝ ξ(φ, θ).

48 A device or circuit performing this transformation is commonly referred to as balun (short form
for "balanced-unbalanced").

49 When the center of the slot is excited by a voltage, current can flow along the perimeter of the
slot. This results in an electric field distribution along the extension of the slot in the x-direction
in Fig. 2.16(a) which is considered to follow a sinusoidal, where the electrical field becomes zero
at the two outermost points of the slot.
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Babinet’s principle50, the electric and magnetic field distributions of complemen-
tary structures are simply interchanged, and the sign of the electric and magnetic
fields must change from one side of a metal sheet to the other [183]. Wemay hence
write down51 the components of the fields associated with the slot antenna by con-
sidering the respective terms of a very thin (w ≪ L) dipole of finite length L [179,
180], and by introducing the φ-dependent proportionality factor Λ(φ) for taking
into account the change in field direction, i.e.,

Hθ,slot(φ, θ) =̂ Eθ,dipole(φ, θ) ∝ Λ(φ)
cos(πL

λ sin θ) − cos(πL
λ )

cos θ × 1
r
,

Eφ,slot(φ, θ) =̂ Hφ,dipole(φ, θ) ∝ Hθ,slot(φ, θ)
ZW

,

(2.52)

with
Λ(φ) =

1 if φ = − π
2 . . .

π
2

−1 if φ = π
2 . . .

3π
2

. (2.53)

In these relations, the subscripts φ and θ refer to the respective field component
and ZW =

√
µ0/ϵ0 ≈ 120πW ≈ 377W denotes the intrinsic wave impedance

of free-space. We can then find the far-field radiation pattern ξ(φ, θ) of the slot
antenna depicting its directional properties,

ξ(φ, θ) ∝ r2

ZW
|Hθ,slot(φ, θ)|2 =

∣∣∣∣Λ(φ)
cos(πL

λ sin θ) − cos(πL
λ )

cos θ

∣∣∣∣2. (2.54)

Note that the sign change described by Λ(φ) does not effect Eq. 2.54 as long as
Eq. 2.53 holds true, and the resulting radiation pattern would hence be constant

50 Babinet’s principle was originally introduced in optics [182], stating that the diffraction patterns of
two mutually complementary apertures (e.g. a slit and a wire of the same thickness) are the same
outside the region in which the geometrical-optical image falls. However, it does not consider the
phase nor polarization which are vital parts of antenna theory. Extensions to Babinet’s principle
for putting it in the context of antennas have therefore been introduced by Booker [183].

51 The coordinate axis have been chosen for consistency with the plots in Chapter 5 and Appendix D.
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Fig. 2.16: Schematic configuration and far-field distributions of a slot antenna and a complementary
dipole antenna with a slot width w ≪ λ and slot length L. Electric and magnetic field distributions
are conceptually drawn for L = λ/2. The solid blue and green arrows indicate the direction of
the electric (E) and magnetic (H) field, respectively. By virtue of Babinet’s principle, the electric
and magnetic field distributions are simply interchanged, with the exception of the electric field
of the slot antenna normal to the sheet, which reverses its direction from one side of the sheet
to the other. Similarly, the direction of the tangential component of the magnetic field is flipped.
The line impedances Zin,slot and Zin,dipole are related through the intrinsic wave impedance of free-
space ZW by Eq. 2.55. (a) Slot antenna in an infinitely extended metal sheet and associated electric
and magnetic field distributions. The field components are given by Hθ,slot(φ, θ) and Eφ,slot(φ, θ),
which are constant with respect to φ but change sign depending on the side of the metal sheet. If the
metallic sheet is finite, diffraction of the electromagnetic wave occurs. (b) Complementary dipole
antenna and associated electric and magnetic field distributions. The field components are given
by Eθ,dipole(φ, θ) =̂ Hθ,slot(φ, θ) and Hφ,dipole(φ, θ) =̂ Eφ,slot(φ, θ), which are constant
with respect to φ.
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with respect to φ. However, if the metallic sheet is finite, diffraction of the
electromagnetic wave occurs. Although it has been shown [180] that the influence
of a limited sheet extension on the antenna impedance and the θ-dependency
of the radiation pattern in Eq. 2.54 is negligible, the φ-dependency of the field
components as governed by Λ(φ) starts to deviate significantly52 from Eq. 2.53.

The various electric and magnetic field distributions for both the dipole as well as
the complementary slot antenna with infinitely extended metal sheet are conceptu-
ally drawn in Fig. 2.16(a) and (b) for L = λ/2. The solid blue and green arrows
indicate the direction of the electric (E) and magnetic (H) field, respectively.
Note that the directions of E and H are simply interchanged, with the exception
of the electric field of the slot antenna normal to the sheet, which reverses its
direction from one side of the sheet to the other as indicated by the arrows and
described by the factor Λ(φ) in Eq. 2.52. Similarly, the direction of the tangential
component of the magnetic field is flipped. For a measured radiation pattern,
one often refers to so-called E- or H-planes. Hereby, E-planes describe the
plane containing the electric field vector and the direction of maximum radiation.
Similarly,H-planes describe the plane containing the magnetic field vector and the
direction of maximum radiation [179]. In Fig. 2.16, the planes of the illustrated
electric and magnetic field distributions coincide with the E- andH-planes of the
depicted antennas, respectively.

One of the main problems with CPW-fed slot antennas is the matching of the input
impedance Z in,slot to a feed transmission line with reference impedance ZL [184].
Multiple approaches have been demonstrated, including impedance tuning based
on on-center [185] or off-center [186] feeding of the slot as well as inductive [181,
184] or capacitive [187] coupling techniques. As a direct result of Babinet’s

52 In fact, no power can be radiated in the direction of the sheet, i.e., in the directions associated
with φ = ±π/2 in Eq. 2.53, as the electric fields on both sides of the metal sheet have the same
magnitude but opposite signs, see Fig. 2.16(a). The associated electrical fields thus cancel, leading
to a null in all directions in the plane of the sheet. In addition, diffraction at the sheet edges causes
an alternation of Eφ,slot(φ, θ) along the φ-direction, whereby the number of such undulations
in the pattern increases while the magnitude decreases for increasing sheet extension [180].
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principle, we can estimate the input impedance Z in,slot of a slot antenna using the
input impedance Z in,dipole of the complementary dipole antenna as [183]

Z in,slot = Z2
W

4Z in,dipole
. (2.55)

Although extensive closed-form expressions for the input impedance of finite
dipoles with length L and diameter D have been derived, these formulas are still
only valid for very thin (D ≪ L) configurations53. For thicker antennas, however,
the current distribution deviates significantly from a sinusoidal, and numerical
methods are required to approximate the input impedance using, e.g., Pocklington’s
integro-differential equation or the Hallén integral equation [179, 180]. While a
detailed discussion of these methods is outside the scope of this thesis, the input
impedances Z in,dipole obtained for dipoles with thicker diameters can be readily
used in combination with Eq. 2.55 for the design of slot antennas [180].

Figure 2.17(a) details a specific design of a cylindrical dipole antenna, for which
a length of L = 0.925λ and a diameter of D = 0.033λ are chosen. Interestingly,
approximations using the Hallén-integral method [189] indicate that the input
impedance of such a conductor configuration becomes purely resistive with a
value Z in,dipole ≈ 710W. From Eq. 2.55 we find that the input impedance of the
complementary slot antenna becomes Z in,slot ≈ 50W [180], thereby allowing
for a simplified matching to the usual 50W reference impedance. The associ-
ated complementary slot antenna is illustrated in Fig. 2.17(b), where the length
L = 0.925λ is identical and the equivalent width is given by w = 2D = 0.066λ,
i.e., the length to width ratio amounts toL/w ≈ 14. The antennas designed within
this thesis are therefore fixed to this length to width ratio. When using high-index
substrates such as alumina (ϵ′ = 9.9) for implementing antenna structures, it is
crucial to mitigate losses that stem from the coupling to surface waves and resonant
substrate modes as well as dielectric losses associated with the substrate material.
One commonly followed approach is to raise the antenna above the high-index
substrate, thereby reducing the influence of the substrate dielectric on the radiated

53 It has been shown [188], that the accuracy is typically within 10% for ratios of L/D > 60.
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Fig. 2.17: Design of a cylindrical dipole antenna resulting in a complementary CPW-fed slot antenna
with a purely resistive input impedance close to 50W according to Babinet’s principle. (a) The
cylindrical dipole antenna features a length of L = 0.925λ and a diameter of D = 0.033λ.
The input impedance of such a conductor configuration is approximately purely resistive with a
value Zin,dipole ≈ 710W. (b) Complementary slot antenna having the same length L = 0.925λ
as the cylindrical dipole antenna and an equivalent width of w = 2D = 0.066λ. An input impedance
of Zin,slot ≈ 50W is found using Eq. 2.55.

free-space wave and increasing the radiation efficiency. To this end, 3D-printing
of support structures which are selectively metal coated for forming the associ-
ated electrical transmission lines atop (see Section 5.2 for details on the concept
and fabrication) offers a particularly attractive approach for fabricating freeform
mmW and THz antennas which are suspended form the underlying substrate.
This technique offers unprecedented geometrical design freedom in combination
with the possibility for precise alignment of the resulting mmWand THz structures
with respect to, e.g., feed CPW on the underlying planar substrate. For the specific
implementations in Chapter 5, an overall slot length of L = 822 µm is chosen
in combination with a slot width of w = 60µm ≈ L/14 for achieving an input
impedance Z in,slot ≈ 50W close to the CPW feed line.
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3 3D-printed coupling elements
for external-cavity lasers
with Si3N4 resonator offering
sub-kHz linewidth

This chapter reports on 3D-printed optical coupling elements such as intra-cavity
photonic wire bonds (PWB) and facet-attached microlenses (FaML) for silicon
nitride (Si3N4)-based hybrid integrated external-cavity lasers (ECL) that are used
as a tunable pump laser to generate a Kerr frequency comb. It has been published
in the Journal of Lightwave Technology [J2]. The material from the publication
has been adapted to comply with the layout and the structure of this thesis.

The experiments were conceived jointly by Yung Chen, Yilin Xu, Yiyang Bao,
Matthias Blaicher, Philipp-Immanuel Dietrich, Huanfa Peng, Christian Koos,
and the author. Matthias Blaicher, Yilin Xu, and the author developed the
advanced lithography tools required for precise fabrication of the PWB and
FaML at device facets. The ECL assemblies were fabricated by the author,
supported by discussions with Yilin Xu. Philipp-Immanuel Dietrich provided
the photoresist used in the experiments. Dimitri Geskus and Ronald Dekker
provided the Si3N4 (TriPleX®) filter chips for the ECL. The author performed
the experimental characterization of the various ECL assemblies and analyzed the
measurement data. Yung Chen fabricated the assemblies used for the Kerr comb
generation, and the associated experiments were executed and evaluated by Yung
Chen, Huanfa Peng, and the author. Yiyang Bao helped with the automation of the
ECL tuning. Junqiu Liu provided the Si3N4 chips with the high-Qmicroresonators
used in the Kerr comb modules. All authors discussed the data. The project was
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supervised by Sebastian Randel, Wolfgang Freude, Tobias J. Kippenberg, and
ChristianKoos. The author wrote themanuscript with support byWolfgang Freude
and Christian Koos. The manuscript is partially based on the prior conference
contribution [C1] to ECOC 2022.

[Beginning of paper [J2]. This article is reprinted under the terms of a Creative
Commons Attribution 4.0 License.]

Sub-kHz-linewidth external-cavity laser (ECL) with Si3N4 resonator
as a tunable pump for a Kerr frequency comb
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Combining optical gain in direct-bandgap III-V materials with tunable optical
feedback offered by advanced photonic integrated circuits is key to chip-scale
external-cavity lasers (ECL), offering wideband tunability along with low opti-
cal linewidths. External feedback circuits can be efficiently implemented using
low-loss silicon nitride (Si3N4) waveguides, which do not suffer from two-photon
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3.1 Introduction

absorption and can thus handle much higher power levels than conventional silicon
photonics. However, co-integrating III-V-based gain elements with tunable exter-
nal feedback circuits in chip-scale modules still represents a challenge, requiring
either technologically demanding heterogeneous integration techniques or costly
high-precision multi-chip assembly, often based on active alignment. In this work,
we demonstrate Si3N4-based hybrid integrated ECL that exploit 3D-printed struc-
tures such as intra-cavity photonic wire bonds and facet-attached microlenses for
low-loss optical coupling with relaxed alignment tolerances, thereby overcoming
the need for active alignment while maintaining the full flexibility of multi-chip
integration techniques. In a proof-of-concept experiment, we demonstrate an ECL
offering a 90 nm tuning range (1480 nm– 1570 nm) with on-chip output powers
above 12 dBm and side-mode suppression ratios of up to 59 dB in the center of
the tuning range. We achieve an intrinsic linewidth of 979Hz, which is among
the lowest values reported for comparable feedback architectures. The optical loss
of the intra-cavity photonic wire bond between the III-V gain element and the
Si3N4-based tunable feedback circuit amounts to approximately (1.6 ± 0.2) dB.
We use the ECL as a tunable pump laser to generate a dissipative Kerr soliton
frequency comb. To the best of our knowledge, our experiments represent the
first demonstration of a single-soliton Kerr comb generated with a pump that is
derived from a hybrid ECL.

3.1 Introduction

Tunable lasers are key building blocks of integrated optics. In this context, hybrid
external-cavity lasers (ECL) are particularly interesting, opening the possibility
to combine optical amplification in direct-bandgap III-V-based gain elements
with tunable optical feedback offered by advanced passive photonic integrated
circuits (PIC). Such feedback circuits can be efficiently implemented on the sil-
icon photonic (SiP) platform [J1, 31–33, 108, 190–192]. Alternatively, silicon
nitride (Si3N4) waveguides can be used for the feedback circuits [20, 23, 114, 193–
197], offering much lower linear and nonlinear losses than their SiP counterparts.

81



3 3D-printed coupling elements for ECL with Si3N4 resonator offering sub-kHz linewidth

This increases the intrinsic Q-factors of resonator-based feedback circuits and
eliminates two-photon absorption (TPA) as a critical impairment at high power
levels, thereby permitting greatly reduced phase noise and small linewidths [18,
20, 21]. However, the co-integration of III-V-based gain elements and tunable
external-cavity circuits in chip-scale packages still represents a challenge. Specif-
ically, heterogeneous integration based on transfer of InGaAsP epitaxial layers
to pre-processed passive silicon or silicon nitride PIC paves a path towards high-
density monolithic integration, but the underlying processes are still complex [30]
and mostly limited to the SiP platform. This approach is hence mainly suited
for high-volume applications that justify the associated technological overhead.
Alternatively, III-V-dies and passive feedback circuits can first be processed on
separate substrates and then be combined in a compact multi-chip module using
a hybrid approach. This concept allows the components to be optimized and
tested individually and facilitates thermal decoupling of the gain element from
temperature-sensitive feedback circuits. However, assembly of hybrid photonic
multi-chip modules crucially relies on high-precision alignment of the underlying
optical dies, often requiring active alignment techniques, where the coupling effi-
ciency is continuously measured and optimized during the assembly process [20,
23, 31, 114, 192–194, 196, 197]. This leads to limited fabrication throughput and
often hinders cost-efficient scalability to high volumes.

In this paper, we demonstrate Si3N4-based hybrid integrated ECL that exploit
photonic wire bonds (PWB) as intra-cavity coupling elements between reflective
semiconductor optical amplifiers (RSOA) and the associated external-cavity cir-
cuits [C1]. PWB are structured in-situ in a fully automated process with shapes
adapted to the mode-field sizes and the positions of the chips at both ends, thus
offering low coupling loss even for vastly dissimilar waveguide cross sections and
limited placement accuracy of the underlying dies [40]. In a proof-of-concept
experiment, we demonstrate an ECL offering a 90 nm tuning range (1480 nm–
1570 nm) with on-chip output powers above 12 dBm and side-mode suppression
ratios (SMSR) of up to 59 dB in the center of the tuning range. We measure an
intrinsic linewidth of 979Hz, which is among the lowest values reported for com-
parable feedback architectures. The optical loss of the intra-cavity PWB between
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the III-V gain element and the Si3N4-based tunable feedback circuit amounts to
approximately (1.6 ± 0.2) dB. At the output, the Si3N4-based tunable feedback
circuit is coupled to an array of single-mode fibers using 3D-printed facet-attached
microlenses (FaML) [3, J3, J5, C2]. To demonstrate the performance and the
versatility of the device, we use the ECL as narrow-linewidth tunable pump laser
for generation of dissipative Kerr soliton (DKS) frequency combs in high-Q Si3N4

microresonators. To the best of our knowledge, our experiments represent the first
demonstration of a single-soliton Kerr comb generated with a pump that is derived
from a hybrid integrated ECL.

3.2 Integrated hybrid ECL

3.2.1 Device concept

The concept of a hybrid integrated ECL with 3D-printed intra-cavity photonic
wire bond (PWB) and facet-attached microlenses (FaML) is shown in Fig. 3.1(a).
The assembly consists of two dies on a common aluminum (Al) submount — an
InP reflective semiconductor optical amplifier (RSOA) attached to a copper (Cu)
heatsink and a Si3N4-based external-cavity circuit with a fiber array at the output.
The device is controlled via an electronic circuit on a printed circuit board (PCB),
which is attached to an Al base plate together with the submount. Figure 3.1(b)
provides a top-view schematic of the InP RSOA and the Si3N4 chip, the latter
comprising a Sagnac loop mirror with a Vernier pair of tunable racetrack res-
onators R1 and R2, a cavity phase tuner (CPT), and a tunable output coupler
implemented as a Mach-Zehnder interferometer (MZI). The RSOA has a back
facet with a high-reflectivity (HR) coating, while the front facet is angled at 9.0◦

and has an anti-reflection (AR) coating with respect to polymer. A PWB bridges
the gap between the RSOA front facet and the edge coupler (EC) on the Si3N4

chip. This EC consists of a tapered waveguide (WG) which is oriented at an
angle of 19.9◦ with respect to the facet normal. A side-view schematic of the
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3.2 Integrated hybrid ECL

module is provided in Fig. 3.1(c). Each end of the PWB is equipped with addi-
tional attachment structures that improve mechanical stability. Note that the PWB
approach allows for connecting the two dies even though the emission angle of the
RSOA output and the direction of the input EC of the Si3N4 chip are not matched,
emphasizing the flexibility of the concept. The Si3N4 racetrack resonators, MZI,
and CPT are tuned by thermal phase shifters. The CPT is used to adjust the cavity
round-trip phase to an integer multiple of 2π at the wavelength corresponding to
the maximum mirror reflectivity. The tunable MZI-based output coupler is used
to set the ratio between the light extracted from the laser cavity and the feedback
to the RSOA.

In the device implementation discussed in the following, the CPT is 1mm long,
and the Vernier pair of racetrack resonators have perimeters of 885.1 µm (R1)
and 857.4 µm (R2). Four auxiliarywaveguidesWG 2 . . . 5 and the outputWG 1 are
routed to the Si3N4 chip edge and connected to tapered EC having a pitch of 127 µm.
All fivewaveguide Ports 1 . . . 5 are coupled to a single-mode fiber (SMF) array (FA)
via 3D-printed FaML.

3.2.2 Component characterization

To fully evaluate our integration concept, all components of the ECL are indi-
vidually characterized prior to assembly. The assembly of fully characterized
known-good components highlights one of the key advantages of our hybrid ap-
proach compared to other integration concepts. The following sections describe
the measured performance of the RSOA and of the Si3N4 feedback circuit.

The C-band RSOA (Fraunhofer Heinrich-Hertz-Institut, Germany) is 700 µm
long, has a back facet with a HR coating (90% reflectivity with respect to air)
and an angled front facet (9.0◦) with AR coating designed for emission into
polymer (n = 1.56). The intensity distribution has an approximately circular
shape with a 1/e2-diameter of 3.6 µm. The device is similar to the RSOA used
in [J1], and further details relating to the measurement techniques are described
in the associated Supplementary Information. At a pump current of 100mA, the
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3 3D-printed coupling elements for ECL with Si3N4 resonator offering sub-kHz linewidth

measured maximum small-signal gain is 22 dB, and the saturated output power
is Psat = 11.4 dBm, both obtained at a wavelength of λ = 1550 nm. The RSOA
characterization results are given in more detail in Appendix A.2, see Fig. A.2(a)
and the associated description.

Frequency-selective optical feedback is provided by an ECL filter chip comprising
a Vernier pair of racetrack resonators on the Si3N4 chip (TriPleX®, LioniX
International B.V., The Netherlands), Fig. 3.1(b). The underlying waveguides
are based on a symmetric double-stripe geometry consisting of a pair of stacked
Si3N4 layers buried in a SiO2 cladding - a standard structural element of the
TriPleX® platform [17, 115]. The low propagation loss of less than 0.1 dB/cm
is achieved with a width of the two Si3N4 stripes of 1.1 µm and a height of
only 175 nm for the top and 75 nm for the bottom Si3N4 stripe, respectively.
Both racetrack resonators have equal WG cross sections, leading to identical
propagation constants and slightly different free spectral ranges (FSR) achieved
by slight differences of the perimeters. The individual racetrack resonators are
characterized by power transmission measurements in a loop-back configuration
through the two auxiliary waveguide Ports 3 and 4, see Fig. 3.1(b). The measured
transmission can be fit to a model to estimate the resonator parameters such as
the loaded Q-factors and the FSR, see Appendix A.1 and [J1] for more details.
At a wavelength of 1525 nm, corresponding to the center of our tuning range, we
extract FSR of 195.7GHz and 202.0GHz for R1 and R2, respectively, along with
approximately equal loaded Q-factors of 20 000. With the parameters obtained
from the fit, we can calculate a 0.1 dB on-chip reflection loss of the tunable mirror,
measured at the top of the reflection peak in case a resonance of R1 is perfectly
aligned with a corresponding resonance of R2.

3.2.3 Module assembly

In a first step of module assembly, the RSOA is glued to a copper (Cu) heatsink
with an electrically conductive adhesive (EPO-TEK® H20E, Epoxy Technology
Inc., USA). The Cu heatsink with the RSOA and the Si3N4 chip are then coarsely

86



3.2 Integrated hybrid ECL

aligned to each other and glued to an Al submount, see Fig. 3.1(a). A step on
the Al submount is used to adjust the height of the RSOA chip surface to that
of the WG layer containing the EC on the Si3N4 external-cavity chip. The PWB
trajectory depends on the exact positions and emission directions of the RSOA
and Si3N4 EC facets, see Fig. 3.1(b). The EC on the external-cavity chip rely on
spot-size converters (SSC) that are implemented by simultaneously tapering the
thickness of the top Si3N4 layer as well as the width of the two stacked Si3N4

stripes, while maintaining a constant thickness of the intermediate SiO2 layer.
In the EC used for our devices, the thickness of the top Si3N4 layer is tapered down
from the usual 175 nm to zero close to the end-facets, effectively only leaving the
bottom Si3N4 stripe with 75 nm thickness. At the input of the chip, the Si3N4

stripes start with an initial width of 2 µm at the facet, which is reduced to the
standard width of 1.1 µm at the end of the taper section. This leads to a measured
elliptical mode-field with 1/e2-width of 7.2 µm in the horizontal and 4.6 µm in
the vertical direction, and the rectangular cross-section of the PWB is chosen to
have a width of 8.0 µm and a height of 5.0 µm for best coupling to the mode-field
size at the chip facet. In our implementation, the PWB bridges a gap of 306 µm
between the two dies. The PWB on the RSOA side comprises a taper with an
initial cross-section of 4.0 µm× 4.0 µm, matched to the mode-field size at the
RSOA facet. The PWB cross-section is then reduced to the usual 2.4 µm× 2.0 µm.
At the facet of the Si3N4 chip, the PWB is up-tapered to the above-mentioned final
cross-section of 8.0 µm× 5.0 µmconnecting to the on-chip Si3N4 EC. Between the
tapers, the PWB maintains the constant cross-section of 2.4 µm× 2.0 µm, while
the trajectory describes an arc to smoothly connect to the edge-coupled on-chip
WG at either end, which feature notably different directions. Printed attachment
structures on both the RSOA and the Si3N4 chip facets improve the mechanical
stability of the PWB, see Fig. 3.1(c).

Fiber-chip coupling at the output of the Si3N4 chip relies on five identical FaML,
printed to the facets of the FA. These FaML have been designed for the specific
EC used at the output facets of the external-cavity chip towards the fiber array
(waveguide Ports 1. . .5). The EC again rely on a pair of Si3N4 stripes, which are
now down-tapered from the standard width of 1.1 µm to a final width of 0.8 µm
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3 3D-printed coupling elements for ECL with Si3N4 resonator offering sub-kHz linewidth

at the facet, with the bottom Si3N4 layer keeping its constant thickness of 75 nm
while the thickness of the upper layer is reduced from the initial value of 175 nm to
zero at the facet. The resulting mode-field diameter was measured to be 7.5 µm in
both directions. The FaML are 70 µm long and offer a working distance of 50 µm
between the apices of the lenses and the Si3N4 WG facets. The distance between
the FA and the Si3N4 chip facet hence amounts to 120 µm, see Fig. 3.1(b). Both
the PWB and the FaML are made from a negative-tone photoresist (VanCore A,
Vanguard Automation GmbH, Germany; refractive index n = 1.53) by in-situ
multi-photon lithography. The fabricated PWB and FaML are developed in
propylene-glycol-methyl-etheracetate (PGMEA), flushed with isopropanol, and
finally blow-dried. The FaML on the FA are 3D-printed in a separate step for
subsequent assembly with a custom pick-and-place machine [J3]. Figure 3.2(a)
shows a microscope image of the fully assembled ECL module. Inset (i) displays
a scanning-electron microscope (SEM) image of the false-colored PWB along
with the dimensions of the various PWB cross-sections. Inset (ii) shows a
microscope image of the five FaML on the FA facing the corresponding edge-
coupled waveguide Ports 1 . . . 5 on the Si3N4 chip.

3.2.4 Module characterization

The ECL wavelength is selected by aligning the two racetrack resonators to a
common resonance, which may be detected through the two auxiliary waveguide
Ports 3 and 4 in a loop-back configuration. After the alignment of the resonances,
the cavity phase and the tunable coupler are adjusted for maximum on-chip output
powerPout, see Fig. 3.1(b). From the power-current characteristics (P−I-curve) in
Fig. 3.2(b) measured at a wavelength λ = 1550 nm, we extract a threshold current
of 19mA and an average slope efficiency of 132mW/A. We further estimate a
PWB loss of (1.6 ± 0.2) dB by measuring the ECL emission power Pout and by
comparing it to the measured saturated output power Psat of the RSOA at the same
wavelength λ and at the same injection current I . Details relating to the estimation
of the PWB losses can be found in Appendix A.2. The measured PWB loss is on
par with previously reported coupling losses of (1.6 ± 1.0) dB between RSOA and
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3.2 Integrated hybrid ECL

Si3N4-based PIC using passive alignment [198], outperforming many previous
demonstrations featuring typical RSOA-to-chip insertion losses of (2 . . . 3) dB [23,
107, 193, 195, 197]. Butt-coupling losses below 1 dB are also feasible, but the
associated devices require carefully laid-out SSC on the passive chips [31, 32] or
inverse tapers on both the active and passive chips [33, 34], usually in conjunction
with active alignment techniques for precise positioning.

Figure 3.2(c) depicts superimposed ECL lasing spectra with tuning steps of 5 nm
within the tuning range (1480 . . . 1570) nm for a fixed injection current of
I = 100mA. A maximum on-chip output power Pout of 12 dBm is measured
at wavelengths near the center of the tuning range (λc = 1525 nm), close to the
center wavelength of the RSOA gain spectrum. The SMSR is at least 45 dB over
the whole tuning range and reaches 59 dB in the center of the tuning range, see
Fig. A.2(b) below.

We further measure the phase noise of the emitted laser line using a frequency dis-
criminator (LWA-1k 1550, HighFinesse GmbH, Germany). The measurements
are carried out for an emission wavelength close to 1550 nm, where we re-adjust the
tunable output coupler for minimum intrinsic linewidth. The associated FM noise
spectrum is shown in Fig. 3.2(d). The intrinsic (Lorentzian) linewidth is obtained
by first fitting a model function of the form SF(f) = S0 + S1f

−1 + S2f
−2 +

S3f
−3 to the measured FM noise spectrum (blue dashed line). This leads to

S0 = 311Hz2/Hz, corresponding to an intrinsic linewidth of δf = πS0 = 979Hz
(solid blue line), which is among the lowest values reported for similar feedback
architectures [20, 31, 32, 114, 190, 191, 193, 194]. The low phase noise results
from the large effective optical cavity length ofLeff = 48.7mm) at the center of the
emission range (λc = 1525 nm), the low passive WG losses (0.1 dB/cm), and the
small RSOA-to-chip coupling loss (1.6 dB). The effective optical cavity length Leff

accounts for the group delay of all cavity elements including the RSOA waveguide,
the PWB, the on-chip Si3N4 waveguides as well as the highly dispersive racetrack
resonators R1 and R2 and is hence much larger than the geometrical cavity length.
Minimizing losses in the extended laser cavity, which are dictated mainly by the
RSOA-to-chip coupling loss, is essential to obtain low laser linewidths [107].
Our results are on par with lately demonstrated linewidths of 895Hz [194],
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3 3D-printed coupling elements for ECL with Si3N4 resonator offering sub-kHz linewidth

achieved with actively aligned Si3N4-based external-cavity circuits featuring only
a pair of Vernier-type ring resonators. Note that previously reported demonstra-
tions of such devices usually reached values of the order of 2 kHz [20, 114].
Lower intrinsic linewidths may be achieved by using external-cavity circuits with
three or more ring resonators: Using shallow-etched low-loss SiP rib WG in com-
bination with three-ring external-cavity circuits, heterogeneously integrated ECL
with linewidths down to 95Hz have been demonstrated [108]. The linewidths
of three-ring ECL can be further reduced down to 40Hz by using Si3N4-based
external-cavity circuits with large optical cavity lengths of the order of 0.5m [196].
Note that feedback circuits based on standard SiP strip WG generally lead to larger
intrinsic linewidths of, e.g., 12 kHz, demonstrated with a hybrid integrated ECL
based on a pair of Vernier-type SiP ring resonators in combination with a Mach-
Zehnder-type delay interferometer that additionally suppresses Vernier side-lobes
in the filter transfer function [192].

3.3 Kerr comb generation

To demonstrate the versatility of our hybrid ECL, we use the device as a precisely
tunable pump laser to generate dissipative Kerr soliton (DKS) frequency combs in
Si3N4 microresonators. Figure 3.3(a) shows a schematic of the associated experi-
mental setup: The ECL fiber output is connected to an optical isolator, followed
by an erbium-doped fiber amplifier (EDFA) and a polarization controller (PC).
The light is then fed via a PWB to a separately packaged comb module (CM),
consisting of a ring resonator (R3, diameter 1286 µm, free spectral range 35.4GHz,
Q ≈ 15 × 106), which was fabricated using the photonic Damascene reflow pro-
cess [16, 22]. More details on the characterization procedures and results for the
Si3N4-based chip used for the CM are given in Appendix A.3. A microscope
image of the CM is shown at the bottom of Fig. 3.3(a) along with a top-view
schematic of the Si3N4 chip. Besides the ring resonator R3 of interest, the chip
contains two additional rings that were not used in our experiments. The output
of the ring resonator R3 is connected to a subsequent FA by a PWB. The input
and output FA as well as the Si3N4 chip are fixed to a common Al submount.
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3.3 Kerr comb generation

The start-up process for the comb source is illustrated in Fig. 3.3(b) [86, 118].
The left axis indicates the absolute wavelength of the ECL, whereas the axis on the
right shows the associated detuning fECL − fR3,cold of the ECL frequency fECL

with respect to the cold resonance of R3 fR3,cold = 193.5348THz (horizontal
green line). Initially, the ECL wavelength (♦, I) is blue-detuned with respect to
the cold resonance of R3. Then the ECL emission wavelength is increased by
ramping up the CPT heater power, see black dots in Fig. 3.3(b) and Arrow 1 .
Upon reaching the red-detuned regime, fECL < fR3,cold, a multi-soliton state
can be observed (♦, II). Subsequently, the ECL pump is tuned backwards [86,
118] (Arrow 2 ), thereby reducing the number of solitons circulating in the
cavity (♦, III), until finally, a single-soliton state is reached at an ECL wavelength
slightly above the cold resonance of R3 (♦, IV). For the states (♦, III) and (♦, IV),
we record the spectrum using an optical spectrum analyzer (OSA), Fig. 3.3(c) and
Fig. 3.3(d). The spectral envelope of the single-soliton state (♦, IV) is smooth and
can be well approximated by the typical sech2-characteristic, Fig. 3.3(d), whereas
the multi-soliton state (♦, III) is characterized by spectral fringes, Fig. 3.3(c).
To the best of our knowledge, our experiments represent the first demonstration
of a single-soliton Kerr comb generated with a pump that is derived from a hybrid
integrated ECL.

We also measure the FM noise spectrum of a typical single-soliton comb line,
Fig. 3.3(e), by beating it with a highly stable reference laser tone (Koheras X15,
NKT Photonics A/S, Denmark; intrinsic linewidth δf < 100Hz) on a photodetec-
tor (PD). The photocurrent at the intermediate frequency is sent to a phase-noise
analyzer (PNA; FSWP50, Rohde & Schwarz GmbH & Co. KG, Germany). From
the recorded FM noise spectrum, an intrinsic linewidth of δf = 3 kHz is estimated,
dictated by the phase noise of the ECL. Note that the operating point of the ECL
was not optimized for minimum phase noise and that the linewidth was therefore
slightly higher than the one shown in Fig. 3.2(d). Note also that the Kerr comb gen-
erator used here features a threshold pump power of the order of (10...15)mW [16,
199, 200], which may be reduced further to below 5mW [23], e.g., by increasing
the quality factor of the ring resonator [16, 23, 129]. Leveraging the full 15mW of
on-chip ECL power by co-integrating the Si3N4 microresonators with the external
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3.3 Kerr comb generation
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3 3D-printed coupling elements for ECL with Si3N4 resonator offering sub-kHz linewidth

feedback circuit of the ECL would allow to omit the EDFA and to build a fully
integrated Kerr comb module similar to the one demonstrated in [23].

Our experiments show that the frequency agility of a thermally tunable ECL is
already sufficient to generate a Kerr soliton frequency comb, which requires a
precise control of the emission frequency to follow a tuning profile with respect
to a resonance of the high-Q microresonator. Note also that using independently
tunable ECL as a pump offers distinct advantages over integrated Kerr comb
generators that are based on self-injection locking (SIL) of the pump laser to the
Kerr-nonlinear resonator [23–26, 129–131]. Specifically, pumping a Kerr comb
generator by a freely tunable continuous-wave (CW) laser allows to independently
control the detuning of the pump tone from the resonance of the cold ring, which
is impossible for SIL. This additional degree of freedom allows to optimize the
generated frequency comb, e.g., with respect to bandwidth or achievable comb-line
power [25]. Specifically, single-soliton states with a large detuning and broad
bandwidth may be hard to obtain in the SIL regime [131]. Note that when using
a separate CW laser as a pump for Kerr-comb generation, the frequency noise of
the comb lines is mainly dictated by the pump laser. A narrow-linewidth pump
laser is hence crucial to achieve low-noise frequency combs.

Our demonstration further shows the importance of hybrid integration concepts,
that can efficiently combine different PIC technologies in a chip-scale package.
Specifically, the two Si3N4 chips used for our assemblies are based on different
material platforms, namely the TriPleX® platform for the ECL filter circuit and
the photonic Damascene process for the high-Q microresonator. Both platforms
have their own highly specific fabrication workflows that have been individually
optimized and that cannot be straightforwardly combined in monolithically inte-
grated devices on a single substrate. Using PWB or FaML for assembly of such
hybrid multi-chip systems can overcome such limitations and pave the path towards
efficient co-integration of TriPleX®-based ECL filter circuits with dedicated Si3N4

chips for Kerr-comb generation in a compact module, potentially using additional
booster semiconductor optical amplifiers (BSOA) between the chips.
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3.4 Summary

3.4 Summary

We demonstrate a hybrid integrated ECL that exploits an intra-cavity photonic
wire bond (PWB) for connecting an InP reflective semiconductor optical am-
plifier (RSOA) to a Si3N4-based tunable external-cavity circuit. Photonic wire
bonding overcomes the need for high-precision alignment during assembly, thereby
permitting fully automated mass production of hybrid photonic multi-chip assem-
blies. The ECL offers a 90 nm tuning range (1480 nm–1570 nm) with on-chip
output powers above 12 dBm and side-mode suppression ratios of up to 59 dB in
the center of the tuning range. Upon optimization of the operating point, we mea-
sure an intrinsic linewidth of 979Hz, which is among the lowest values reported
for two-ring feedback architectures. The versatility of the ECL is demonstrated by
using the device as narrow-linewidth tunable pump laser for Kerr frequency comb
generation in a high-Q Si3N4 microresonator. To the best of our knowledge, our
experiments represent the first demonstration of a single-soliton Kerr comb gener-
ated with a pump that is derived from a hybrid integrated ECL. Frequency-tunable
hybrid ECL can generally serve a wide range of applications from coherent commu-
nications [31] to frequency-modulated continuous-wave (FMCW) light detection
and ranging (LIDAR) [194] and to optical coherence tomography (OCT) [C3],
but the success of such concepts will finally rely on the scalability of the underlying
fabrication techniques. Our experiments address this challenge and pave a path
towards highly versatile hybrid light sources that combine the scalability advan-
tages of monolithic integration with the performance and flexibility of hybrid
multi-chip assemblies.

[End of paper [J2]]
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4 3D-printed facet-attached optical
elements for connecting VCSEL
and photodiodes to fiber arrays
and multi-core fibers

This chapter reports on 3D-printed optical elements for low-loss and alignment-
tolerant coupling of multimode fiber arrays as well as individual cores of multi-
mode multicore fibers to standard arrays of vertical-cavity surface-emitting lasers
(VCSEL) or photodiodes (PD) in datacenter transceiver assemblies. It has been
published in Optics Express [J3]. The material from the publication has been
adapted to comply with the layout and the structure of this thesis.

Note that Yilin Xu and the author of this dissertation contributed equally to this
publication. The experiments were conceived by Yilin Xu, Mareike Trappen,
Philipp-Immanuel Dietrich, Matthias Blaicher, Christian Koos, and the author.
Matthias Blaicher, Yilin Xu, and the author developed advanced lithography tools
and processes required for precise fabrication of the facet-attached microlenses
(FaML). The FaML were designed by Yilin Xu and the author. The FaML
on the fiber facets in the MT ferrules were fabricated by the author, and the
FaML on the VCSEL / PD chips were fabricated by Matthias Lauermann, with a
photoresist provided by Philipp-Immanuel Dietrich. Philipp-Immanuel Dietrich
contributed the data related to long-term stability tests. Achim Weber designed
and implemented the assembly machine. Preliminary assembly experiments
were conducted by Yilin Xu, Mareike Trappen, Torben Kind, and the author.
The final transceiver assemblies were jointly fabricated by Yilin Xu and the
author. The author performed the experimental characterization of the various
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assemblies with the support of Yilin Xu and Mareike Trappen and analyzed the
measurement data. The associated data-transmission experiments were executed
and evaluated by Alexandra Henniger-Ludwig, Hermann Kapim and the author.
All authors discussed the data. The project was supervised by Achim We-
ber, Clemens Wurster, Sebastian Randel, Wolfgang Freude, and Christian Koos.
The author wrote the manuscript with support by Yilin Xu, Wolfgang Freude,
and Christian Koos. The manuscript is partially based on the prior conference
contribution [C2] to OFC 2022.

[Beginning of paper [J3]. This article is reprinted under the terms of Optica Pub-
lishing Group’s "Copyright Transfer and Open Access Publishing Agreement".]
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4.1 Introduction

Multicore optical fibers and ribbons based on fiber arrays allow for massively
parallel transmission of signals via spatially separated channels, thereby offering
attractive bandwidth scalingwith linearly increasing technical effort. However, low-
loss coupling of light between fiber arrays or multicore fibers and standard linear
arrays of vertical-cavity surface-emitting lasers (VCSEL) or photodiodes (PD) still
represents a challenge. In this paper, we demonstrate that 3D-printed facet-attached
microlenses (FaML) offer an attractive path for connecting multimode fiber arrays
as well as individual cores of multimode multicore fibers to standard arrays
of VCSEL or PD. The freeform coupling elements are printed in-situ with high
precision on the device and fiber facets by high-resolutionmulti-photon lithography.
We demonstrate coupling losses down to 0.35 dB along with lateral 1 dB alignment
tolerances in excess of 10 µm, allowing to leverage fast passive assembly techniques
that rely on industry-standard machine vision. To the best of our knowledge, our
experiments represent the first demonstration of a coupling interface that connects
individual cores of a multicore fiber to VCSEL or PD arranged in a standard linear
array without the need for additional fiber-based or waveguide-based fan-out
structures. Using this approach, we build a 3 × 25Gbit/s transceiver assembly
which fits into a small form-factor pluggable module and which fulfills many
performance metrics specified in the IEEE 802.3 standard.

4.1 Introduction

In recent years, increasing throughput of optical communication systems has
primarily relied on higher symbol rates and advanced modulation formats [201].
Giving the steadily rising demand for communication bandwidth, however, the lim-
its of these approaches are becoming increasingly obvious [146, 157], especially for
short-reach intra-datacenter links, where cost- and energy-efficient implementation
is key. Parallel transmission via spatially separated channels is seen as an attractive
alternative for bandwidth scaling with linearly increasing technical effort [146,
158]. To maintain the associated fiber installations manageable, significant effort
has been spent to replace single fibers by more compact fiber ribbons [202–210],
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comprising fiber arrays (FA), or by multicore fibers (MCF) [211–220]. However,
low-loss coupling of light between FA or MCF and standard linear arrays of
vertical-cavity surface-emitting lasers (VCSEL) or photodiodes (PD) still remains
challenging. Current solutions for coupling of VCSEL or PD to FA rely on, e.g.,
high-precision injection-molded plastic parts that contain refractive and reflective
optical elements to adapt the spot size of the emitted light for efficient coupling to
the corresponding fiber [202–204, 207, 209, 221]. However, these schemes often
require multi-step assembly processes, starting with a precise mechanical socket
that needs to be carefully aligned and fixed to the on-board VCSEL / PD array. This
socket is equipped with a pluggable interface to a detachable mechanical connector
that has to be glued to a FA in a separate step and that can then be connected to
the on-board socket. These schemes require high-precision visual alignment of
the socket with respect to the VCSEL / PD array as well as precise mounting of
the connector to the FA, while typical losses range between 1 dB and 2 dB [207,
222]. Moreover, these schemes are not applicable to MCF, which either have to
rely on fan-out structures to address individual fiber cores [211, 223, 224], often
in conjunction with custom connector and fiber arrangements [211–213, 225],
or which require device [214–218, 220] or grating coupler (GC) [219] arrays in
non-standard 2D arrangements that are precisely matched to the cross-section of
the respective MCF. Such solutions are technically complex and challenging to
scale, in particular when it comes to compact short-reach datacenter transceivers
that are subject to stringent constraints in footprint and in assembly costs.

In this paper, we show that 3D-printed facet-attached microlenses (FaML) [3]
may offer an attractive alternative for efficiently connecting multimode fiber
arrays (MM-FA) as well as individual cores of multimode multicore fibers (MM-
MCF) to standard arrays of VCSEL or PD having industry-standard pitches of,
e.g., 250 µm. The FaML are printed directly on the device and fiber facets by
multi-photon lithography [68], thereby ensuring sub-100 nm precision in a fully
automated fabrication step. The freeform coupling elements are designed to colli-
mate the associated beams to large diameters of tens of micrometers, which greatly
relaxes alignment tolerances such that subsequent assembly steps can entirely rely
on passive positioning using industry-standard machine vision. We demonstrate
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4.2 Coupling concept

the viability of the proposed concepts in a series of proof-of-concept experiments.
In a first set of experiments, we show connections between VCSEL / PD arrays
and MM-FA, achieving average coupling losses as low as 0.35 dB for the trans-
mitter (Tx) and 0.70 dB for the receiver (Rx) along with lateral 1 dB alignment
tolerances of ±17 µm (Tx) and ±62 µm (Rx), respectively. To the best of our
knowledge, these results are among the lowest losses and the highest alignment
tolerances so far demonstrated for coupling between VCSEL / PD arrays and
MM-FA. In a second set of experiments, we extend this concept to MM-MCF
containing densely spaced cores with a separation of 39 µm. Using appropriately
designed FaML, these cores can be connected to VCSEL and PD that are arranged
in linear arrays with a standard pitch of 250 µm, reaching average coupling losses
of 0.67 dB (Tx) and 0.63 dB (Rx) along with lateral 1 dB alignment tolerances
of ±18 µm (Tx) and ±25 µm (Rx), respectively. To the best of our knowledge,
these experiments represent the first demonstration of a coupling interface that
connects individual cores of an MCF to VCSEL / PD arranged in a standard linear
array without the need for additional fiber-based or waveguide-based fan-out struc-
tures. Using this approach, we finally build a 3 × 25Gbit/s transceiver assembly
which fits into a small form-factor pluggable (SFP) module and which fulfills
many performance metrics specified in the IEEE 802.3 standard.

4.2 Coupling concept

Figure 4.1 illustrates the concept of using 3D-printed facet-attached microlenses
(FaML) for connecting linear arrays of vertical-cavity surface-emitting lasers
(VCSEL) and photodiodes (PD) to fiber arrays (FA) and multicore fibers (MCF).
The VCSEL and PD arrays transmit light to or receive light from the associated
FA or MCF, which are glued into an industry-standard mechanical transfer (MT)
ferrule. MT ferrules are commercially available at high quality and low cost and
can be handled with standard gripper tools. Moreover, in future implementations,
MT ferrules could allow to arrange fibers in two-dimensional arrays, Fig. 4.1(a),
thereby increasing the number of parallel fiber channels.
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Fig. 4.1: Concept of a multi-lane transceiver assembly using 3D-printed facet-attached microlenses
(FaML) for connecting linear arrays of vertical-cavity surface-emitting lasers (VCSEL) and photodi-
odes (PD) to fiber arrays (FA) or multicore fibers (MCF). The VCSEL and PD arrays transmit light to
or receive light from the associated FA or MCF, which are glued into an industry-standard mechanical
transfer (MT) ferrule. The FaML are designed to redirect, expand, and collimate the beams emitted or
accepted by the VCSEL, the PD, the FA or the MCF such that the alignment tolerances increase both
in axial and transverse direction with respect to the beam. (a) Overview of a transceiver assembly.
Transmitter (Tx), receiver (Rx), and MT ferrule are mounted to a printed circuit board (PCB) in a small
form-factor pluggable (SFP) layout. (b) Four linearly arranged VCSEL or PD of a Tx or Rx array,
respectively, coupled to four fibers of a FA. The device and fiber facets are equipped with 3D-printed
FaML, which contain curved refractive surfaces as well as total-internal-reflection (TIR) mirrors to
shape and redirect the beams. 3D-printed markers facilitate passive alignment during the assembly
process. (c) A linear array of three VCSEL or PD is used to couple to three cores of a single MCF.
The receiving (emitting) MCF are glued to the MT ferrule such that the axes of three fiber cores lie in
a common z-normal plane. To compensate for the pitch mismatch between the MCF cores and the
VCSEL / PD, the outer FaML are designed to produce beams that are slightly inclined with respect to the
z-direction. Note that this concept could in principle be extended further to also utilize the remaining
cores of the depicted seven-core MCF. This could open a path to using two-dimensional device arrays
in combination with one-dimensional MCF arrays and more complicated FaML arrangements on the
fiber facets.

The assemblies illustrated in Fig. 4.1 can be build up in two steps: In a first
step, FaML are printed to the VCSEL / PD chips and to the fiber facets using
multi-photon lithography [68]. This approach allows to use the full design
freedom of 3D-printed freeform structures and ensures highly precise align-
ment with deviations well below 100 nm in a fully automated fabrication step.
The FaML-equipped devices can then be combined in a separate assembly step
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4.2 Coupling concept

using passive alignment techniques based on industry-standard camera-based ma-
chine vision and height measurements. To this end, the FaML illustrated in Fig. 4.1
are designed to redirect, expand, and collimate the beams emitted or accepted
by the VCSEL, the PD, the FA or the MCF such that the alignment tolerances
increase both in axial and in transverse direction of the beam. The simultaneously
decreased angular tolerance can be usually accepted when using industry-standard
assembly machinery. Note that the FaML approach can also be used for increasing
the alignment tolerances of single-mode coupling interfaces [3]. Note also that, for
assemblies like those shown in Fig. 4.1, coupling through FaML may have distinct
advantages over the photonic wire bonding schemes used for fiber-chip interfaces
in previous demonstrations [40, 42, 226]. Specifically, FaML-based coupling
schemes allow to bridge comparatively large distances in the millimeter range,
possibly with intermediate free-space micro-optical elements. This is impossible
with photonic wire bonds (PWB), for which both facets have to be accessible
within a single write field (typical size 300 µm × 300 µm) and within the limi-
tations of a rather small working distance of the high-NA lithography objective
(typically 250 µm). Moreover, FaML can be printed to device and fiber facets prior
to module assembly. It is thus not necessary to expose the full assembly to the
solvents used in the development process, which is unavoidable for PWB-based
assembly workflows.

Figure 4.1(b) illustrates the concept for connecting individual VCSEL or PD of a
linear Tx or Rx array, respectively, to a MM-FA having the same pitch. On the
VCSEL (PD) side, a single FaML is used to emit (receive) a collimated beam.
Within the FaML on the fiber facet, the beam is redirected by a total-internal-
reflection (TIR) mirror. We further demonstrate that VCSEL and PD in a linearly
arranged array can be connected to individual cores of a single MM-MCF using
appropriately designed FaML, see Fig. 4.1(c). In the example shown in Fig. 4.1(c),
the MCF are glued to the MT ferrule in a well-defined orientation such that the
axes of three fiber cores lie in a common z-normal plane. To compensate for the
pitch mismatch between the MCF cores and the VCSEL / PD, the outer FaML are
tilted such that the emitted or received beams are slightly inclined with respect
to the z-direction. We have performed proof-of-concept experiments of both the
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arrangements shown in Fig. 4.1(b) and (c), which we describe in more detail
in the following sections. Note that the concept shown in Fig. 4.1(c) could in
principle be extended further to also utilize the remaining cores of the depicted
seven-core MCF. This could open a path to using two-dimensional device arrays
in combination with one-dimensional MCF arrays and more complicated FaML
arrangements on the fiber facets.

4.3 Connecting VCSEL / PD to
multimode fiber arrays (MM-FA)

We demonstrate the viability of the coupling concept shown in Fig. 4.1(b)
by connecting four linearly arranged VCSEL (Broadcom AFCD-V64JZ, λ =
850 nm [227]) and PD (Broadcom SPD2025-4X, responsivity S = 0.5A/W [228])
of a pair of Tx / Rx modules to a MM-FA, see Fig. 4.2(a). The MM-FA feature a
pitch of 250 µm, matched to the pitch of the VCSEL / PD array, and are equipped
with MM fibers having a core diameter of 2a = 26 µm. Figure 4.2(b) provides
a more detailed view of the Tx VCSEL array connected to four MM fibers of
the MT ferrule. The Rx PD array is connected via an identical arrangement but
differently designed FaML. Inset (i) of Fig. 4.2(b) shows the FaML on the fiber
side, each comprising a TIR mirror and a beam-expander lens, while Inset (ii)
depicts the expander FaML at the VCSEL. Technical drawings with further details
are given in Fig. 4.2(c), where the left-hand side shows a projection of a FaML pair
along the y-direction ("front view"). For better visibility, the distance between
the two FaML has been reduced in the drawing. Note that the MT ferrule used in
our experiment was equipped with MM fibers (OFS MCF-MM-7-39) containing
seven cores each, out of which only the central one was used, see cross section
at the upper left in Fig. 4.2(c). The right-hand side of Fig. 4.2(c) shows a cut
through the FaML arrangement along the x-normal plane through the line A–A’
as indicated on the left.

To achieve high coupling efficiency, the shapes of the refractive surfaces are
optimized using a home-made wave-propagation algorithm, which is based on
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4 3D-printed facet-attached optical elements for connecting VCSEL/PD to fiber arrays and MCF

the theory described in [229] and which has been successfully used for similar
tasks [J6, 43]. Multimode light propagation through the FaML assembly is
emulated by using Gaussian beams with an effective wavelength λeff = M2λ,
whereM2 = 4.2 . . . 5.4 is the measured beam quality factor, see Appendix B.1
and B.2 for a more detailed explanation. At the Tx, the refractive Surface S1
on the laser side is designed to produce a mode-field diameter (MFD) of 49 µm
half-way between the two FaML. The beam then enters the FaML on the Tx fiber
facet through refractive Surface S2, which is designed to illuminate the central
core of the MM-MCF up to 70% of the core radius a = 13µm upon redirection by
a flat TIR mirror with Surface S3, see Section 4.3.2 for a more detailed discussion
of the launch conditions [230]. The distance between the apices of Surfaces S1
and S2 amounts to d = 1150µm, Fig. 4.2(c). We also connected a PD array to a
MM-FA. At the Rx side, the refractive Surface S2 is designed to produce a MFD
of 61 µm half-way between the two FaML. The refractive Surface S1 on the PD is
designed to focus the incoming beam to a spot with a MFD of 12 µm, well within
the light-sensitive PD area, which has a diameter of 32 µm. As before, the distance
between the apices of Surfaces S1 and S2 amounts to d = 1150µm.

4.3.1 Module assembly

As a first step of the assembly process, the VCSEL array and the PD array are
mounted to the PCB next to the Tx and Rx driver IC. The FaML are then printed
separately to the VCSEL / PD chips and to the facet of the MT ferrule using
high-resolution multi-photon lithography [68]. Note that this sequence is not
mandatory – the FaML can also be printed to the device facets on a wafer level,
beforemounting the devices to the PCB.The two printing steps are carried out using
negative-tone photoresists with a refractive index n = 1.54 at 850 nm. Precise
alignment of the FaML relative to the respective facet is ensured by machine vision.
After exposure, the fabricated structures are developed in propylene-glycol-methyl-
etheracetate (PGMEA) for 15minutes, flushed with isopropanol, and subsequently
blow-dried. For more details on the fabrication technique, see Appendix B.3. Note
that the FaML on the VCSEL / PD are fabricated from a photoresist (VanCore B,
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4.3 Connecting VCSEL/PD to multimode fiber arrays

Vanguard Automation GmbH), which is compatible with industry-standard reflow
soldering processes and for which long-term stability has been experimentally
confirmed in damp-heat tests at a temperature of 85 °C and at a relative humidity
of 85%, see Appendix B.4.

A custom pick-and-place machine is then used to mount the MT ferrule to the PCB
in a fully automated process, relying solely on industry-standard camera-based
machine vision and height measurements with a confocal chromatic imaging
sensor (Precitec CHRocodile S [231]). During the assembly procedure and the
associated measurements, the MT ferrule is gripped by an air-pressure activated
tool (gripper), which features mechanical stops that keep the outer edges of the
MT ferrule aligned. In addition, a cable management system included in our
pick-and-place machine ensures that the fiber strands attached to the MT ferrule
do not experience any strain. During the assembly process, the PCB is fixed to the
assembly zone of the pick-and-place machine using a holder placed on a vacuum
chuck. For alignment, we first detect the centers of the FaML belonging to the
outermost VCSEL / PD channels and extract the connecting line. For improving the
accuracy of the image recognition, the FaML on the VCSEL / PD are surrounded
by a collar, see Fig. 4.2(b) and lower inset. The MT ferrule is then gripped by
the air-pressure activated tool, and the line between the two 3D-printed marker
holes, denoted M1 and M2 in Fig. 4.2(b), is extracted. In a next step, the MT
ferrule is moved in x- and y-direction to align the connection M1–M2 to the
formerly found connecting line defined by the VCSEL / PD FaML. The ferrule
is then laterally shifted along the M1–M2 connection for positioning the upper
FaML exactly vertically above the corresponding lower FaML. In doing so, we
iteratively correct for any tilt of the fiber plane in relation to the plane on which
the VCSEL / PD chips are mounted, until an angular tilt of the two planes by
less than 0.1◦ is reached. Finally, the z-position of the MT ferrule is adjusted
to the designed distance of d = 1150 µm between the FaML apices using the
chromatic confocal imaging sensor. This final position is fixed by applying a
low-shrinkage UV-curable epoxy glue to the four corners of the MT ferrule (EMI
Optocast 3410 Gen2), Fig. 4.2(a). Until the glue is cured, we maintain the position
of the MT ferrule by electronically stabilizing the height of the stage.
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4 3D-printed facet-attached optical elements for connecting VCSEL/PD to fiber arrays and MCF

4.3.2 Alignment tolerance and coupling loss

Prior to applying the glue, we quantify the alignment tolerances by moving
the MT ferrule in x- and y-direction or by introducing a known tilt angle φ.
The tilt is defined with respect to a rotation axis R1 that is parallel to the
x-axis and that passes through the mid-points between the corresponding FaML
apices, see Fig. 4.2(c). Note that due to the strongly expanded spot size of
the beams, the Rayleigh length is rather large (approx. 2mm), such that mis-
alignment along the beam direction (z-direction) does not impair the coupling
efficiency to a significant degree. We confirmed this notion by repeating the
alignment process 100 times and by comparing the positions from the passive and
active alignment procedures [232]. We found that the z-position can be repro-
duced with a standard deviation of only 1.5 µm and a maximum error of 7 µm.
The corresponding excess coupling loss amounts to less than 0.1 dB and can be
safely neglected.

For measuring the coupling losses, we either let the VCSEL emit light into the
central core of one of the four Tx MM-MCF, or we receive light from one of
the MM-MCF cores by the associated PD. In the experiment, we measure the
misalignment excess loss by comparison to loss measured in the optimum position.
Note that the various modes of an MM fiber may experience vastly different
propagation losses and that a reliable quantification of coupling losses should
hence refer to a "steady-state" modal distribution that is reached in the limit of
long propagation distances [230, 233]. Such a steady-state distribution of modal
power can approximately be achieved by a so-called limited phase-space (LPS)
launch [230]. In this approach, the fiber is fed by a multimode excitation field,
having a Gaussian power distribution for which the 1/e2 diameter of the intensity
profile corresponds to 70% of the fiber-core diameter while the 1/e2 divergence
angle is adjusted to 70% of the maximum acceptance angle, which is found in
the center of the core in case of graded-index MM fibers. In our experiment,
it was not possible to simultaneously fulfill both requirements. In our lens design,
we therefore adjusted the beam diameter to 70% of the core diameter, while the
acceptance cone was filled by more than 70%. To arrive at a realistic estimate
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4.3 Connecting VCSEL/PD to multimode fiber arrays

of the coupling losses, we used a cladding-mode stripper consisting of a piece
of fiber that was coiled around an approximately 20mm-thick metal rod [234].
The power of the resulting steady-state modal power distribution was finally
measured by an integrating sphere.

For active alignment of the MM-FA to the Tx VCSEL array, we estimate absolute
coupling losses of 0.05 dB, 0.25 dB, 0.62 dB, and 0.46 dB for Channels 1, 2, 3,
and 4 as defined in Fig. 4.2(b), respectively. This leads to an average coupling loss
of 0.35 dB with a standard deviation of 0.25 dB. Note that this standard deviation
is very likely overestimated: For quantifying the losses at the Tx side, we first
measured the output power of the VCSEL array to obtain a baseline to which
we can refer the fiber-coupled power levels. During these pre-characterization
experiments, it was unfortunately not possible to individually measure the output
power of each VCSEL in the Tx array. This problem was caused by an electronics-
related issue that prevented us from individually switching the four VCSEL in the
Tx array on and off. Since the VCSEL are closely spaced, we could hence only
capture the overall power emitted by all four VCSEL, from which we calculate the
average emission power per device. The reported loss variations hence contain
the variations of the VCSEL output powers within the array, which are specified
as ±7.5% (±0.3 dB) in the associated data-sheet [227]. The true variation of the
FaML coupling efficiency is hence presumably below the measured 0.25 dB.

In a next step, we measure the lateral misalignment excess loss related to the
optimum position (x = 0 µm, y = 0 µm) for one of the four nominally iden-
tical FaML-based VCSEL-fiber connections of the Tx module, see Fig. 4.3(a).
The absolute coupling loss of the displayed VCSEL-fiber connection, which cor-
responds to Channel 1 in Fig. 4.2(b), amounts to the above-mentioned 0.05 dB,
measured in the 0 dB point of Fig. 4.3(a). White curves indicate the contour lines
of constant loss. For a 1 dB loss, a deviation of ∆x = ±17 µm in x-direction and
of ∆y = ±13 µm in y-direction can be tolerated. The position obtained by the
machine-vision-based automated passive assembly procedure is also indicated by
a white cross in the first quadrant of Fig. 4.3(a) at (x = 1 µm, y = 5 µm), see
white lettering "× passive". We attribute the larger positioning uncertainty along
the y-direction to errors in measuring the tilt of the VCSEL bar about the x-axis.
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4 3D-printed facet-attached optical elements for connecting VCSEL/PD to fiber arrays and MCF

Fig. 4.3:Measured misalignment excess loss of a four-lane transmitter (Tx, VCSEL) and receiver (Rx,
PD), where each device is coupled to a corresponding core of a MM-FA. We move the MT ferrule
along the x- and y-direction, and we rotate it in φ-direction about the rotation axis R1, see Fig. 4.2(c).
The excess loss is zero at the optimum position. Cladding-mode strippers are used to approximate a
steady-state distribution of modal power within theMMfiber. (a) Excess loss for lateral misalignment
measured for one of the four nominally identical FaML-based VCSEL-fiber connections at the Tx.
White curves indicate the contour lines of constant loss. For a 1 dB loss, a deviation of ∆x = ±17µm
in x-direction and of ∆y = ±13µm in y-direction can be tolerated. Using active alignment, the
absolute coupling loss of the displayed VCSEL-fiber connection (Channel 1 in Fig. 4.2(b)) amounts
to 0.05 dB, measured in the 0 dB point. The position obtained from automated passive assembly at
(x = 1µm, y = 5µm) is indicated by a white cross ("passive"), leading to an excess loss of 0.15 dB.
(b) Angular misalignment excess loss measured at the Tx by rotating the MT ferrule in φ-direction
about axis R1 in Fig. 4.2(c). The angular 1 dB tolerance is 1.3 ◦. (c) Lateral misalignment excess
loss measured at the Rx for one of the four nominally identical FaML-based fiber-PD connections. For
simplicity, we restrict our experiment to linear movements along the x-direction (left panel) and along
the +y-direction (right panel). Note that the movement in −y-direction is restricted to avoid collision
of the MT ferrule and the PD chip, see Fig. 4.2(c). For a 1 dB loss, a deviation of ∆x = ±62µm
in x-direction and of ∆y = +

[−]54µm in y-direction can be tolerated. The position obtained from
automated passive assembly at (x = 4µm, y = 4µm) is indicated by grey tick labels ("passive").
The associated excess loss can be neglected. The absolute average coupling loss in the optimum
position (x = 0µm, y = 0µm) amounts to 0.70 dB.
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4.3 Connecting VCSEL/PD to multimode fiber arrays

Note that the long side of the VCSEL bar is aligned along the x-direction, while
the short axis is parallel to the y-direction, see Fig. 4.2(b). Since our tilt mea-
surements rely on sampling the z-position of the chip surface with the confocal
chromatic imaging sensor, we thus expect larger uncertainties for tilts about the
long axis (x) as compared to tilts about the short axis (y). For an incorrectly
compensated tilt about the x-axis, the emitted beam will hit the correspond-
ing FaML on the fiber facet with a small offset in the y-direction, which is
observed in our measurements shown in Fig. 4.3(a). Still, the automated pas-
sive alignment loss is well inside the 1 dB tolerance. To evaluate the angular
alignment tolerance, we rotate the MT ferrule by the tilt angle φ about the ro-
tation axis R1, see Fig. 4.2(c). Note that the movement in –φ-direction was
restricted to avoid collision of the MT ferrule and the VCSEL chip, see Fig. 4.2(c).
The results are plotted in Fig. 4.3(b). The angular 1 dB tolerance is 1.3◦.

In a next step of the experiment, we use passive alignment techniques, relying on
the top- and bottom-view cameras of our assembly system and on the confocal
chromatic imaging sensor (Precitec CHRocodile S [231]). We obtain a 0.15 dB
penalty for Channel 1 with respect to the actively aligned MM-FA, see Fig. 4.3(a),
and we expect similar penalties for the other channels. This would lead to an
average coupling loss of 0.50 dB for all four channels.

These measured coupling losses and alignment tolerances can well compete
with those obtained for more complex multi-step assembly techniques relying
on precision molded plastic parts which were actively aligned to the underlying
VCSEL array [202–204, 207, 209]. For active alignment, lateral 1 dB alignment
tolerances of ±17 µm in combination with minimum coupling losses of 0.5 dB
have been demonstrated in [204]. In a similar experiment [209], the lateral 1 dB
alignment tolerances were increased to ±35 µm at the expense of a slightly higher
coupling loss of 1 dB. Note that the MM fibers used in our experiment have
core diameters of only 26 µm – significantly smaller than the more standard core
diameters of 50 µm, that have, e.g., been used in [209]. Using larger core diameters
would further increase the alignment tolerances in our experiment. For passive
alignment, our estimated average losses of 0.5 dB can well compete with those
obtained in previous demonstrations of coupling interfaces between VCSEL and
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4 3D-printed facet-attached optical elements for connecting VCSEL/PD to fiber arrays and MCF

MM-FA [205], where losses down to 0.7 dB along with alignment tolerances
of ±18 µm have been reached for comparatively large core diameters of 62.5 µm.

For measuring the coupling losses to the PD at the Rx side, we inject light into
each of the central cores of the four Rx fibers and measure the power of the
associated steady-state distribution after the mode stripper using an integrating
sphere. The power incident on the PD is obtained from the respective photocurrents
and the data-sheet specification of the responsivity S. For active alignment of
the MM-FA to the Rx PD array, we measure absolute coupling losses of 0.63 dB,
0.66 dB, 0.77 dB, and 0.72 dB, leading to an average coupling loss of 0.70 dB with
a relatively small standard deviation of only 0.06 dB. The small variation of the
losses is due to the fact that the active area of the Rx PD (32 µm diameter) is much
larger than the spot of the received beam, which is focused down to a diameter
of 12 µm on the PD facet by the associated FaML.

We also measure the lateral misalignment excess loss for one of the four nominally
identical FaML-based fiber-PD connections of the Rx module, see Fig. 4.3(c).
For simplicity, we only perform one-dimensional movements of the MT ferrule
along thex-direction (left panel) and along the+y-direction (right panel). Note that
the movement in −y-direction was restricted to avoid collision of the MT ferrule
and the PD chip, see Fig. 4.2(c). For a 1 dB loss, a deviation of ∆x = ±62 µm
in x-direction and of ∆y = +

[−]54 µm in y-direction can be tolerated, where the
boundary for a movement to the−y-direction was estimated from its counterpart in
+y-direction. The position obtained by themachine-vision-based passive assembly
procedure is indicated at (x = 4 µm, y = 4 µm), see grey tick label "passive".
Again, the automated passive alignment loss is well inside the 1 dB tolerance, and
no penalty could be quantified within the measurement accuracy. These measured
coupling losses and alignment tolerances are slightly worse than the 0.5 dB that
have previously been demonstrated both for actively and for passively aligned
interfaces between PD and MM-FA [205, 209], while the alignment tolerances
are comparable.
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4.3 Connecting VCSEL/PD to multimode fiber arrays

We finally compare the performance of our approach to commercially available
coupling schemes based on high-precision injection-molded plastic parts [207,
222]. The most prominent example is the PRIZM® LightTurn® [207, 221],
which has become a widely used solution for coupling between fiber and
device arrays with standard pitches of 250 µm. In terms of coupling losses,
the 0.5 dB (Tx) and the 0.7 dB (Rx) demonstrated for our FaML-based passive
assembly approach can well compete with the specified sub-2 dB losses of the
PRIZM® LightTurn® [222]. The presumably overestimated standard deviations
of 0.25 dB (Tx) and 0.06 dB (Rx) for the FaML-based approach also compares
favorably with the standard deviation of 0.22 dB (Tx) and 0.34 dB (Rx) achieved
with the PRIZM® LightTurn® [207]. In this context, it should be noted that the
PRIZM® LightTurn® also requires precise alignment to ensure that the under-
lying socket is mounted to the PCB in the correct position with respect to the
VCSEL / PD arrays. The alignment precision required in this step is related to the
diameter of the beam at the corresponding VCSEL / PD facet, which is smaller
than the beam diameter in the collimated free-space beam section between the
FaML, dictating the alignment accuracy in the FaML approach. We hence believe
that our approach can offer higher alignment tolerances along with comparable
or lower losses, while offering a path towards parallel coupling to the individual
cores of MCF, see next section.

Based on our experiments, indicating comparatively large alignment tolerances,
we believe that coupling of larger fiber arrays to corresponding VCSEL or PD
arrays should not represent a problem. These expectations are also supported
by similar experiments that were performed with arrays of single-mode fiber
(SMF) and single-mode waveguides [3, 235], which are much more sensitive to
alignment errors. In these experiments [235], arrays of silicon photonic (SiP)
waveguides with rather small mode-field diameters of the order of 2.5 µm were
coupled to arrays of SMF, equipped with FaML consisting of TIR mirrors and
focusing lens surfaces. It was found that the resulting position variations of the
generated beam foci were dominated by the position variations of the SMF cores
within the underlying fiber array. Variations of the 3D-printed FaML did not play
a significant role, indicating the precise alignment of the FaML to the respective
fiber cores during the fabrication process.
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4.4 Coupling of VCSEL / PD to
multiple cores of an MCF

In a second set of experiments, we demonstrate the viability of our concept by
connecting linear VCSEL and PD arrays to MM-MCF. The associated coupling
scheme of Fig. 4.1(c) is displayed in more detail for the Tx in Fig. 4.4(a) and
for the Rx in Fig. 4.4(b). In Figure 4.4(a), three Tx VCSEL are coupled to three
MM-MCF cores of the Tx fiber labeled 1 , 2 , and 3 that lie in a common
z-normal plane. Figure 4.4(b) shows the corresponding coupling of three Rx
PD to three cores of the Rx fiber, labelled 4 , 5 , and 6 . The outer FaML 1
and 3 on the VCSEL as well as the outer FaML 4 and 6 on the PD are tilted.
Figure 4.4(c) and (d) display technical drawings of the Tx coupling scheme 2 and
of the Rx coupling arrangement 5 , respectively, in an x-normal plane. For the
Tx, Fig. 4.4(c), the refracting Surface S1 collimates the VCSEL beam to a MFD
of 28 µm, measured half-way between the two FaML. The entrance Surface S2 of
the center FaML on the Tx MM-MCF is located at a distance d = 525µm from
the apex of the corresponding FaML on the VCSEL. Surface S2 is designed to
reduce the MFD at the position of the TIR mirror S3 to 22 µm to avoid clipping
due to the limited lateral size of the TIR mirror as dictated by the 39 µm pitch of
the fiber cores. Refracting Surface S4 forms the beam such that the MM-MCF
core is illuminated up to 70% of the core radius a = 13µm and up to 70% of the
numerical aperture of 0.21. This excitation approximates an LPS launch [230]
such that, in combination with a cladding-mode stripper, an under-estimation of
the coupling loss is avoided. For the Rx, Fig. 4.4(d), a TIR mirror S5 redirects the
beam towards the PD. The exit Surface S6 of the FaML at the MCF collimates
the beam to a MFD of 28 µm, measured again half-way between the two FaML,
while the input Surface S7 of the FaML at the PD focuses the expanded beam to
a spot with a MFD of 15 µm, significantly smaller than the diameter of 32 µm of
the light-sensitive PD area. The apices of Surfaces S6 and S7 are again separated
by d = 525µm. Figure 4.4(e) shows a technical drawing of the FaML 3 and 6
in a y-normal plane. The VCSEL / PD beam is redirected by an angled Surface S0,
designed for a beam tilt angle α = 14.6◦ with respect to the z-axis.
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4 3D-printed facet-attached optical elements for connecting VCSEL/PD to fiber arrays and MCF

A photograph of the transceiver module following the concept in Fig. 4.1(c) is
depicted in Fig. 4.5(a). Figure 4.5(b) shows a close-up of three VCSEL / PD, each
connected to three cores of a Tx / RxMM-MCF, respectively. Inset (i) of Fig. 4.5(b)
gives a magnified view of the FaML on the fiber facet containing TIR mirrors and
beam-expander lenses. Inset (ii) of Fig. 4.5(b) depicts the FaML attached to the
VCSEL array.

4.4.1 Module assembly

In contrast to the assemblies discussed in Section 4.3, where Tx and Rx fibers
were mounted into separate MT ferrules, the MM-MCF scheme relies on a single
MT ferrule that contains both the Tx and the Rx MCF, see Fig. 4.5(a). As a
consequence, the VCSEL / PD arrays need to be mounted to the PCB collinearly
with the correct pitch. Specifically, the distance between the center VCSEL and
PD elements 2 and 5 needs to match the distance of 1750 µmbetween the central
cores of the Tx and the Rx MM-MCF, see Fig. 4.5(b). Given the rather high
positioning tolerances of the MM coupling interfaces, this step is well manageable
using state-of-the-art pick-and-place equipment. Apart from this, the assembly
process for the MM-MCF scheme relies on the same machine and is largely similar
to the procedure used for the Tx and the Rx modules presented in Section 4.3.1.
In a first step, we grip the MT ferrule and perform a tilt correction to align the
plane defined by the fiber axes exactly parallel to the plane in which the PD and
VCSEL arrays are mounted. We then use camera-based machine vision to detect
the positions of the FaML at the Tx VCSEL 2 and Rx PD 5 , exploiting a collar
that surrounds the FaML to improve the accuracy of the image recognition, see
Fig. 4.5(b). We then extract the connecting line between VCSEL 2 and PD 5
as a reference for aligning the MT ferrule. The MT ferrule is then moved in
x- and y-direction for adjusting the line M1–M2 between the 3D-printed marker
holes M1, M2 vertically above the connecting line between VCSEL 2 and PD 5 ,
Fig. 4.5(b). For lateral alignment, we extract the mid-point of the connecting
line between markers M1 and M3 to locate the position of the apex belonging
to FaML 2 on the fiber side. This apex point is then laterally shifted along
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4.4 Coupling of VCSEL/PD to multiple cores of an MCF

Fig. 4.5: Three-channel transceiver module implemented on a small form-factor pluggable PCB. Three
Tx VCSEL 1 , 2 , and 3 and three Rx PD 4 , 5 , and 6 are connected to three cores of the
associated MM-MCF. (a) Overview photograph corresponding to schemes illustrated in Fig. 4.4(a)
and (b). (b)Micrograph of the optical couplers. Inset (i) gives a magnified view of the fiber-attached
optical elements, see technical drawing in Fig. 4.4(c) for details. Inset (ii) depicts the expander lenses
attached to the three VCSEL, and the "collar" supporting machine vision.

the M1–M3 connection to position it exactly vertically above the FaML on top
of VCSEL 2 . The z-position of the MT ferrule is then adjusted to provide
the designed distance of d = 525 µm between the apices of the center FaML
on VCSEL 2 and PD 5 and the corresponding apex on the MCF FaML, see
Fig. 4.4(c) and (d). A low-shrinkage UV-curable epoxy glue (EMI Optocast 3410
Gen2) is used at the four corners of the MT ferrule to fix its final position.

4.4.2 Alignment tolerance and coupling loss

For quantifying the alignment tolerances, we repeat the experiments described in
Section 4.3.2, wherewemove theMT ferrule inx- and y-direction prior to applying
the glue. Note that due to the expanded spot size of the beams a precise alignment
along the beam direction (z-direction) is again not required. By recording the
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4 3D-printed facet-attached optical elements for connecting VCSEL/PD to fiber arrays and MCF

power in the three cores 1 , 2 , and 3 of the Tx MCF and by measuring the
photocurrents of the three Rx PD 4 , 5 , and 6 , we extract the respective excess
loss at the Tx and Rx coupling interfaces for lateral displacements along the x- and
+y-direction, see Fig. 4.6(a) and (c). The average optimum position maximizing
the sum of the powers in all three Tx channels is at (x = 0µm, y = 0µm), and the
excess losses of the individual Tx and Rx channels are indicated in relation to the
loss of the respective channel found at this position. For a 1 dB excess loss for the
Tx coupling, a deviation of ∆x = ±18 µm in x-direction and of ∆y = +

[−]13 µm
in y-direction can be tolerated, where the movement to negative y-coordinates
was again restricted to avoid collision of the MT ferrule and the VCSEL chip,
see Fig. 4.4(a), and where the boundary for a movement to the −y-direction was
estimated from its counterpart in +y-direction. For passive alignment of the MT
ferrule, we find offsets of x = 1µmmeasured along the longer side of the VCSEL
chip base and of y = 4 µm measured along the shorter side – these positions
are again marked by the tick labels "passive" in Fig. 4.6(a) and (c). The offset
along the y-direction is again larger than the offset along the x-direction, which
we attribute to the fact that the tilt measurement of the VCSEL chip about its
long axis is subject to higher uncertainties, see Section 4.3.2 for a more detailed
discussion.

Using active alignment, the average power in the Tx MCF cores 1 , 2 , and 3
reaches 1.93 dBm for a bias current of 3.3mA applied to the VCSEL.
This corresponds to an absolute average coupling loss of 0.67 dB. We estimate
absolute coupling losses of 1.38 dB, −0.16 dB, and 0.93 dB for VCSEL 1 , 2 ,
and 3 as defined in Fig. 4.5(b), using again the average VCSEL emission power
as a reference. This leads to the reported average coupling loss of 0.67 dB with
a standard deviation of 0.79 dB. We attribute the again rather high standard
deviation as well as the unphysical negative dB-value of the coupling efficiency
for VCSEL 2 to the fact that the reported coupling efficiencies are subject to the
unknown variations of the underlying VCSEL emission powers, which could not
be measured individually, see Section 4.3.2 for a more detailed explanation. Note
also that the outer connections 1 and 3 require one additional lens Surface S0
for redirection of the beams, see Fig. 4.4(e), which is a possible reason for the
increased loss compared to the central connection 2 .
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4.4 Coupling of VCSEL/PD to multiple cores of an MCF

For the automated passive alignment of our assembly, we measure an average
power of 1.59 dBm, which corresponds to an average coupling loss of 1.0 dB.
The absolute coupling losses for the individual VCSEL-MCF connections amount
to 1.55 dB, 0.16 dB, and 1.46 dB for VCSEL 1 , 2 , and 3 , respectively, taking
again the average VCSEL emission power as a reference. The passive alignment
penalties for the individual channels hence amount to 0.17 dB for VCSEL 1 ,
to 0.32 dB for VCSEL 2 , and to 0.53 dB for VCSEL 3 , leading to an average
penalty of 0.33 dB.

For measuring the absolute losses of the Rx PD, we use an MCF connector to
inject a known power into the three relevant cores of the Rx MCF and measure the
photocurrents of the respective Rx PD. The photocurrents are translated into optical
power levels using the data-sheet specification of the responsivity S. For a 1 dB
excess loss, a deviation of ∆x = ±23 µm in x-direction and of ∆y = +

[−]25 µm in
y-direction can be tolerated, where the movement to negative y-coordinates was
again restricted to avoid collision of theMT ferrule and the PD chip, see Fig. 4.4(b),
and where the boundary for a movement to the −y-direction was estimated from
its counterpart in +y-direction. The position-dependent excess losses for the three
channels 4 , 5 , and 6 exhibit plateaus due to the fact that the 15 µm spot size
generated by the FaML on the PD surface is smaller than the 32 µm diameter of
the active PD area. The excess losses of the three Rx channels shown in Fig. 4.6(c)
are again measured with respect to the absolute loss of the respective channel
found at the optimum coupling position (x = 0 µm, y = 0 µm). The coupling
losses of the individual MCF-PD connections at this position amount to 1.32 dB
for PD 4 , to 0.40 dB for PD 5 , and to 0.30 dB for PD 6 , leading to an average
coupling loss of 0.63 dB with a standard deviation of 0.56 dB. For the automated
passive alignment of our assembly, no penalty could be quantified within the
measurement accuracy. This leads to equal coupling losses for the optimum Tx
position (x = 0 µm, y = 0 µm) and for the passively aligned position, indicated
again by tick marks "passive", see Fig. 4.6(c).
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4 3D-printed facet-attached optical elements for connecting VCSEL/PD to fiber arrays and MCF

To the best of our knowledge, these experiments represent the first demonstration
of a coupling interface that connects individual cores of an MCF to VCSEL / PD
arranged in a standard linear array without the need for additional fiber-based
or waveguide-based fan-out structures. Other approaches relying on custom
device arrays in 2D arrangements matched to the cross-section of the respective
MCF have been pursued [214–218]. Such demonstrations, however, still rely on
active alignment, leading, e.g., to minimum coupling losses of 0.98 dB between
VCSEL and a seven-core MM-MCF [217]. These losses are slightly higher than
the 0.67 dB and the 0.63 dB achieved by active alignment in our experiments for
the Tx and Rx, respectively, and our passively assembled module can still well
compare to these losses – besides avoiding non-standard device arrangements
that are adapted to the cross section of the respective MCF. It should be noted
that coupling schemes based on custom device arrays require a generally denser
spacing of the VCSEL / PD compared to the traditional 250 µm pitch, which may
limit the high-speed performance of the devices due to higher temperatures [215].

Using FaML-based free-space fan-out schemes to address the individual cores
of an MCF can also open a path towards connecting two-dimensional VCSEL or
PD arrays to one-dimensional arrays of MCF. We believe that this approach has
the potential to greatly increase the number of parallel channels per transceiver,
while maintaining the fiber installations manageable. For the present work, such
a demonstration was not possible due to the lack of 2D arrays of VCSEL and PD
and of associated read-out electronics that can individually address the various
devices in such a matrix.

4.4.3 Data-transmission experiments

To demonstrate the viability of the presented concept, the assembled 3 × 25Gbit/s
transceiver module was characterized by measuring the transmitter-and-dispersion
eye-closure (TDEC) penalty, the Tx power per lane, the optical modulation am-
plitude (OMA), the extinction ratio, and the Rx power per lane – similar to the
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4.4 Coupling of VCSEL/PD to multiple cores of an MCF

procedures described in the IEEE 802.3 industry standard [161]. In-detail expla-
nations of these metrics can be found in Appendix C. To this end, we use the SFP
interfaces on the PCB to feed the Tx driver IC with three on-off-keying (OOK)
signals at a line rate of 25.78125Gbit/s. The drive signals were derived from
a pseudorandom binary sequence of length 231−1 (PRBS31). We set the bias
current of the VCSEL to 3.3mA and use a current modulation of ±2mA, i.e.,
a peak-to-peak swing of 4mA, for the OOK signals. The optical output from
cores 1 , 2 , and 3 of the Tx fiber, see Fig. 4.5, is sent to a sampling oscilloscope.
Figure 4.6(b) shows an exemplary eye diagram measured from Tx core 2 with
the two other Tx VCSEL 1 and 2 in operation. We also evaluated the optical
crosstalk by measuring the power coupled from Tx VCSEL 1 to, e.g., Tx core 2 .
All such experiments lead to negligible power readings in the "unwanted" Tx
cores, indicating that the optical crosstalk was below our measurement sensitivity.
From the recorded eye diagram, a TDEC of 3.5 dB is found, which is clearly
below the maximum value of 4.3 dB specified for 100GBASE-SR4 transceivers
in the IEEE 802.3 standard [161]. The average Tx power amounts to 1.56mW
(1.9 dBm) while an OMA of 1.35mW (1.1 dBm) is measured – both of these val-
ues are well within the respective range specified in the IEEE 802.3 standard [161].
From these numbers, we extract a ratio of the OMA to the TDEC of 0.58mW
or−2.4 dBm, which is well above theminimumvalue of –7.3 dBm specified for the
"launch power in OMAminus TDEC"-parameter in the IEEE 802.3 standard [161].
Finally, an extinction ratio of 3.7 dB and an average off-state transmitter power of
–36 dBm are measured, which also fulfill the requirements imposed by the
IEEE 802.3 standard [161].

For the receiver characterization, the signal from an optical transmitter with
known specifications is fed to the three cores 4 , 5 , and 6 of the Rx MCF.
The signal is then detected by the PD, and the output signals of the Rx driver IC
are recorded by a sampling oscilloscope. Figure 4.6(d) shows the eye diagrams for
Rx 4 , 5 , and 6 , indicating the peak-to-peak voltage of the corresponding receiver.
The average received power per lane amounts to 1.07mW, 1.39mW, and 1.18mW,
again fulfilling the respective specification of the IEEE 802.3 standard [161].
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4.5 Summary

We demonstrate that 3D-printed facet-attached microlenses (FaML) open an
attractive path for connecting multimode fiber arrays (MM-FA) as well as in-
dividual cores of multimode multicore fibers (MM-MCF) to standard arrays
of vertical-cavity surface-emitting lasers (VCSEL) or photodiodes (PD) with
pitches of 250 µm. The FaML, which can be printed by high-precision multi-
photon lithography directly on the device and fiber facets, are designed to col-
limate the associated beams to large diameters of tens of micrometers, thereby
greatly relaxing alignment tolerances in both the transverse and axial direction.
To demonstrate the viability of the proposed concepts, we further perform a
series of proof-of-concept experiments using a custom pick-and-place machine to
mount the FaML-equipped fiber arrays to the PCB in a fully automated process,
controlled by machine vision and height measurements. Using active alignment,
we show connections between VCSEL / PD arrays and MM-FA, achieving average
coupling losses as low as 0.35 dB for the Tx and 0.70 dB for the Rx along with
lateral 1 dB alignment tolerances of ±17 µm (Tx) and ±62 µm (Rx), respectively.
When using the machine-vision based passive alignment process, we demonstrate
average coupling losses of 0.50 dB (Tx) and 0.70 dB (Rx). To the best of our
knowledge, these results are among the lowest losses and the highest alignment tol-
erances so far demonstrated for coupling between VCSEL / PD arrays and MM-FA.
We further connect a linear VCSEL / PD array to distinct cores of a single MCF.
When using active alignment, we achieve average coupling losses of 0.67 dB (Tx)
and 0.63 dB (Rx) along with lateral 1 dB alignment tolerances of ±18 µm (Tx)
and ±25 µm (Rx), respectively. Using the machine-vision based passive align-
ment process, we achieve average coupling losses of 1.0 dB (Tx) and 0.63 dB (Rx).
To the best of our knowledge, these experiments represent the first demonstration
of a coupling interface that connects individual cores of an MCF to VCSEL / PD
arranged in a standard linear array without the need for additional fiber-based
or waveguide-based fan-out structures. Using this approach, we finally built a
3 × 25Gbit/s transceiver assembly which fits into a small form-factor pluggable
module and which fulfills many performance metrics specified in the IEEE 802.3
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4.5 Summary

standard. We believe that 3D-printed FaML could pave a path towards highly
scalable transceiver assemblies that exploit readily available VCSEL and PD arrays
in combination with parallel transmission through multimode multicore fibers
without the need for expensive multi-step assembly procedures or technically
complex fan-out structures.

[End of paper [J3]]
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5 Freeform terahertz structures
fabricated by multi-photon
lithography and metal coating

This chapter introduces and experimentally demonstrates a novel approach that
allows to leverage multi-photon lithography for fabricating high-performance
millimeter-wave (mmW) and terahertz (THz) structures that offer hitherto un-
achieved functionalities. This includes ultra-broadband chip-chip interconnects
bridging the gap between electrical transmission lines on different planar substrates,
cost-effective probe tips of unprecedented shape fidelity that lend themselves to
testing of mmW and THz integrated circuits, and antennas that are raised above
the underlying high-index substrate for increased radiation efficiency.

The approaches and experiments were conceived by Alexander Kotz, Joachim
Hebeler, Tobias Harter, Christian Koos, and the author. The author developed the
lithography techniques and processes required for fabrication of the 3D-printed
metal-coated freeform structures. The THz devices were designed by the author
with the support of Alexander Kotz, Christian Benz, and Tobias Harter. Alexander
Quint supported themanufacturing of the transmission lines using the laser ablation
system. Alexander Quint and Marius Kretschmann supported the measurement
of the dielectric response of the photoresist. The THz assemblies were fabricated
by the author, with support of Qiaoshuang Zhang for the inkjet-printing of the
PMMA layers. The author performed the experimental characterization of the
THz assemblies and analyzed the data, with support of Alexander Kotz, Joachim
Hebeler, Thomas Zwick, and Christian Koos. All authors analyzed the results and
discussed the data. The project was supervised by Sebastian Randel, Uli Lemmer,
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Wolfgang Freude, Thomas Zwick, and Christian Koos. The author wrote the
manuscript with support by Wolfgang Freude and Christian Koos.

The chapter is taken from a preprint [J4], that has been submitted for publication
in a scientific journal. The manuscript is partially based on a conference contri-
bution [C4] to OFC 2024. The material from the manuscript has been adapted
to comply with the layout and the structure of this thesis. Further supplementary
information can be found in Appendix D.

[Beginning of paper [J4].]

Freeform terahertz structures fabricated by
multi-photon lithography and metal coating

Pascal Maier1,2, Alexander Kotz1,2, Joachim Hebeler3, Qiaoshuang Zhang4,
Christian Benz1,2, Alexander Quint3, Marius Kretschmann3, Tobias Harter1,
Sebastian Randel1, Uli Lemmer4, Wolfgang Freude1, Thomas Zwick3 &
Christian Koos1,2,5

1 Institute of Photonics and Quantum Electronics (IPQ), Karlsruhe Institute of Technology (KIT),
Engesserstr. 5, 76131 Karlsruhe, Germany.

2 Institute of Microstructure Technology (IMT), Karlsruhe Institute of Technology (KIT), Hermann-
von-Helmholtz Platz 1, 76344 Eggenstein-Leopoldshafen, Germany.

3 Institute of Radio Frequency Engineering and Electronics (IHE), Karlsruhe Institute of Technol-
ogy (KIT), Engesserstr. 5, 76131 Karlsruhe, Germany.

4 Light Technology Institute (LTI), Karlsruhe Institute of Technology (KIT), Engesserstr. 13,
76131 Karlsruhe, Germany.

5 Vanguard Automation GmbH, Gablonzer Str. 10, 76185 Karlsruhe, Germany.

Direct-write multi-photon laser lithography (MPL) combines highest resolution
on the nanoscale with essentially unlimited 3D design freedom. Over the previous
years, the groundbreaking potential of this technique has been demonstrated in
various application fields, including micromechanics, material sciences, microflu-
idics, life sciences as well as photonics, where in-situ printed optical coupling
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5.1 Introduction

elements offer new perspectives for package-level system integration. However,
millimeter-wave (mmW) and terahertz (THz) devices could not yet leverage the
unique strengths of MPL, even though the underlying devices and structures could
also greatly benefit from 3D freeform microfabrication. One of the key challenges
in this context is the fact that functional mmWand THz structures require materials
with high electrical conductivity and low dielectric losses, which are not amenable
to structuring by multi-photon polymerization. In this work, we introduce and
experimentally demonstrate a novel approach that allows to leverageMPL for fabri-
cating high-performance mmW and THz structures that offer hitherto unachieved
functionalities. Our concept exploits in-situ printed polymer templates that are
selectively coated through highly directive metal deposition techniques in com-
bination with precisely aligned 3D-printed shadowing structures. The resulting
metal-coated freeform structures (MCFS) offer high surface quality in combination
with low dielectric losses and conductivities comparable to bulk material values
while lending themselves to in-situ fabrication on planar mmW and THz circuits.
We experimentally show the viability of our concept by demonstrating a series of
functional THz structures such as ultra-broadband chip-chip interconnects, THz
probe tips, and suspended THz antennas. We believe that our approach offers
disruptive potential in the field of mmW and THz technology and may unlock an
entirely new realm of laser-based 3D manufacturing.

5.1 Introduction

Functional terahertz (THz) structures crucially rely on precisely defined three-
dimensional (3D) freeform geometries that combine highly conducting metal
elementswith low-loss dielectrics. Geometrical precision can be achieved by direct-
write multi-photon laser lithography (MPL) [57, 68], offering highest resolution on
the sub-micrometer scale along with precise alignment of the fabricated structures
with respect to existing circuitry on the underlying substrate. These advantages
have been extensively exploited in the realm of photonic integration [39], where
3D-printed waveguides, so-called photonic wire bonds (PWB) [J1, 40, 41, 236],
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5 Freeform terahertz structures fabricated by multi-photon lithography and metal coating

or facet-attached microlenses (FaML) [3, J5] offer interesting perspectives for
scalable fully automated assembly of hybrid multi-chip systems. Transferring
these concepts to THz assemblies, however, has so far been hindered by the lack
of microfabrication techniques that can complement 3D-printed polymeric base
structures by precisely defined highly conductive metal elements [39, 237–239].
Specifically, while two-photon-induced reduction of metal salts has been exploited
to generate free-standing 3Dmetal structures [240, 241] or to decorate the surfaces
of 3D-printed polymer structures with local silver [242–244] or platinum [239]
lines, the resulting surface quality and the conductivity of the metal parts are still
insufficient for low-lossmillimeter-wave (mmW) or THz devices. Similar chemical
reaction mechanisms can be used for fabricating gold-containing nanocomposite
structures with 3D freeform shapes [245]. However, the achievable electrical
conductivity is limited by the metal loading, which is generally dictated by
the solubility of the metal ions [238] in the respective photoresist. Moreover,
when the incident laser beam irradiates already fabricated metal structures during
printing, thermal effects and localized surface plasmon resonances can lead to
aggregation and crystallization of metal nanoparticles, rendering these processes
hard to control. It should also be noted that all the aforementioned techniques
have so far been limited to a rather small selection of metals such as silver [62,
240, 242–244, 246–249], gold [241, 245, 250–253], palladium [249, 254, 255],
and platinum [62, 239, 254]. On the other hand, a combination of physical vapor
deposition (PVD) techniques and subsequent electroplating of the PVD seed layer
has been used for globally covering 3D-printed polymer templates with highly
conductive metal coatings [256–258]. However, this concept has mainly been
limited to bulky stand-alone hollow-core waveguides [256] or horn antennas [257,
258] and often requires additional mechanical assembly steps [257] to produce
functional mmW or THz elements. Localized metal coatings can be fabricated
on 3D-printed polymer templates by means of chemical surface functionalization
followed by electro-less plating [242, 259, 260], but this approach often suffers
from poor coating homogeneity and rather low conductivity of the fabricated metal
structures [237] and is hence not well suited for high-performance mmW or THz
elements.
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5.2 Concept

In this paper, we introduce and experimentally demonstrate a novel concept for
fabricating precisely defined mmW and THz structures that combine low-loss
dielectrics and highly conductive metal elements in a well-defined 3D freeform
geometry. Our concept exploits in-situ printed polymer support structures that
are selectively coated through highly directive metal deposition techniques in
combination with precisely aligned 3D-printed shadowing structures. The re-
sulting metal-coated freeform structures (MCFS) offer high surface quality in
combination with conductivities comparable to bulk material values and do not
require any manual assembly steps. We demonstrate the viability of the concept
in a series of experiments. In the first set of experiments, we use our approach
to demonstrate THz interconnects that bridge the gap between transmission lines
located on different substrates and that offer 3 dB-bandwidths exceeding 0.33THz.
In a second set of experiments, we show that the vast design freedom offered by
our fabrication technique can be leveraged for cost-effective THz probe tips that
allow highly repeatable contacting over many probing cycles with 3 dB-bandwidths
exceeding 0.19THz and with 6 dB-bandwidths far beyond the 0.33THz range
of our measurement system. A third set of experiments is finally dedicated to
THz antennas, which are suspended from the underlying high-index substrate
for better radiation efficiency. At a frequency of 0.27THz, a maximum real-
ized gain of 5.5 dBi in the direction perpendicular to the substrate is measured.
The presented proof-of-principle experiments demonstrate the vast potential of-
fered by the proposed fabrication technique. Our concept offers unprecedented
design freedom and is widely applicable to a rich variety of use cases, thereby
paving a path towards advanced mmW and THz systems in communications [261],
sensing [262], or ultra-broadband signal processing [52].

5.2 Concept

An example of a THz system that exploits 3D-printed functional elements is
illustrated in Fig. 5.1. The example depicted in Fig. 5.1(a) combines an opto-
electronic signal source, relying on a photonic integrated circuit (PIC) with a
balanced pair of high-speed photodetectors, with a subsequent amplifier, based
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5 Freeform terahertz structures fabricated by multi-photon lithography and metal coating

on a monolithic microwave integrated circuit (MMIC), and a THz antenna, which
is suspended from the surface of the underlying substrate for efficient emission
to the surface-normal direction. The balanced photodetectors are co-integrated
with other functional photonic structures such as multi-mode-interference (MMI)
couplers that are fed with an optical signal and an optical local-oscillator (LO)
tone supplied by an array of single-mode fibers (SMF). The THz chip-chip in-
terconnect between the PIC and MMIC as well as the suspended THz antenna
are implemented as metal-coated freeform structures (MCFS). Each MCFS con-
sists of a 3D-printed polymeric support that is locally coated with metal layers
offering high bulk conductivity along with mmW-grade surface quality. The same
concept can be used to implement THz probes with unprecedented shape fidelity
that lend themselves to testing of mmW and THz integrated circuits, see upper
part of Fig. 5.1(a). The polymeric support structures of the various MCFS are
fabricated using high-resolution multi-photon lithography (MPL) and can thus be
efficiently combined with 3D-printed optical connections such as photonic wire
bonds (PWB). The viability of the concept shown in Fig. 5.1(a) is demonstrated in
a series of proof-of-concept experiments — a selection of fabricated MCFS-based
functional THz structures is shown in Fig. 5.1(b), (c), and (d). More specifically,
Fig. 5.1(b) shows a THz interconnect (TIC) bridging the gap between coplanar
waveguide (CPW) transmission lines on different THz substrates, Fig. 5.1(c) shows
a THz probe (TP) that is turned upside down for better visibility, and Fig. 5.1(d)
shows a THz antenna (TA) that is suspended from the underlying high-index
substrate for increased radiation efficiency.

The fabrication of the MCFS relies on a dedicated multi-step process that is
illustrated in Fig. 5.2. The process steps are shown exemplarily for the fabrica-
tion of a TIC, see Fig. 5.1(b). In a first step, two substrates with prefabricated
planar THz structures such as CPW are coarsely placed to face each other with
a gap in-between, see Fig. 5.2(a). As a basis for later directive metal coating,
illustrated in Fig. 5.2(d), support and shadowing structures are 3D-printed using
in-situ direct-write MPL, see Fig. 5.2(b). The structures are designed to support a
metal layer which connects smoothly to the CPW on each substrate and comprise
isolation trenches with undercut sidewalls to separate the deposited ground-signal-
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5.2 Concept

ground (GSG) metal strips, see Insets in Fig. 5.2(b) and (d). For protecting the
planar THz structures during the global metal deposition, the associated areas of
the substrates are temporarily covered by a poly(methyl methacrylate) (PMMA)
film using inkjet printing [263], Fig. 5.2(c). At the transitions between the PMMA-
covered planar substrates and the 3D freeform polymeric support, additional 3D-
printed shadowing structures are used to prevent short circuits. These shadowing
structures, which are shaded in blue in Fig. 5.2(b)-(e), take the form of multiple
arm-like roofs which locally prevent metal deposition, thereby defining isolating
regions that separate the metal strips of the GSG transmission line and that
seamlessly transition to the isolation trenches of the adjacent 3D support structure.
Inset T in Fig. 5.2(c) provides a top-view on one side of the support structure with
the corresponding shadowing structures above — the isolation regions protected
from metal deposition are shaded in blue. The shadowing structures are built
upon a box-like hollow base, which acts as a flow-stop preventing inkjet-printed
PMMA from wetting the entire support structure. In a next step, a highly directed
physical vapor deposition (PVD) process is used to deposit metal along a surface-
normal direction, see Fig. 5.2(d), thereby forming highly conductive layers on all
surfaces with direct line of sight to the evaporation source. After metal deposition,
the sacrificial PMMA layer is dissolved, thereby lifting off the unwanted metal
areas, see Fig. 5.2(e). As a last step, the 3D-printed shadowing structures can be
removed mechanically, leaving the final MCFS as shown in Fig. 5.2(f).

More details on the processes and the design considerations of the structures can be
found in the Methods Section 5.5 and in Appendix D.2. Specifically, the width of
the signal and ground conductorswS andwG, as well as the associated distance dSG
of the TIC-based CPW were chosen to provide a desired line impedance of, e.g.,
50W along the entire TIC structure. To this end, the dimensions of the 3D-printed
freeform support structure and the associated isolation trenches can be continuously
varied along the propagation path of the signal, e.g., by continuously adapting
the width of the gaps wgap, which defines the distance ≈ dSG between the signal
and ground conductors at the respective height h, see Inset in Fig. 5.2(b) and (d).
The metal residues which are deposited at the ground of the isolation trenches,
see Inset in Fig. 5.2(d), do not influence the characteristics of the MCFS-based
TIC if the undercuts are designed to offer sufficient depth dit.
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5 Freeform terahertz structures fabricated by multi-photon lithography and metal coating

To verify the high conductivity and surface quality of the deposited metal lay-
ers, we analyzed various fabricated MCFS. The surface roughness was measured
using a white-light interferometer, revealing a root-mean-square (RMS) surface
roughness of Rq,MCFS = (13 . . . 14) nm, slightly larger than the roughness of the
underlying 3D-printed support of Rq,support = (9 . . . 10) nm, see Appendix D.3
for further information. The conductivity of the metal films was extracted from
four-wire measurements [264] of metal strips which were separately fabricated
on an oxidized silicon wafer using identical evaporation processes and metal
layer stacks, see Methods Section 5.5 below. Assuming a homogeneous metal
layer, we extract an effective conductivity of σMCFS = (3.29 ± 0.12) × 107 S/m.
This corresponds to (57 ± 2)% of the bulk material value of copper and is con-
sistent with previously reported values using similar deposition techniques [265].
The slight conductivity reduction compared to bulk material is a known effect
related to the grain boundaries of the deposited metal layers [265], which might
be mitigated by further process optimization.

5.3 Experimental verification and discussion

To verify the viability of our concept and to quantify the associated perfor-
mance parameters, we performed a series of experiments which were geared
towards demonstration of the building blocks shown in Fig. 5.1(b), (c) and (d):
THz interconnects (TIC) bridging the gap between transmission lines on different
substrates, THz probes (TP) that allow repeatable contacting of THz circuits, and
THz antennas (TA) that are suspended from the underlying high-index substrate for
increased radiation efficiency. These experiments are discussed in the following.

5.3.1 THz interconnects (TIC)

A micrograph of three manufactured TIC connecting three pairs of CPW on two
separate alumina substrates is shown in Fig. 5.3. For all structures, the CPW
endings are separated by LTIC ≈ 0.5mm and seamlessly connect to the respective
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5.3 Experimental verification and discussion

TIC, labeled I, II, and III in Fig. 5.3(b). For characterization of the TIC, we first
measure the compound S-parameters of the TIC and the associated feed lines,
which are contacted using dedicated probes in Plane 1′ and Plane 2′, indicated
as blue lines in Fig. 5.3(a). The length of the feed lines between the probes
and the TIC amounts to Lfeed = 4mm. The measured compound S-parameters
are exemplarily depicted for TIC II in Fig. 5.3(c), where the blue curve refers
to the transmission S2′1′,dB = 10 log10(|S2′1′ |2) and the green curve to the
reflection S1′1′,dB = 10 log10(|S1′1′ |2). The measurements show excellent agree-
ment with simulations (dashed black lines), see Methods Section 5.5 for details.
To remove the influence of the feed lines, the reference planes need to be moved
to Plane 1 and Plane 2, indicated as red lines in Fig. 5.3(a) and (b). To this
end, we separately measure the S-parameters of a reference CPW with identical
cross section and a length of Lfeed, which was fabricated on the same substrate.
The S-parameters of the reference CPW are then used to de-embed the scattering
parameters of the TIC, see Appendix D.4. Figure 5.3(d) shows the associated
transmission characteristics S21,dB = 10 log10(|S21|2) (red lines) for TIC I (up-
per), TIC II (center) and TIC III (lower), revealing 3 dB-bandwidths of 0.307THz,
> 0.330THz and 0.290THz, respectively. We again performed simulations
(dashed black lines), which agree very well with the measurements. Note that the
measured S-parameters had to be acquired separately in different frequency ranges
using dedicated signal sources, waveguides, and probes, thereby leaving a gap be-
tween 0.170THz and 0.200THz, where no adequate signal sources were available.
Note further that the depicted results rely on a de-embedding procedure using the
transfer-matrix (T -matrix) approach [178] for frequencies up to 0.170THz, while,
for frequencies beyond 0.200THz, the de-embedded S-parameters were estimated
using a more robust scalar correction that is less prone to error multiplication.
More details on the measurement setup and the de-embedding procedures are
given in Appendix D.4. To the best of our knowledge, the demonstrated 3 dB-
bandwidths in excess of 0.33THz represent a record for in-plane mmW chip-chip
connections and can already well compete with advanced CPW-based flip-chip
interfaces [266, 267]. Competing approaches comprise aerosol-jet-printed con-
ductive lines, deposited on dielectric ramps [268–271] or epoxy underfills [268,
272], as well as lithographically defined self-aligning metal nodules, that protrude
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5 Freeform terahertz structures fabricated by multi-photon lithography and metal coating

from the facets of the chips and that require subsequent reflow fusing or electroless
plating processes [273]. However, these approaches have only been demonstrated
to work up to 0.22THz in few cases [271, 273] and generally lack the precision
and design flexibility offered by the presented MCFS concept.

5.3.2 THz probes (TP)

We further used the MCFS concept to fabricate broadband TP. The measurement
setup for characterization of the TP is shown in Fig. 5.4(a). For the experiment,
identical twins of TP (LTP = 415 µm, h = 180 µm) are fabricated on a sample
chip at opposite sides of a CPW (Lconn = 3.8mm). The three tips (pitch 100 µm,
contact pad size 20 × 40 µm2) protrude beyond the edges of the sample chip by
a distance dedge. A second chip with two short CPW feeds (Lfeed = 1.5mm)
was used for contacting, where the distance between the endings of the CPW
are slightly smaller than LTP + Lconn + LTP. A vacuum chuck attached to
a manual actuator moves the sample chip in the desired position above the
contacting chip. With the sample chip in contact, S-parameters between Plane 1′′

and Plane 2′′ (brown lines in Fig. 5.4(a)) are measured. Using again dedicated
de-embedding procedures, the reference planes are first moved to Plane 1′ and
Plane 2′, corresponding to the blue lines in Fig. 5.4(a), see Appendix D.5 and
associated Fig. D.6 for details. In a second step, we move the reference planes to
Plane 1 and Plane 2 (red lines in Fig. 5.4(a)), thereby estimating the characteristics
of a single TP — the associated transmission factor S21,dB = 10 log10(|S21|2)
is shown in Fig. 5.4(b). The 3 dB-bandwidth amounts to 0.192THz, and the
6 dB-bandwidth is far beyond the 0.330THz range of our measurement system.
Measurement and simulation (dashed black line) are again in reasonable agreement.
We attribute the slight deviations above 0.1THz to the probes used to connect
the contacting chip to our measurement equipment. Specifically, these probes
are intended for wafer-level measurements with surface qualities superior to
the comparatively rough gold strips of the CPW feeds on our test substrates.
More details on the measurement setup and the de-embedding procedures are
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5 Freeform terahertz structures fabricated by multi-photon lithography and metal coating

given in Appendix D.5. To the best of our knowledge, the demonstrated 3 dB-
bandwidths in excess of 0.19THz represent a record for additively manufactured
electrical probes. Previous demonstrations were limited to the (75 − 110)GHz
frequency band, with insertion losses of the order of 1 dB per probe [274].
To further demonstrate the robustness of our probes and to verify the repeatability
of the connection, we repeat our measurement N = 50 times, detaching and
re-establishing the contact between the sample and the contacting chip after each
repetition. From the resulting data, we extract the standard deviation of the
magnitude of the complex-valued amplitude transmission factor S21 as a function
of frequency, see Fig. 5.4(c). We find a remarkably low maximum standard
deviation of σ(|S21|)max ≈ 2 × 10−3 near 0.32THz, corresponding to −55 dB.
These results are already on-par with conventional commercially available probes
fabricated via conventional micromachining techniques, where, e.g., standard
deviations σ(|S21|) in the range (−60 . . . − 43) dB have been demonstrated
for 2mm-long CPW in the 0.3THz band [275].

5.3.3 THz antennas (TA)

As a last implementation example, we explore TA. A schematic of a manufactured
TA operating at a frequency centered around 0.28THz is shown in Fig. 5.5(a).
Connecting to the CPW feed (Lfeed = 1.1mm), the 3D-printed support structure
provides a mechanical base for guiding the signal and ground conductors of the
CPW away from the substrate to form an elevated slot antenna for improved
radiation into the upper half-space. The antenna comprises two slots, each
having a width of wslot = 60 µm and a length of Lslot = 400 µm, equivalent
to approximately half the guided wavelength at the targeted radiation frequency
of 0.28THz. The height of the structure (h = 250µm) was adapted such that the
evaporated metal on the substrate simultaneously acts as a reflector. The measured
radiation pattern for different elevation angles θ is shown in Fig. 5.5(b), where
the blue area represents the realized gain GR,TA,dBi(θ) = 10 log10 GR,TA(θ) in
the upper half-space region (H-plane). A maximum realized gain of 5.5 dBi was
measured perpendicular to the substrate near 0.274THz, in good agreement with
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5.3 Experimental verification and discussion

Fig. 5.5:Characterization of the THz antennas (TA). (a) Schematic of the manufactured TA operating
at a frequency centered around 0.28THz. Connecting to the CPW feed (Lfeed = 1.1mm), the 3D-
printed support structure provides a mechanical base for guiding the signal and ground conductors of
the CPW away from the substrate to form an elevated slot antenna for improved radiation to the top. The
antenna comprises two slots, each having a width of wslot = 60µm and a length of Lslot = 400µm,
equivalent to approximately half the guided wavelength at the targeted radiation frequency of 0.28THz.
The height of the support structure (h = 250µm) was adapted such that the evaporated metal on the
substrate simultaneously acts as a reflector. (b) Measured radiation pattern for different elevation
angles θ where the blue area represents the realized gain GR,TA,dBi(θ) = 10 log10 GR,TA(θ) in the
upper half-space region (H-plane). A maximum realized gain of 5.5 dBi was measured perpendicular
to the substrate near 0.274THz, in good agreement with the simulation (black dashed line).
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5 Freeform terahertz structures fabricated by multi-photon lithography and metal coating

the simulation (black dashed line). More details on the measurement setup and
the characterization are given in Appendix D.6. To the best of our knowledge, our
experiments represent the first demonstration of an additively manufactured 3D
freeform mmW / THz antenna which does not require any manual assembly steps.
Previous approaches have either been limited to the fabrication of bulky stand-
alone horn antennas [257, 258] or are based on aerosol-jet-printed conductive
structures on the surface of non-planar dielectric substrates [276], often requiring
additional mechanical assembly steps to yield a functional device [257, 276].

5.4 Summary and outlook

We have introduced a novel concept for fabricating precisely defined mmW
and THz structures, relying on in-situ printing of freeform polymer support
structures that are selectively coated through highly directive metal deposition
techniques. The resulting metal-coated freeform structures (MCFS) offer high
surface quality in combination with conductivities comparable to bulk material
values and do not require anymanual assembly steps. The viability of the approach
is shown in a series of proof-of-concept experiments. In a first set of experiments,
we show THz interconnects (TIC) that bridge the gap between transmission lines
located on different substrates and that offer 3 dB-bandwidths exceeding 0.33THz.
In a second set of experiments, we demonstrate that the vast design freedom
offered by our fabrication technique can be leveraged for cost-effective THz
probes (TP) that allow highly repeatable contacting over many probing cycles.
Our TP offer 3 dB-bandwidths exceeding 0.19THz and 6 dB-bandwidths far
beyond the 0.33THz range of our measurement system. A third set of experiments
is finally dedicated to THz antennas (TA), which are suspended from the underlying
high-index substrate for better radiation efficiency. At a frequency of 0.27THz,
a maximum realized gain of 5.5 dBi in the direction perpendicular to the substrate
is measured. Our proof-of-principle experiments show the vast potential offered
by the proposed fabrication technique, and the demonstrated structures already
offer unique performance parameters such as record-high bandwidths for in-plane
mmW chip-chip connections and additively manufactured probes. Our concept
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offers unprecedented design freedom, does not rely on expensive high-precision
assembly steps, and is widely applicable to a rich variety of use cases, thereby
paving a path towards advanced mmW and THz systems in communications [261],
sensing [262], or ultra-broadband signal processing [52].

5.5 Materials and methods

CPW design and fabrication: The substrates that are used as the base for the
subsequent fabrication steps have a total size of 100mm ×100mm each and
consist of a 635 µm-thick alumina (Al2O3) layer with a single-sided gold coating
(Reinhardt Microtech GmbH, Ulm, Germany) and a thin titanium adhesion layer
in between. The Al2O3 layer exhibits a relative permittivity of ϵ′ = 9.9 and
a loss tangent of tan(δ) = 1 × 10−4, both specified at a frequency of 1MHz.
The gold metallization has a thickness of 3 µmwith a specified variance of ±30%,
and a root-mean-square (RMS) surface roughness of Rq,gold = (121 . . . 129) nm
was measured using a white-light interferometer, see Appendix D.3 for further
information. For achieving a characteristic CPW impedance of 50W, different
combinations of the signal conductor width wS, ground conductor width wG, and
signal-to-ground conductor distance dSG were chosen. All CPW designs facilitate
contacting with GSG probes with pitches of 100 µm for compatibility with existing
measurement equipment.

The transmission lines used in the experiments for the TIC and TA were structured
into the gold layer using a wet etching process. To this end, a 1.5 µm-thick layer
of positive-tone photoresist (AZ 1505, Microchemicals GmbH, Ulm, Germany)
was first spin coated on the substrates and subsequently baked at a temperature
of 95 °C for five minutes. The resist was then structured using a direct-write
laser lithography tool (DWL 66fs, Heidelberg Instruments Mikrotechnik GmbH,
Heidelberg, Germany) and developed (AZ 400K 1:4, Microchemicals GmbH).
To strip the metal in the uncoated regions, wet etching is performed with potas-
sium iodide and titanium-tungsten etchants. Due to the significant variation of
the metallization thickness across the substrate, over- and underetching of the
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metal structures was hardly avoidable. As a result, wS and wG were generally
found to be decreased, while dSG was increased compared to the original design.
The dimensions of the fabricated CPW are indicated in Table 5.1 and show fair
agreement with the design values. From simulations, the characteristic impedance
is expected to be in the range 58W . . . 60W. These limitations can be overcome
by an optimized fabrication process, relying on gold layers with better thickness
uniformity, which would further improve the impedance matching and hence the
performance of our MCFS-based THz structures.

In contrast to this, the transmission lines used in the experiments for the TP were
structured into the gold layer using a commercially available laser ablation system
(ProtoLaser R4, LPKF Laser & Electronics SE, Garbsen, Germany), equipped
with a 515 nm picosecond laser with a typical beam diameter of 15 µm. We used
1.5 ps-wide pulses with 24 µJ pulse energy at repetition rates between 150 kHz
and 300 kHz for structuring the substrates. The dimensions of the fabricated CPW
are again listed in Table 5.1 and show good agreement with the design values.
The characteristic impedance is expected to be approximately 55W.

Table 5.1: Overview of dimensions of manufactured CPW.

Experiment L (mm) wS (µm) wG (µm) dSG (µm)

TIC I 4.0 45 65 30
TIC II 4.0 56 72 35
TIC III 4.0 30 150 30
TP 1.5 / 3.8 / 6.8 61 79 29
TA 1.1 22 89 16

Sample preparation: After structuring the CPW, a wafer saw was used for
separation of the alumina substrates into individual chips. For easier handling,
the individual chips were temporarily fixed to glass cover slides using UV glue
(NOA 61, Norland Optical Adhesive Inc., Jamesburg, USA). For the experiments
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with the TIC, see Fig. 5.3, the ends of the 4mm-long CPW feeds are approxi-
mately 230 µm away from the diced chip edges, keeping the length of the bridging
TIC (LTIC ≈ 0.5mm) manageable when the CPW are placed facing each other.
The gap between the two substrates was roughly 40 µm wide. The sample chip
used in the TP experiments, see zoom-in in Appendix Fig. D.5, is roughly 4.4mm
wide and 8.8mm long to provide sufficient area for pick-up with a custom vacuum
tool (3.5mm × 8mm). The connecting CPW (Lconn = 3.8mm) between the
two TP ends approximately 320 µm away from the diced chip edge on each side.
This leaves enough room for a smooth routing of the signal and ground conductors,
while ensuring that the tips of the TP protrude beyond the edges of the chip by a
sufficient distance dedge for better visibility via the top-view camera used in the
experimental setup illustrated in Fig. D.5. In the areas between the ends of the
transmission lines and the chip edge, the gold was removed from the alumina sub-
strates for a more reliable height detection and better adhesion of the 3D-printed
support structures, see next paragraph. Similarly, for the TA as shown in Fig. 5.5,
the metal layer is removed from the surface of the substrate in a 250 µm-long
region following each end of the transmission line. The remainder of the gold
layer was maintained to act as a reflector for the suspended TA.

Multi-photon lithography: The 3D-printed support and shadowing structures,
see Fig. 5.1(b)-(d), were fabricated using an in-house-built lithography system
with a 40× / 1.4 objective (PlanApochromat Oil DIC M27, Carl Zeiss Microscopy
GmbH, Oberkochen, Germany), galvanometer-actuated mirrors, and a 780 nm
femtosecond laser with a pulse width of 58 fs (C-Fiber 780 HP, Menlo Systems
GmbH, Planegg, Germany). The samples were mounted in the lithography ma-
chine along with the associated glass cover slides, and the objective approaches
the samples along the negative z-direction, see Figs. 5.3-5.5. For lithographic
structuring, we use a liquid photoresist (VanCore B, Vanguard Automation GmbH,
Karlsruhe, Germany), for which the dielectric response was independently mea-
sured, see Appendix D.1. All structures are printed to the substrates with the
axis of the lithography beam perpendicular to the surface of the chips, i.e., along
the z-direction, see Figs. 5.3-5.5. We use automated procedures for detecting
the substrate surface with sub-100 nm precision. Where possible, the underlying
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metal layer was removed to avoid scattering of the laser beam due to the roughness
of the gold layer. For lateral alignment, we relied on the camera-based vision
system of our lithography setup, which leads to a lateral alignment precision that
is also of the order of 100 nm. Due to the limited write field, corresponding
approximately to a circle with a diameter of 400 µm, the support and shadowing
structures have to be printed in separate steps. The support structures of the
TIC and TA are further split into two and three parts, respectively, which are
printed one after another. Proper alignment of the separately printed models is
ensured by a defined translation of the underlying chip using a precision stage in
the lithography system. To reduce the required fabrication time, all structures are
printed with a standard layer-to-layer distance (slicing distance) of 100 nm only
for the outermost shell, whereas the inside of the structures is filled with a coarser
spacing of 600 nm. After printing, unexposed photoresist is removed in a two-step
development process using propylene-glycol-methyl-ether-acetate (PGMEA) as a
developer for 15 minutes, followed by rinsing in isopropyl alcohol (2-propanol).

PMMA ink preparation and inkjet printing: For protecting the planar THz
structures during the global metal deposition, see Fig. 5.2(c) and (e), we used an
inkjet-printed poly(methyl methacrylate) (PMMA) layer, which was later removed
by propylene-glycol-methyl-ether-acetate (PGMEA). Since PGMEA is also used
in the development process of the 3D-printed structures, see Methods above,
deterioration of the 3D-printed support structures during the PMMA lift-off is
not to be expected. For the ink preparation, PMMA with an average molecular
mass of 1.5×104 daltons (Sigma-Aldrich Inc., Saint Louis, USA) was dissolved in
1,3-dimethoxybenzene (≥ 98%, Sigma-Aldrich Inc.) to achieve a concentration
of 80 g/L. We further added 5% hexylbenzene (97%, Sigma-Aldrich Inc.) to
mitigate the coffee-ring effect [277]. Finally, the ink was filtered using polytetraflu-
oroethylene (PTFE) filters (pore size 200 nm) before being filled in the cartridges
(FUJIFILM Dimatix Inc., Santa Clara, USA) of the inkjet printer (PiXDRO LP50,
SÜSS MicroTec SE, Garching, Germany). The substrate and printhead temper-
atures were set to 50 °C and 27 °C, respectively. The build-in camera system of
the printer was used to align the printing region with respect to the CPW and the
shadowing structures on the chips. For all samples, the transmission lines are
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covered over their full length up to the flow-stop that is part of the 3D-printed
shadowing structure, see Fig. 5.2(c). To achieve sufficient coverage, a minimum
of five layers were printed using a resolution of 550 dpi.

Shadowing and metal deposition: For applying the highly-directive metal coat-
ing, see Fig. 5.2(d), an electron-beam physical vapor deposition (PVD) process is
used (Univex 400, LeyboldGmbH,Cologne, Germany) at a pressure of 8×10−4 Pa.
The sample chips are mounted with a large distance (> 60 cm) above the
evaporation source, thereby achieving a small divergence of the vapor flow.
The mounting plate carrying the samples can further be tilted in one direction
and rotated around an axis that is normal to the mounting surface to improve
the uniformity of the deposited layers. For the coating of the TIC and TP, the
direction of evaporation is perpendicular to the substrates, i.e., along the negative
z-direction in Figs. 5.2-5.4. For the TA in Fig. 5.5, the direction of deposition
is set to an angle of 45◦ with respect to the negative z-direction in the (y, z)-
plane, i.e., the deposition is done along the (0, 1,−1)-direction of the coordinate
system shown in Fig. 5.5(a), which permits coating of the support structure
also in the ramp-like sections which are partially perpendicular to the substrate.
The deposited layer stack comprises a sequence of different metals: First, a 5 nm-
thick adhesion film of titanium is applied, followed by the main layer consisting
of 300 nm copper. Afterwards, a 5 nm titanium layer is deposited to act as a
diffusion barrier between the copper and the final 10 nm-thick gold passivation
layer. For the TIC and TA, the process is repeated twice for a total thickness
of the metal coating of hm = 0.64 µm. For the TP, the initial titanium adhe-
sion layer was replaced by a 30 nm aluminum coating, leading to a layer stack
with a thickness of 345 nm. The process is repeated four times for a total metal
thickness of hm = 1.38 µm for the TP. This ensures that the thickness of the
metal coating is always a multiple of the skin depth at the targeted operation
frequency. For estimating the conductivity of our metal films, multiple metal
strips with a length of 2mm and width of 10 µm and 15 µm were fabricated on a
silicon wafer with a 1 µm-thick silicon dioxide isolating layer on top (Microchem-
icals GmbH). We use identical evaporation parameters and repeat the process
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two times for achieving a metal layer stack with a thickness which was mea-
sured to be hm ≈ 590 nm using a profilometer (Tencor P-7, KLA Inc., Milpitas,
USA). From four-wire measurements [264] using a precision source /measurement
unit (B2902A, Keysight Technologies Inc., Santa Rosa, USA), we extract an
effective sheet resistance of RS,MCFS = (51.6 ± 1.9)mW/□, corresponding to an
effective conductivity of σMCFS = 1/(hmRS,MCFS) = (3.29 ± 0.12) × 107 S/m.
To mitigate offset errors as a result of the thermal electromotive force, measure-
ments were carried out for both polarities of the driving current and by considering
the average of the two associated voltage readings (reverse current method [264]).

3D EM simulations: The transmission and reflection characteristics of the TIC,
see Fig. 5.3(c) and (d), the TP, see Fig. 5.4(b), as well as the far-field character-
istics of the TA, see Fig. 5.5(b), are simulated using a commercially available
numerical time-domain solver (CST Microwave Studio, Dassault Systèmes SE,
Vélizy-Villacoublay, France). The alumina substrate is modeled using the manu-
facturer specifications of the relative permittivity and loss tangent, see paragraph
on "CPW design and fabrication" above. The CPW are simulated using the "lossy
metal" option of CST Microwave Studio, which models the penetration of elec-
tromagnetic fields inside a very good but still imperfect conductor by means of
an internal one-dimensional surface impedance model [172]. This allows to take
into account the skin effect without further mesh refinement. We also include
the measured RMS surface roughness Rq,gold of the gold layer of the respective
assembly, see above. This value is used as an input for the so-called gradient
model provided within CST Microwave Studio, which accounts for the increased
total loss and inner inductance effects that occur as a consequence of the rough
surface [172]. The material characteristics of the 3D-printed support structures
are modeled using the results of the dielectric response measurement of the
underlying photoresist, see Appendix D.1. To this end, the measured values for
the permittivity ϵ′ and loss tangent tan(δ) in the frequency range from 0.220THz
to 0.325THz were imported into CST Microwave Studio and fitted using a disper-
sion model of first order. Another crucial aspect is the correct representation of the
comparatively small isolation trenches inside the 3D-printed support structures,
separating the deposited metal layers by a gap of the order of a view micrometers.
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In the simulation of transmission lines and THz devices with dimensions up to the
mm-range, a detailed representation of the field within these gaps and metal layers
would lead to an unrealistic number of mesh cells that cannot be handled with
the available computing resources. We therefore use a locally refined mesh inside
the gaps in combination with the "thin panel" option of CST Microwave Studio,
which relates the tangential electric and magnetic fields on the surface of the
extended metal strips with the help of surface impedances [172]. Furthermore, the
TA is simulated with open boundaries in combination with a so-called multilayer
background to emulate an infinitely extended substrate. Using this approach, any
reflections at the lateral edges of the substrate can be avoided, albeit the restricted
simulation volume.

Micrograph image acquisition: The micrographs in Fig. 5.1(b)-(d) and in
Fig. 5.3(b) are created using a digital microscope (VHX-7000, Keyence Ltd.,
Osaka, Japan) with a tiltable and motorized imaging head comprising a CMOS
camera (VHX-7100, Keyence Ltd.). A magnification of 300× and 150× was
used for the micrographs in Fig. 5.1(b), (c) and Fig. 5.1(d), respectively, and the
micrograph in Fig. 5.3(b) was taken at a magnification of 80×. In all cases,
the microscope was set to acquire large image stacks (∼ 50 − 100 images)
with different focus distances, which were then combined into focus-stacked
images using a commercially available software (Helicon Focus, Helicon Soft Ltd.,
Kharkiv, Ukraine).

[End of paper [J4]]
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Packaging and assembly of photonic and terahertz (THz) systems still represents
a significant barrier for widespread adaption of photonic integrated circuits (PIC)
and monolithic microwave integrated circuits (MMIC). Within this thesis, this
technology gap is addressed by demonstrating photonic and THz assemblies
that exploit 3D-printed coupling elements such as photonic wire bonds (PWB),
facet-attached microlenses (FaML) and metal-coated freeform structures (MCFS).
A detailed summary and outlook is given for each individual topic and application
that is addressed within this thesis.

3D-printed coupling elements for highly versatile light sources

The concept of hybrid external-cavity lasers (ECL) based on 3D-printed intra-
cavity coupling elements is expanded by replacing previously used silicon pho-
tonic (SiP) feedback circuits [J1] with their silicon-nitride-(Si3N4)-based counter-
parts [J2]. As a result of the lower linear and nonlinear losses, intrinsic Q-factors
of the underlying resonators are greatly increased and two-photon absorption is
eliminated as a critical impairment at high power levels, thereby facilitating greatly
reduced phase noise and small linewidth. A proof-of-concept device offers a 90 nm
tuning range (1480 nm– 1570 nm) with on-chip output powers above 12 dBm and
side-mode suppression ratios of up to 59 dB in the center of the tuning range.
An intrinsic linewidth of 979Hz is measured, which is one of the lowest values
reported for comparable feedback architectures. Using 3D-printed coupling ele-
ments such as PWB for the assembly of hybrid ECL alleviates the need for costly
high-precision alignment of the underlying dies and paves the path towards efficient
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integration of associated systems. The versatility of the Si3N4-based hybrid ECL
is demonstrated by using the device as a precisely tunable pump laser to generate
dissipative Kerr soliton frequency combs in high-Q Si3N4 microresonators.

This simple yet flexible integration approach may be leveraged in the future
for implementing highly versatile light sources that can address vastly different
frequency bands and hence a diverse set of applications. This was already shown
in initial experiments, where the tunability of a hybrid SiP ECL was leveraged
for swept-source optical coherence tomography (SS-OCT) demonstrations [C3].
By co-integrating other functional photonic structures such as delay lines or
photodiodes (PD) on the same feedback circuit, the present demonstrations could
be significantly advanced towards a fully integrated chip-scale OCT system. In this
context, controlling the various phase shifters on the external-feedback circuit as
required for precise control of the ECL emission wavelength represents a laborious
task, necessitating the creation of look-up tables which might change over time.
These calibration schemes are thus limited with respect to the stability of the pre-
recorded operating points. Feedback-based active stabilization techniques would
permit greatly improved long-term stability and resilience of the associated devices
with respect to, e.g., environmental influences. Monitoring of the ECL emission
can be realized by dedicated read-out electronics in conjunction with PD which
are co-integrated on the same feedback circuit. Advancements with regards to the
tuning speed of the light sources are further enabled by piezoelectric phase shifters
based on, e.g., lead zirconium titanate (PZT) or aluminium nitride (AlN) [199].
At the time of writing, highly linear frequency sweeping over a bandwidth of more
than 1GHz has already been demonstrated by using the self-injection locking (SIL)
phenomenon in combination with piezo-tunable Si3N4 microresonators [C5, C6].
In the future, advanced tuning schemes could enable ECL offering wideband
tunability alongside unprecedented frequency-agility that can serve a wide range
of applications fromcoherent communications to frequency-modulated continuous-
wave (FMCW) light detection and ranging (LIDAR) and to OCT.
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3D-printed optical elements for alignment-tolerant coupling in
datacenter transceiver assemblies

Using FaML, low-loss and alignment-tolerant connections between individual
cores of multi-core fibers and standard linear arrays of vertical-cavity surface-
emitting lasers (VCSEL) / PD are demonstrated in transceiver assemblies that
use space-division multiplexing (SDM) for parallel transmission of large data
streams. The presented scheme does not require any additional fiber-based or
waveguide-based fan-out structures. Average coupling losses of 0.67 dB (Tx)
and 0.63 dB (Rx) are achieved, along with lateral 1 dB alignment tolerances
of ±18 µm (Tx) and ±25 µm (Rx), respectively. Using a machine-vision based
passive alignment process, average coupling losses of 1.0 dB (Tx) and 0.63 dB (Rx)
are shown. Using this approach, a 3 × 25Gbit/s datacenter transceiver assembly
which fits into a small form-factor pluggable module is built, fulfilling many of the
performancemetrics specified in the IEEE 802.3 standard. We further demonstrate
low-loss and alignment-tolerant connections between multimode fiber arrays and
standard linear arrays of VCSEL / PD. Average optical coupling losses as low
as 0.35 dB for the transmitter (Tx) and 0.70 dB for the receiver (Rx) are achieved,
along with lateral 1 dB alignment tolerances of ±17 µm (Tx) and ±62 µm (Rx),
respectively. Using a machine-vision based passive alignment process on a custom
pick-and-place machine, average coupling losses of 0.50 dB (Tx) and 0.70 dB (Rx)
are shown.

In future implementations, the underlying mechanical transfer (MT) ferrules in the
presented transceiver assemblies could allow to arrange fibers in two-dimensional
arrays, thereby increasing the number of parallel fiber channels significantly.
Furthermore, the demonstrated concepts could in principle be extended to also
utilize the remaining cores of the MCF. This would open a path to using two-
dimensional device arrays in combination with one-dimensional MCF arrays and
more complicated FaML arrangements on the fiber facets. The greatly increased
number of parallel channels per transceiver would hence permit to scale the
aggregate line rates tremendously. Alternatively, mode multiplexers are commonly
utilized in SDM-based links for increasing the channel count through parallel data
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transmission over multiple propagating modes. At the time of writing, ultra-
compact 3D-printed mode multiplexers connecting the single core of a view-mode
fiber to the cores of a single-mode MCF are already being investigated.

Freeform terahertz structures fabricated by multi-photon
lithography and metal coating

A novel concept for fabricating precisely defined millimeter-wave (mmW) and
THz structures is introduced and experimentally verified, combining low-loss di-
electrics and highly conductive metal elements in a well-defined 3D freeform
geometry. The concept exploits in-situ printed polymer support structures
that are selectively coated through highly directional metal deposition tech-
niques in combination with precisely aligned 3D-printed shadowing structures.
The resulting MCFS offer high surface quality in combination with conductivities
comparable to bulk material values and do not require any manual assembly
steps. In a first set of experiments, the fabrication approach is utilized for
demonstrating THz interconnects that bridge the gap between transmission lines
located on different substrates and that offer 3 dB-bandwidths exceeding 0.33THz.
In a second set of experiments, we demonstrate THz probes offering unprecedented
shape fidelity that lend themselves to testing of mmW and THz integrated circuits.
Highly repeatable contacting over many probing cycles with 3 dB-bandwidths
exceeding 0.19THz and with 6 dB-bandwidths far beyond the 0.33THz range
of our measurement system are demonstrated. In a third set of experiments,
THz antennas which are suspended from the underlying high-index substrate for
better radiation efficiency are shown. At a frequency of 0.27THz, amaximum gain
of 5.5 dBi is measured in the surface-normal direction. Our proof-of-principle
experiments show the vast potential offered by the proposed fabrication technique,
and the demonstrated structures already offer unique performance parameters
such as record-high bandwidths for in-plane mmW chip-chip connections and
additively manufactured probes.
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As a next step, the demonstrated proof-of-concept devices can be readily ap-
plied and adapted for the integration of more complex mmW and THz assemblies,
comprising PIC and MMIC based on vastly different material platforms.
Specifically, high-speed uni-traveling-carrier photodiodes (UTC-PD) co-integrated
with other functional photonic building blocks on the Si3N4-platform could be
combined with InP-based amplifiers and THz antennas for ultra-broadband
signal generation and processing in chip-scale photonic-electronic packages.
Furthermore, THz probes could be directly fabricated onto PD chips, thereby
enabling flexible and broadband read-out of mmW and THz integrated circuits.
In this context, incorporating 3D-printed optical coupling elements such as FaML
or PWB in the already developed fabrication workflow may open attractive
prospects for fully integrated hybrid electro-optic assemblies of unprecedented
flexibility, which are applicable to applications in communications, sensing, and
ultra-broadband signal processing. Additionally, various steps of the manufactur-
ing process can be refined for a simplified fabrication of MCFS. At the time of
writing, new photoresist materials comprising, e.g., copper nanoparticles are inves-
tigated for fabricating metal layers in the same multi-photon printer as the polymer
support structures of the MCFS. For achieving sufficiently thick conductive layers,
the deposited metal could potentially act as a seed layer for a subsequent electro-
plating step. This would allow to fully replace the directive metal evaporation
under high-vacuum conditions and hence alleviates the need for a dedicated lift-off
process for protecting the various PIC and MMIC from sacrificially deposited
metal residues. Furthermore, new developments with respect to extending the
write field of multi-photon printers or related to emerging printing technologies
based on projection stereo-lithography might soon be able to offer much increased
fabrication volumes while still providing sufficiently high resolution for mmW
and THz structures. With respect to MCFS, this would permit significantly shorter
writing times for the 3D-printing of associated support and shadowing structures.
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A 3D-printed coupling elements
for external-cavity lasers
with Si3N4 resonator offering
sub-kHz linewidth

This chapter has been published as Appendix of [J2]. The material from the
publication has been adapted to comply with the layout and the structure of this
thesis.

[Beginning of Appendix of paper [J2]]

A.1 Characterization of ECL filter circuit

For characterization of the ECL filter circuit (TriPleX® chip), the individual
racetrack resonators are first characterized by power transmission measurements
in a loop-back configuration through the two auxiliary waveguide Ports 3 and 4,
see Fig. 3.11(b). Since the measured transmission spectrum contains resonances
of both racetrack resonators, we first cut out relevant data segments around each
resonance and assign them to the corresponding resonator. We then analyze
the dispersion relations of both racetrack resonators by extracting the frequency-
dependent round-trip phase delay θ(ω) = −β(ω)L of each device, where β(ω)
represents the frequency-dependent propagation constant of the underlying wave-
guides and where L is the perimeter of the respective resonator, which amounts
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to 885.1 µm for R1 and to 857.4 µm for R2. The frequency-dependent round-
trip phases of both racetrack resonators are fit by a second-order polynomial
about the center frequency of our tuning range, ωc = 2πfc = 2π · 196.6THz
(λc = 1525 nm)

θ(ω) = θ(0)
c + θ(1)

c (ω − ωc) + 1
2θ

(2)
c (ω − ωc)2 (A.1)

where θ(0)
c corresponds to the round-trip phase delay at the center frequency ωc

whereas θ(1)
c and θ(2)

c give the corresponding first- and second-order derivatives.
Note that θ(0)

c = −β(0)
c L is usually only know up to an integer multiple of 2π

since the absolute value of the round-trip phase at the various resonances is
hard to extract from the measured data. θ

(1)
c = −β(1)

c L corresponds to the
round-trip group delay at the center frequency ωc and hence allows to directly
extract the free spectral range (FSR) at the center frequency of the tuning range,
∆fFSR = ∆ωFSR/(2π) = 1/(2πθ(1)

c ), which is found to be ∆fFSR,R1 =
195.7GHz for R1 and ∆fFSR,R2 = 202.0GHz for R2. Using the relation
neg = β

(1)
c c = −θ(1)

c c/L, we find identical refractive indices of neg = 1.73 for
both resonators at a wavelength of λc = 1525 nm which is in good agreement
with the value of neg,TriPleX ≈ 1.72 specified for the TriPleX® platform at a
wavelength of 1550 nm [17, 115]. θ(2)

c = −β(2)
c L is related to the group-delay

dispersion (GDD) of the resonators and amounts to 824 fs2 for R1 and to 806 fs2

for R2. This can finally be related to the group-velocity dispersion (GVD) β(2)
c of

the resonators, leading to 931 fs2/mm for R1 and to 940 fs2/mm for R2.

In a next step, we use the fitted dispersion relation θ(ω) according to Eq. (A.1) in
the through-port model of a single ring resonator with a pair of identical lossless
coupling sections [112],

Tthrgh(ω) =

∣∣∣∣∣ τ − aτe jθ(ω)

1 − aτ2e jθ(ω)

∣∣∣∣∣
2

, (A.2)

and fit it to the frequency-dependent power transmission through R1 and R2
measured in the vicinity of each resonance. In Eq. (A.2), τ is the real-valued
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amplitude transmission coefficient describing the transmission through each of the
two coupling sections of the racetrack resonator, and a is the real-valued amplitude
transmission factor representing the round-trip loss, see [J1] for a more detailed
explanation. From fitting the model of Eq. (A.2) to our measurement data, we
obtain parameters of a ≈ 0.999 and τ ≈ 0.928, leading to an amplitude coupling
coefficient of κ =

√
1 − τ2 ≈ 0.372. The associated measurement data and fit

curve are shown for one exemplary resonance dip of R1 in Fig. A.1(a). Using the
extracted values for the parameters neg, τ and a, we can estimate loadedQ-factors
of approximately 20 000 at a wavelength of 1550 nm for each of the racetrack
resonators R1 and R2 using the relation [278]

Q ≈ negωL

2c

√
aτ

1 − aτ2 . (A.3)

With the extracted parameters of both resonators at hand, we can now simulate
the response of the filter circuit, which comprises the Sagnac loop mirror with the
Vernier pair of tunable racetrack resonators. To this end, we first calculate the
frequency-dependent drop-port power transmission Tdrp(ω) of each individual
resonator, which is given by

Tdrp(ω) =

∣∣∣∣∣−
√
aκ2e jθ(ω)/2

1 − aτ2e jθ(ω)

∣∣∣∣∣
2

. (A.4)

The overall frequency-dependent reflection of the Sagnac loop mirror finally re-
sults from the multiplication of the individual drop-port power transmissions [J1]
and is shown in Fig. A.1(b). For the plot, we assume that the racetrack res-
onators R1 and R2 are tuned to maximum transmission at the center frequency of
our tuning range, fc = ωc/(2π) = 196.6THz corresponding to λc = 1525 nm,
such that the calculated resonances coincide at this wavelength. The peak at
the common resonance indicates the on-chip reflection loss of the tunable mir-
ror, which amounts to 0.1 dB, see zoom-in in Fig. A.1(b), and is assumed to be
essentially constant over the entire tuning range. From the depicted reflection

167



A 3D-printed coupling elements for ECL with Si3N4 resonator offering sub-kHz linewidth

Fig. A.1: Characterization results of the ECL filter chip containing a Sagnac loop mirror with a
Vernier pair of tunable racetrack resonators R1 and R2, see Fig. 3.1(b). (a)Measured through-port
power transmission Tthrgh(ω) (blue squares) and fit according to Eq. (A.2) (orange line), shown for
one exemplary resonance dip of R1. (b) Overall frequency-dependent reflection of the Sagnac loop
mirror resulting from the multiplication of the individual drop-port power transmissions of R1 and R2.
The peak at the common resonance fc = 196.6THz indicates the on-chip reflection loss of the tunable
mirror and amounts to 0.1 dB, see zoom-in.

spectrum, we can further estimate the spectral spacing ∆fVrnr between the strong
main reflection peak and the two most prominent side peaks that are most prone
to generate unwanted lasing modes, see Fig. A.1(b). For our device we find
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A.2 Photonic wire bond loss estimation

∆fVrnr ≈ 6.2THz, corresponding to ∆λVrnr ≈ 48 nm when tuning the main
peak to the center wavelength of λc = 1525 nm, in accordance with the relation
∆fVrnr = (∆fFSR,R1∆fFSR,R2)/(∆fFSR,R2 − ∆fFSR,R1) ≈ 6.3THz [J1].
Note that, in contrast to earlier models of Vernier feedback structures [J1, 108,
190, 192, 193, 196], the consideration of GVD in Eq. (A.4) leads to an asym-
metric reflection spectrum. When tuned to the center wavelength of the emission
range, λc = 1525 nm, we find the low-frequency side peak of the reflection
spectrum around fc − ∆fVrnr to be 0.4 dB lower than the main peak, whereas
the high-frequency side peak around fc + ∆fVrnr is only 0.01 dB lower than the
main peak. Notably, while the spectral spacing ∆fVrnr of the Vernier peaks is
generally expected to limit the tuning range of the ECL, we find that our device
features a tuning range for single-mode lasing of 11.6THz (90 nm), which signif-
icantly exceeds the measured spacing of the Vernier peaks, ∆fVrnr ≈ 6.2THz
(∆λVrnr ≈ 48 nm). This is consistent with previous demonstrations using the
same TriPleX® filter chips [20, 114]. We attribute this effect to the fact that the
cavity phase tuner (CPT) gives an additional degree of freedom to favor a certain
desired longitudinal lasing mode of the overall cavity, while suppressing lasing at
unwanted modes in the Vernier side peaks.

A.2 Photonic wire bond loss estimation

For estimating the PWB loss, we compare the on-chip output power Pout of the
ECL to the saturated output power Psat of the RSOA at the same wavelength λ
and at the same injection currents I . As a first step, we use the data obtained from
the RSOA characterization prior to assembly of the ECL module and extract the
current-dependent saturated RSOA output power Psat(I). To this end, we launch
light at a wavelength λ ≈ 1550 nm into the RSOA through a circulator using an
AR-coated lensed single-mode fiber (SMF) and measure the amplified signal after
the circulator. The RSOA is similar to the one used in [J1], where the details
of the measurement technique are described in the Supplementary Information.
In ourmeasurements, we vary theRSOApump current between 20mAand 100mA
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A.3 Characterization of the Si3N4 chip in the Kerr comb module

in steps of 20mA and derive the associated relationships between the RSOA in-
put and output power, both measured at the RSOA chip facet, see Fig. A.2(a).
The device was tested with 12 discrete input power levels – for better visibility,
we indicated the full set of measurement points as individual dots only at a pump
current of I = 20mA.The saturated output power for each pump current is found at
an on-chip input power of 2.2 dBm, indicated by the respectivemeasurement points.
The horizontal dashed line indicates the saturation power Psat(100mA) =
11.4 dBm at the RSOA facet.

To find the on-chip output power Pout of the ECL, we couple the light emitted
from the Si3N4 output WG into an SMF. We then use the fiber-chip coupling loss,
obtained from a straight reference WG on the same Si3N4 chip, to estimate the on-
chip power levels Pout. In this experiment, we again tune the emission wavelength
to approximately λ = 1550 nm and again vary the pump current between 20mA
and 100mA in steps of 20mA. For each current, we record the output spectrum
using an OSA, and extract the peak powers Pout(I). For an injection current of
I = 100mA an on-chip output power Pout(100mA) = 9.6 dBm is measured, see
Fig. A.2(b) for an exemplary ECL spectrum. Taking into account the attenuation
of 0.1 dB of the resonance-aligned racetrack resonators and neglecting further
on-chip losses, we find the output power Pout,PWB(I) of the PWB. The PWB
coupling efficiency is then estimated by taking the previously measured saturation
RSOAoutput powerPsat(I) as an input from theRSOA into the PWB in Fig. 3.1(b),
ηPWB = Pout,PWB(I)/Psat(I). This leads to an estimated insertion loss of the
PWB of aPWB = −10 log10(ηPWB) = (1.6 ± 0.2) dB, see Fig. A.2(c).

A.3 Characterization of the Si3N4 chip
in the Kerr comb module (CM)

The Si3N4 chip with the high-Q ring resonator used for Kerr comb generation in
the second part of the experiment was fabricated using the photonic Damascene
reflow process [16, 22]. The waveguide cross section has a width of 2.2 µm
and a height of 900 nm to ensure anomalous group-velocity dispersion (GVD)
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as needed for generation of soliton Kerr combs. The EC located at the input
and output facets rely on waveguide structures in a second Si3N4 layer, which is
only 200 nm thick, and which is spaced from the 900 nm-thick layer by a 100 nm-
thick SiO2 layer — similar structures were also used in [279]. The waveguides in
the 900 nm-thick layer are down-tapered over a length of 300 µm from the usual
width of 2.2 µm to a final width of 200 nm at a distance of 300 µm from the chip
edge. Over the length of this tapered section, the waveguides in the 200 nm-thick
upper Si3N4 layer are simultaneously up-tapered from an initial width of 200 nm
to 2.1 µm and are then down-tapered again to a final width of 300 nm at the chip
facet. This leads to a slightly elliptical mode field with a measured 1/e2-width
of 3.8 µm in the horizontal and of 3.5 µm in the vertical direction, which is coupled
to a tapered PWB with initial cross-section of 4.6 µm× 4.0 µm.

For characterization of the Si3N4 chip, we employ frequency comb-calibrated laser
spectroscopy [280, 281] for an exact measurement of the dispersion characteristics
and the quality factor of R3. All characterization measurements and all comb-
generation experiments are performed using the fundamental TE mode of the
on-chip waveguides. The dispersion can again be extracted from the transmission
spectrum. In contrast to themodel of Eq. (A.1), the dispersion of the ring resonators
for Kerr-comb generation is usually represented in terms of the deviation Dint of
the resonance frequencies from an equidistant grid, where the various resonant
frequencies of R3 are given by ωres,n, and where the index n = 0 corresponds to
a central resonance frequency ωres,0 = 2π · 192.3THz

Dint = ωres,n −
(
ωres,0 + nD1

)
=
∑

m ≥ 2

nmDm

m! . (A.5)

In this representation, the spacing of the resonance frequencies ωres,n is given
by D1, corresponding to the reciprocal of θ(1)

c , i.e., D1 = ∆ωFSR = 1/θ(1)
c ,

whereas D2 represents the GVD. A measured dispersion landscape for ring res-
onator R3 is given in Fig. A.3(a). Fitting Eq. (A.5) to the measured data, we can
find an FSR ofD1/(2π) = 35.4GHz as well as a positive second-order dispersion
element D2/(2π) = 139.6 kHz > 0, indicating anomalous GVD as needed for
Kerr-comb generation. To estimate the quality factor of the ring resonator R3,
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A.3 Characterization of the Si3N4 chip in the Kerr comb module

each resonance of the measured transmission spectrum is fitted using a model
based on coupled-mode theory [282, 283]. The results of a statistical analysis of
the resonator transmission spectra is shown in Fig. A.3(b), revealing an average
quality factor of Q ≈ 15 × 106.

Fig. A.3:Characterization results of the high-Q Si3N4 ring resonator R3 used for Kerr-comb generation.
(a)Measured dispersion landscape [280] Dint/(2π) (blue dots) and fit according to Eq. (A.5) (orange
line), revealing an FSR of D1/(2π) = 35.4GHz and a second-order dispersion element D2/(2π) =
139.6 kHz > 0, corresponding to anomalous group velocity dispersion as needed for Kerr-comb
generation. (b) Results of a statistical analysis of the various resonances of R3, revealing an average
quality factor of Q ≈ 15 × 106.

[End of Appendix of paper [J2]]
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B 3D-printed facet-attached optical
elements for connecting VCSEL
and photodiodes to fiber arrays
and multi-core fibers

This chapter has been published as Appendix of [J3]. The material from the
publication has been adapted to comply with the layout and the structure of this
thesis.

[Beginning of Appendix of paper [J3]]

B.1 Beam quality measurements

For designing the facet-attached microlenses (FaML), multimode light propagation
is emulated by using Gaussian beams with an effective wavelength λeff = M2λ

that is increased with respect to the true vacuum wavelength λ of the underlying
device by the measured beam quality factor M2. In the following, we shortly
sketch the mathematical background of this approach, the foundations of which
are explained in more detail in [284–293].

One of the most general mathematical descriptions valid for all types of coher-
ent and non-coherent optical beams relies on the so-called Wigner distribution
function (WDF), first introduced by Wigner in 1932 in the context of quantum
states represented as a distribution in terms of both position and momentum [291].
In the following, we assume Cartesian coordinates (x, y, z), where the beam axis
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corresponds to the z-axis without loss of generality, and where the transverse posi-
tion vector is given by r⃗t = (x, y)T. For the most general case, the complex-valued
components E⃗(x, y, z) of the electric field are non-stationary stochastic processes
in x and y, and the associated coherence function (autocorrelation) Γ(r⃗t,1, r⃗t,2; z)
depends individually on both transverse positions r⃗t,1 and r⃗t,2 rather than on the
difference r⃗t,1 − r⃗t,2 only. The WDF is obtained by re-writing the coherence func-
tion as Γ

(
r⃗t + r⃗ ′

t/2, r⃗t − r⃗ ′
t/2; z

)
with position vector r⃗t = (x, y)T and offset

vector r⃗ ′
t = (x′, y′)T and by computing the two-dimensional Fourier transform

with respect to r⃗ ′
t,

W̃ (r⃗t, k⃗t; z) =
��

Γ
(
r⃗t + r⃗ ′

t
2 , r⃗t − r⃗ ′

t
2 ; z

)
e−j⃗kT

t · r⃗ ′
t dx′dy′. (B.1)

The corresponding components kt,x and kt,y of the transverse spatial-frequency
vector k⃗t can be interpreted as transversal projection k⃗t = (kt,x, kt,y)T = kΘ⃗t

of a paraxial wave-propagation vector k⃗, where k = ωn/c = 2πn/λ denotes
the wavenumber in the respective medium with refractive index n and where
Θ⃗t = (θx, θy)T indicates the direction of the transverse wave-vector components.
One can then rewrite Eq. (B.1) as

W

((
x
y

)
,

(
θx

θy

)
; z
)

=
��

Γ
((

x
y

)
+ 1

2

(
x′

y′

)
,

(
x
y

)
− 1

2

(
x′

y′

)
; z
)

× e−jk(x′θx+ y′θy) dx′ dy′,

(B.2)

where we use the notation W without the tilde to denote the WDF in terms of
the arguments θx and θy. While it is difficult to assign a physical meaning to
the WDF itself, the corresponding marginal distribution obtained by integration
over θx and θy can be interpreted as the spatial intensity distribution I(x, y; z),

I(x, y; z) =
(
k

2π

)2 ��
W

((
x
y

)
,

(
θx

θy

)
; z
)

dθx dθy. (B.3)
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The total power P of the beam is obtained by integrating the spatial intensity
distribution over the two transverse coordinates x and y,

P (z) =
��

I(x, y; z) dxdy

=
(
k

2π

)2 ����
W

((
x
y

)
,

(
θx

θy

)
; z
)

dθx dθy dxdy.
(B.4)

In analogy to Eqs. (B.3) and (B.4), themarginal distribution obtained by integration
over x and y corresponds to the z-dependent spatial power spectrum, and the total
power of the beam is again obtained by additionally integrating over θx and θy.
With the previous definitions in Eqs. (B.2)–(B.4), one can then define a normalized
average value f̄(z) of any function f(x, y, θx, θy) weighted by the WDF,

f̄(z) = 1
P

(
k

2π

)2 ����
f(x, y, θx, θy)W

((
x
y

)
,

(
θx

θy

)
; z
)

dθx dθy dxdy.

(B.5)

In the following, we assume that the propagation of light in our assemblies can be
described by so-called aligned simple astigmatic (ASA) beams, which is a common
assumption for laser beams [292]. For ASA beams, the x- and the y-axis of the co-
ordinate system can be chosen such that the WDF W ((x, y)T, (θx, θy)T; z) can be
separated and expressed by a product of two functions f1(x, θx; z) and f2(y, θy; z),
each of which depends only on one of the transverse directions x or y and on
the corresponding transverse components θx or θy of the direction vector Θ⃗t.
In the case of light emitted by a laser, an ASA beam can be thought of as a beam
with elliptical intensity distributions in the transverse plane, where the major and
minor axis of the ellipses are aligned along the x- and the y-direction. The second
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central moments σ2
x(z) and σ2

y(z) of the intensity distribution I(x, y; z) can then
be found by adopting Eq. (B.5) accordingly,

σ2
x(z) =

��
(x− x̄)2I(x, y; z) dxdy��

I(x, y; z) dxdy
,

σ2
y(z) =

��
(y − ȳ)2I(x, y; z) dxdy��

I(x, y; z) dxdy
,

(B.6)

where

x̄ =
��
x I(x, y; z) dxdy��
I(x, y; z) dxdy

, ȳ =
��
y I(x, y; z) dxdy��
I(x, y; z) dxdy

, (B.7)

denote the first moments of the intensity distribution I(x, y; z). Assuming beams
that propagate along the z-direction within the limitations of the paraxial approxi-
mation, it can be shown [290] that the second central moments σ2

x(z) and σ2
y(z)

of the intensity distributions as given by Eq. (B.6) evolve according to a simple
quadratic relationship,

σ2
x(z) = σ2

0,x + σ2
θx

(z − z0,x)2, σ2
y(z) = σ2

0,y + σ2
θy

(z − z0,y)2. (B.8)

The two expressions in Eq. (B.8) are governed by an overall six parameters:
The waist positions z0,x and z0,y, the associated variances σ2

0,x and σ2
0,y of the

WDF or, equivalently, of the intensity distribution along the x- and the y-direction,
and two additional parameters σ2

θx
and σ2

θy
that describe the divergence of the

beam in x- and y-direction, respectively.

The previous relations can also be applied to a fundamental Gaussian TEM00

beam, i.e., a monochromatic Gaussian beam containing only the fundamental
Hermite–Gaussian mode, propagating under the restrictions of paraxial optics.
In this case, the divergences in the x- and y-direction are directly linked to the
corresponding variances σ2

G0,x and σ2
G0,y of the intensity distributions in the

respective waist at z = z0,x and z = z0,y ,
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σ2
G,x(z) = σ2

G0,x +
(

λ

4πn σG0,x

)2

(z − z0,x)2,

σ2
G,y(z) = σ2

G0,y +
(

λ

4πn σG0,y

)2

(z − z0,y)2.

(B.9)

This leads to a constant product of the standard deviations σG0,x, σG0,y and of
corresponding divergence parameters tanψG,x, tanψG,y ,

σG0,x tanψG,x = σG0,y tanψG,y = λ

4πn, (B.10)

where

tanψG,x = lim
z→∞

σG,x(z)
z

= λ

4πn σG0,x
,

tanψG,y = lim
z→∞

σG,y(z)
z

= λ

4πn σG0,y
.

(B.11)

Note that the variances σ2
G,x and σ2

G,y specified in Eq. (B.9) relate to the ra-
dius over which the Gaussian intensity profile has dropped by a factor of 1/e
compared to the on-axis maximum of the intensity. These variances can be
translated into more widely used definitions of beam radii wG,x = 2σG,x and
wG,y = 2σG,y, which refer to the 1/e2 intensity points. Similarly, the beam di-
vergence parameters tanψG,x and tanψG,y refer to the half-angle of an elliptical
cone defined by the 1/e intensity contour lines, whereas it is more common to
specify beam divergences tan θG,x = 2 tanψG,x and tan θG,y = 2 tanψG,y that
relate to the 1/e2 contours.

For multimode beams, the direct connection between the standard deviations and
divergence parameters according to Eq. (B.10) does not apply anymore. Still, it
can be shown that the product of the divergence parameters tanψx, tanψy and
the standard deviations σ0,x, σ0,y of the intensity distribution in the respective
beam waist is an invariant property of the beam which is conserved by any lossless
transformation of the beam, e.g., through lenses or mirrors [293]. The behavior
of the multimode beam can thus be approximated by using a virtual fundamental

179



B 3D-printed facet-attached optical elements for connecting VCSEL/PD to fiber arrays and MCF

Gaussian TEM00 beam with an effectively increased wavelength λeff = M2λ that
leads to the same product of divergence parameter and corresponding variance
of the intensity distribution. The beam-quality factorM2 = λeff/λ ≥ 1 is then
a measure of the multimodedness of the beam. This consideration can be done
separately for the x- and the y-direction, which may result in separate beam quality
factorsM2

x andM2
y ,

σ0,x tanψx = M2
x

λ

4πn, σ0,y tanψy = M2
y

λ

4πn. (B.12)

The only remaining task is now to extract the quality factors M2
x and M2

y of
the beams emitted by our devices. To this end, we measure the intensity pro-
files I(x, y; z) in a series of positions along the propagation direction z using
a microscope objective and a camera. We drive the VCSEL and move it with
respect to the fixed objective using a motorized stage. All measurements are per-
formed at a bias current of 3.3mA, which was also used for the coupling-loss and
data-transmission experiments, see, e.g., Section 4.4.2. From the recorded beam
intensity profiles I(x, y; z), we extract the second central moments σ2

x and σ2
y in

x- and y-direction according to Eq. (B.6). In the measurement, sensor satura-
tion must be avoided, and any background illumination needs to be subtracted.
The waist positions z0,x and z0,y, the associated variances σ2

0,x and σ2
0,y of the

intensity distribution, and the beam-divergence parameters σ2
θx

and σ2
θy

are then
extracted via a parameter fit using Eq. (B.8). The beam quality factorsM2

x andM2
y

are then given by M2
x = (4πn/λ)σ0,x tanψx and M2

y = (4πn/λ)σ0,y tanψy,
where the vacuum wavelength amounts to λ = 850 nm.

The result of the VCSEL beam characterization is shown in Fig. B.1, where
we plot the beam radii wx = 2σx (round markers) and wy = 2σy (square
markers) as a function of the axial position (z − zs), where zs corresponds to
the surface of the VCSEL. Fitting the data to Eq. (B.8) yields the plots shown
in blue and red, characterized byM2

x = 5.4 andM2
y = 4.2 for beam-waist radii

of w0,x = w0,y = 7 µm at z0,x = z0,y = 0 µm. The average Rayleigh length for
the profiles in x- and in y-direction amounts to zR = 38 µm as indicated by the
vertical line.
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B.2 Microlens simulations

Fig. B.1: Result of the VCSEL beam characterization. The measurements were taken using a
100× / 0.8 microscope objective. The round and the square markers depict the beam radii wx = 2σx

and wy = 2σy as a function of the axial position (z − zs) where zs corresponds to the surface of
the VCSEL. Solid lines indicate a data fit to Eq. (B.8), resulting in beam quality factors M2

x = 5.4
and M2

y = 4.2 for beam waist radii w0,x = w0,y = 7µm at z0,x = z0,y = 0µm. The average
Rayleigh length amounts to zR = 38µm as indicated by the vertical line.

B.2 Microlens simulations

For simulation of the FaML, we use an in-house developed simulation software
based on the scalar wide-angle unidirectional wave-propagation method for step-
index structures [229]. For all lens surfaces in our experiments, we use a rotational
symmetric even-order polynomial with three free parameters c0, c2 and c4 to
represent the lens surface height above the (x, y)-plane,

h(r) = c0 + c2r
2 + c4r

4 + ..., r =
√
x2 + y2. (B.13)

Simulations are carried out by using the effective beam quality factor
M2

eff =
√
M2

x ×M2
y = 4.8, which is obtained as the geometrical mean [292] of
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the measured beam quality factorsM2
x = 5.4 andM2

y = 4.2 along the respective
principle axis of the beam, see Appendix B.1. Note that this simplified description
by a single effective beam quality factorM2

eff in fact implies treating the beam as
a stigmatic beam which is rotationally symmetric with respect to the z-axis [288].
This assumption is backed by the fact that the average ellipticity parameter
ε̄ =

(
1/N

)∑N
i=1 wy(zi)

/
wx(zi) over theN = 21 measured z-positions is larger

than 0.87 and the beam profiles may therefore be considered to be of circular
symmetry according to the ISO/IEC 11146-1 standard [292]. The multimode
beam at vacuum wavelength λ = 850 nm is consequently emulated by a single
effective wavelength λeff = λM2

eff = 4.08 µm [287, 289].

B.3 Fabrication

The FaML in our assemblies discussed in Section 4.3 and 4.4 are printed separately
to the VCSEL / PD chips and the facet of the MT ferrule using high-resolution
multi-photon lithography [68]. For convenience, the two printing steps have
been carried out simultaneously on separate machines with a known-good set of
parameters for the respective photoresist used.

The FaML on the MT ferrule were fabricated using an in-house-built lithogra-
phy system with a Zeiss Plan-Apochromat objective (40× / 1.4 Oil DIC M27),
galvanometer-actuated mirrors, and a 780 nm femtosecond laser (Menlo C-Fiber
780 HP). To this end, the MT ferrule is mounted into a dedicated holder. The ob-
jective approaches the facets of the fibers in the MT ferrule along the +y-direction,
see Fig. 4.1. After immersion in the liquid negative-tone photoresist (IP-Dip,
Nanoscribe GmbH), the exact printing positions are found using machine vision.
The lithography beam is oriented in parallel to the fiber axes, and the fiber cores
are back-illuminated for easier detection.
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B.4 Long-term stability

The FaML on the VCSEL / PD chip are fabricated using a commercially available
printing system (Sonata1000, Vanguard Automation GmbH). For simplicity, we
print the FaML after mounting the VCSEL / PD arrays to the underlying PCB.
In this step, the PCB is fixed by a dedicated holder, and liquid negative-tone photore-
sist (VanCore B, Vanguard Automation GmbH) is dispensed on the VCSEL / PD
arrays. The lithography objective approaches the PCB along the −z-direction, see
Fig. 4.1. Again, we use machine-vision to find the printing positions. The axis of
the lithography beam is perpendicular to the facets of the VCSEL / PD arrays, and
the photoresist serves as an immersion liquid.

Independently of the photoresist and lithography machine used, the exposed
structures undergo the same post-processing. After development in propylene-
glycol-methyl-etheracetate (PGMEA) for 15 minutes, the samples are flushed with
isopropanol, and subsequently blow-dried.

B.4 Long-term stability

Long-term stability of 3D-printed FaML is a key aspect with respect to practical
application of the concept. To investigate this aspect, we monitor the evolution of
the coupling loss under pertinent damp-heat test conditions. We use a simplified
test structure, see Fig. B.2, store it in a climate chamber at 85 °C and 85%
relative humidity, and repeatedly measure the optical transmission at a wavelength
of λ = 1550 nm over the course of nearly 4000 hours. The assembly consists of a
pair of single mode fibers (SMF) glued into V-grooves. Each of the SMF facets
carries a 3D-printed FaML, designed as a loopback: Light coupled into the left
SMF enters the first FaML, is redirected by total-internal-reflection (TIR) at the
mirror with Surface S0, collimated by the lens Surface S1, and collected by a
symmetrically arranged counterpiece, see red beam path in Fig. B.2. The FaML
consisted of the same photoresist (VanCore B, Vanguard Automation GmbH) used
for fabrication of the FaML on the VCSEL / PD chips, see Sections 4.3 and 4.4.
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Fig. B.2: Scanning electron microscopy (SEM) image of a simplified test structure for evaluating the
long-term stability of our 3D-printed facet-attached microlenses (FaML). The assembly consists of a
pair of single mode fibers (SMF) glued into V-grooves. Each of the SMF facets carries a 3D-printed
FaML, designed as a loopback: Light coupled into the left SMF enters the first FaML, is redirected
by total-internal-reflection (TIR) at the mirror with Surface S0, and collimated by the lens Surface S1.
The beam is then entering the second FaML through the lens Surface S2, is redirected by a second
TIR mirror with Surface S3 and finally coupled into the core of the right SMF. The path of the signal
is indicated by the red path and arrow. The line in the center of the TIR mirrors has been added for a
better orientation.

We measured the transmission through five identical arrangements as in Fig. B.2.
The results of these long-term stability tests are shown in Table B.1. Within our
measurement accuracy, we did not find any sign of degradation for any of the five
measured assemblies. The test had to be stopped after 3960 hours, because the
single-mode connectors and the coating of the fibers had deteriorated to a degree
that would not permit further reliable measurements. The FaML themselves did
not show any visible degradation, see Fig. B.2.

In a further set of experiments, we investigated the stability of FaML similar
to the ones shown in Fig. B.2 at standard reflow-soldering temperatures of up
to 260 °C for several minutes. We did not observe any degradation of the measured
transmission performance in these experiments.
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B.4 Long-term stability

Table B.1: Long-term stability tests of FaML at a temperature of 85 °C and at a rel. humidity of 85%.

Connection Coupling loss [dB]

Initial 400 h
@ 80 °C/85%

1840 h
@ 80 °C/85%

3960 h
@ 80 °C/85%

#1 1.4 1.4 1.5 1.3
#2 1.2 1.2 1.3 1.4
#3 1.5 1.6 1.9 1.5
#4 1.4 1.6 1.8 1.5
#5 1.5 1.6 1.5 1.5
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C Signal quality metrics for
on-off-keying

In the following, we will give a brief description of a simplified IM-DD transceiver
link and the associated signal quality metrics for non-return-to-zero on-off key-
ing (NRZ-OOK), see Fig. C.1(a). The signal path consists of a laser driver, laser
diode (LD), multimode fiber (MMF), photodetector (PD) and transimpedance
amplifier (TIA). At the transmitter (Tx), a digital data stream consisting of logical
"ones" and "zeroes" is fed to a laser driver at a rate R, corresponding to a time
slot of width T = 1/R per bit. The information is subsequently encoded onto
an optical carrier emitted from the LD by direct modulation of the laser output
power. This is, e.g., achieved by modulation of the LD injection current1 with a
peak-to-peak swing of ∆Imod about a bias current Ibias. The output power of the
LD is thus switched between the associated off- and on-state power levels PTx,0

and PTx,1, which correspond to a logical "0" and "1", respectively. The difference
between the two Tx power levels PTx,1 − PTx,0, i.e., the peak-to-peak swing of
the transmit power around the average PTx, is denoted as the optical modulation
amplitude (OMA). Another key parameter is the extinction ratio (ER), which is
defined as the ratio of the Tx power levels ER = PTx,1/PTx,0. After transmis-
sion of the signal over a MMF, direct detection is employed at the receiver (Rx).
To this end, the received signal with the average Rx power PRx is detected by
a PD (responsivity S), which converts the input optical power variations into
corresponding variations of the output electrical current about the average IRx.

1 Other techniques for encoding NRZ-OOK data onto optical carries involve externally modulating
a CW LD with, e.g., electro-absorption or Mach-Zehnder modulators. However, both schemes
come at a higher cost, and are therefore not economically feasible for AOC.
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A TIA converts the current into amplified voltage variations about the average
value URx, and a clock-and-data-recovery (CDR) circuit finally digitizes the re-
ceived signal by sampling of the electrical signal, performing electrical-domain
equalization and comparing the retrieved signal level to a threshold value at sam-
pling times within the symbol time slot T . In the context of transceiver assemblies
based on MCF as discussed in Chapter 4, each core effectively represents an
independent transceiver link operating at a line rate of R. The aggregate line rate
is consequently given by the multiplication of R with the number of active cores
in the MCF2.

For the initial performance assessment, one often resorts to the so-called eye
diagram and associated metrics. The eye diagram represents an oscilloscope
display which is constructed by folding the parts of the waveform corresponding
to each symbol interval into a single graph with signal amplitude on the vertical
axis and time on the horizontal axis. It hence is a visualization of the probability
of the signal being at each possible signal level within the duration of a unit time
interval (1 UI ≡ T = 1/R). A typical eye diagram for NRZ-OOK at a line rate
of R = 25.78125Gbit/s (T ≈ 39 ps) and for a carrier wavelength of 850 nm is
shown in Fig. C.1(c). Note that the vertical axis is given in units of optical power.
Generally speaking, an open eye pattern corresponds to minimal signal waveform
distortion, whereas intersymbol interference (ISI), system nonlinearities and noise
tend to close the opening of the eye.

As elaborated in Section 2.3, cost-effectiveness is a key factor when it comes to
AOC. Characterizing transceiver performance through extensive evaluation of the
bit-error ratio (BER), e.g., via a dedicated BER tester (BERT) or reference Tx
and Rx with known performance metrics, is therefore usually not economically

2 While, strictly speaking, the IEEE 802.3 industry standards [161, 162] do not include data
transmission over multiple cores of a multimode MCF (MM-MCF), the specifications still provide
a good point of reference for comparing the performance to conventional transceiver assemblies.
Specifically, the IEEE 802.3 provides validity ranges for parameters such as the average Tx and Rx
power, ER, OMA and TDEC under specific signaling conditions and simultaneous transmission
over all spatial channels [161]. For the purpose of this work, we thus simply adopted these
specifications for the MCF link.
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Fig. C.1: Schematic of a simplified intensity modulation and direct detection (IM-DD) transceiver
link utilizing non-return-to-zero on-off-keying (NRZ-OOK) and exemplary eye diagram (line
rate R = 25.78125Gbit/s, carrier wavelength 850 nm). Abbreviations: CDR – clock-and-data-
recovery; LD – laser diode; MMF — multimode fiber; OMA – optical modulation amplitude;
PD – photodetector; TIA – transimpedance amplifier; UI – unit time interval. (a) At the trans-
mitter (Tx), a digital data stream is fed into a laser driver and encoded onto an optical carrier by
modulating the laser-diode (LD) injection current, thereby switching the output power of the LD
between the associated off- and on-state power levels which correspond to a logical "0" and "1",
respectively. After transmission over a fiber, direct detection is employed at the receiver (Rx). The
received signal is detected by a PD (responsivity S), which converts the input optical power variations
into corresponding variations of the output electrical current. A transimpedance amplifier (TIA)
converts the current into amplified voltage variations, and a clock-and-data-recovery (CDR) circuit
digitizes the received signal for retrieving the digital data stream. (b) If electronic additive white
Gaussian noise (AWGN) dominates, the statistics of the received "ones" and "zeroes" can be well
approximated by two Gaussian probability density functions (PDF) fr1(y) and fr0(y), respectively.
For a given target bit-error ratio (BER) and Tx OMA = y1 − y0, the Q-factor can be used to
find a standard deviation σ1 = σ0 which represents a measure of the noise power that could be
added at the Rx for the reception of an ideal Tx waveform, see Eq. C.2. (c) Exemplary Tx eye
diagram at R = 25.78125Gbit/s (1 UI ≡ T = 1/R ≈ 39 ps) indicating the four histogram acquisi-
tion windows associated with the calculation of the transmitter-and-dispersion eye-closure (TDEC).
The two PDF fs1(y) and fs0(y) captured at the right side with respect to the eye’s center position
(0.6 UI, red-shaded acquisition windows) are schematically illustrated as red curves. The TDEC is
calculated by estimating the maximum noise power σadd of the electronic AWGN at the Rx (blue
curves) that can be mathematically added to the signal within its bandwidth for a reference worst-case
optical channel such that the received waveform still reaches the same target BER as in Subfigure (b).
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feasible. Instead, the so-called transmitter-and-dispersion eye-closure (TDEC) [161,
294] is commonly used as a system-level predictor of the Tx performance for
NRZ-OOK3. The conceptional idea behind the TDEC is to estimate the maximum
noise power that can be mathematically added to the signal within its bandwidth
for a reference worst-case optical channel such that the received waveform still
reaches a defined target BER. Effects such as ISI, laser frequency-noise and RIN
are directly included in the measurement, whereas link impairments and effects
of the MMF such as mode partition noise and modal noise are mathematically
estimated from established IEEE link models and consequently taken into account
in the TDEC calculation [296, 297]. Hereby, it is assumed that all noise sources
in the link are Gaussian and additive. This tolerable noise power is then compared
to the noise power associated with the reception of a simulated ideal Tx waveform
and identical BER [161, 296–298], assuming that the Rx features an ideally
placed decision threshold and is subject to level-independent electronic AWGN4.
Thereby, the TDEC represents a power penalty for achieving the same eye opening
as an ideal Tx for a specified worst-case optical link. Importantly, the TDEC can
be extracted from simple eye diagram measurements of the actual Tx waveform
using a sampling oscilloscope, and the associated evaluation procedures can be
straightforwardly automated, making it very cost-effective.

As a first step, we estimate the noise power associated with the reception of a
simulated ideal Txwaveform. Wedenote the probability density functions (PDF) of
the received "ones" and "zeroes" as fr1(y) and fr0(y), respectively, and we assume
an equal distribution of "ones" and "zeroes", each occurring with probability 1/2.
The BER can then be calculated by integrating the respective tails of the two PDF
associated with an erroneous detection of a "1" or "0" as [299]

BER = 1
2

� yth

−∞
fr1(y) dy + 1

2

� +∞

yth

fr0(y) dy, (C.1)

3 Similarly, the so-called transmitter-and-dispersion eye-closure quaternary (TDECQ) can be defined
for PAM4 signaling [295], which is, e.g., used in 400G Ethernet industry standards [162].

4 This can be safely assumed, as electronic receiver noise dominates for direct-detection links
without optical amplifiers in most cases of practical interest [299].
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where yth marks the decision threshold. It can then be shown [299], that for
unimodal PDF fr1(y) and fr0(y), the minimum BER is reached if the decision
threshold yth is placed at the intersection of the two PDF, i.e., for fr1(yth) =
fr0(yth). If electronic AWGN dominates, the statistics of the received "ones" and
"zeroes" can be well approximated by two Gaussian PDF with associated mean
values y1 and y0 and standard deviations σ1 and σ0, respectively, see Fig. C.1(b).
The complementary error function erfc(x) = 2√

π

� +∞
x

e−y2 dy can then be used
to formulate a simple analytic expression for the optimum BER [298, 299],

BER = 1
4 erfc

(y1 − yth√
2σ1

)
+ 1

4 erfc
(yth − y0√

2σ0

)
= 1

2 erfc
( Q√

2

)
with Q = y1 − y0

σ1 + σ0
,

(C.2)

where the last step follows from the assumption of level-independent noise
(σ1 ≈ σ0), i.e., (y1 −yth)/σ1 = (yth −y0)/σ0 = (y1 −y0)/(σ1 +σ0)must apply.
The so-calledQ-factor in Eq. C.2 is a quality metric and can be re-written in terms
of the Tx OMA = y1 − y0 asQ = OMA/(2σTx,ideal) with σTx,ideal = σ1 = σ0.
Thus, for a given target BER and Tx OMA, the standard deviation σTx,ideal

represents a measure of the noise power that could be added at the Rx for the
reception of an ideal Tx waveform. For a BER of, e.g., 5 × 10−5 as specified in
the IEEE 802.3 industry standard [161], we find Q = 3.8906 and the associated
standard deviation is given by σTx,ideal = OMA/7.7812.

As a next step of the TDEC calculation, an eye diagram of the actual Tx waveform
is recorded using a sampling oscilloscope, and the noise power that could be added
to the detected Tx waveform by an optical channel and a Rx for achieving the
same target BER as in Eq. C.2 is estimated, see Fig. C.1(c). To account for any
eye distortion during BER evaluation, the procedure calculates two separate noise
standard deviations σL,add and σR,add, which are associated with positions that
are offset to the left and to the right side from the eye’s center position, respectively.
Therefore, a total of four vertical histograms are extracted from the eye, one of the
logical "zero" and one for the logical "one", each taken at 0.4 UI and 0.6 UI, i.e.,
at a position corresponding to a time of approximately 16 ps and 23 ps within the
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39 ps-wide unit interval5. The temporal width is chosen as 0.04 UI, corresponding
to a time window of approximately 1.6 ps. Importantly, the upper and lower
limits of the histograms must be chosen such that no samples remain uncaptured.
The four histogram acquisition windows are illustrated in Fig. C.1(c). From the
pairs of histograms describing the distribution of "ones" and "zeroes" received
from the real imperfect Tx, the PDF fs1(y) and fs0(y) are extracted. The two
PDF captured at the right side of the eye (0.6 UI, red-shaded acquisition windows)
are schematically illustrated in Fig. C.1(c) by the two red curves. Each histogram
is normalized to 1 and then convolved with a Gaussian distribution representing
the added noise σadd, giving histograms that might be seen in a noisy receiver.
The integral of the tail of each histogram that falls on the wrong side of the
decision level PTx gives the BER of that histogram for the respective added noise.
We can thus determine the allowed noise standard deviation σadd of the electronic
AWGN at the Rx (blue curves in Fig. C.1(c)), such that the same target

BER = 1
4

�
fs1(y) erfc

(y − PTx√
2σadd

)
dy

+ 1
4

�
fs0(y) erfc

(PTx − y√
2σadd

)
dy

(C.3)

is reached [161, 296, 297]. In Eq. C.3, the complementary error functions
erfc(y) effectively act as a weighting function, which is large for samples
near to the decision level PTx and small for samples further away from the
eye’s center. For the special case of an ideal Tx as treated previously, the
PDF can be expressed in terms of Dirac delta functions δ(y), defined as� +∞

−∞ δ(y)h(y) dy = h(0) for a test functionh(y). We thus find fs1(y) = δ(y−y1)
and fs0(y) = δ(y − y0) with the respective on- and off-state Tx power lev-
els y1 and y0, and Eq. C.3 hence simplifies to Eq. C.2. Equation C.3 is

5 Note that the depicted positions and widths of the histogram acquisition windows are chosen
according to the IEEE 802.3 [161] in Fig. C.1(c). However, the specific values might differ
depending on the standardization organization and associated industry standard. For example,
the International Telecommunication Union (ITU) defines the positions 0.425 UI and 0.575 UI
within the unit interval for 50G passive optical networks [294].
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separately evaluated for the pairs of PDF associated with the left and right
side of the eye, and the value σadd is consequently named σL,add and σR,add.
For estimating the worst-case performance, the smaller of the two values must be
considered, i.e., σadd = min(σL,add, σR,add).

We finally estimate the noise power σTx that the Rx would be allowed to add to
the Tx waveform when transmitted through a specified worst-case optical link.
This includes mode partition noise, leading to phase jitter as a result of mode-
hopping in the VCSEL and modal noise of the MMF as represented by the
associated noise standard deviation σM. Both contributions are mathematically
estimated for a worst-case Tx and channel spectral properties using established
IEEE link models [300]. We thus find [161, 300]

σTx =
√
σ2

add + σ2
osc − σ2

M

≈ (1 −M1)
√
σ2

add + σ2
osc −M2

2 ,
(C.4)

where the last step follows from an empirical correction of σTx by replacing σ2
M

through the termsM1 = 0.04 andM2 = 0.0175PTx to correct for discrepancies
that have been found between the power penalty as predicted by the TDEC
compared to IEEE link models which are rooted in the estimation of the link
impairments [300]. Since mode partition noise and modal noise are not yet
included when finding σadd according to the procedure described in Eq. C.3, the
amount of tolerable noise σTx at the Rx is reduced, leading to a negative sign
for σ2

M in the first line of Eq. C.4. On the other hand, finding the term σadd

implicitly included a noise term with standard deviation σosc associated with the
oscilloscope used for taking the TDEC measurement. Therefore, the amount of
tolerable noise σTx at the Rx is increased by this amount, leading to a positive sign
for σ2

osc in the first line of Eq. C.4. The TDEC is then defined by relating σTx,ideal

to σTx as calculated from Eq. C.4 in decibels,

TDEC = 10 log10(σTx,ideal/σTx). (C.5)
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In Eq. C.5, σTx ≤ σTx,ideal must hold true, which leads to TDEC values bigger
than 0 dB. Generally speaking, the lower the TDEC the better. The TDEC can
also be interpreted as the increase in optical power required for the Tx to achieve
the same eye oping as an ideal Tx for a given minimum reference BER as specified
in the respective industry standard. By defining an upper bound for the TDEC,
the difference to this value represents a margin for the impairments that could
be tolerated on top of the mathematically considered worst-case optical link and
reference Rx while still achieving the target BER. Therefore, the TDEC represents
a direct figure ofmerit describing the quality of a Txwhich can be straightforwardly
utilized for ensuring compatibility among various vendors.
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D Freeform terahertz structures
fabricated by multi-photon
lithography and metal coating

This chapter has been published as Supplementary Information of [J4]. The
material from the publication has been adapted to comply with the layout and the
structure of this thesis.

[Beginning of Supplementary Information of paper [J4]]

D.1 Dielectric response of the photoresist

For precise simulation and design of the THz structures, knowledge about the
frequency-dependent dielectric response of the photoresist used for the 3D-printed
support structures (VanCore B, Vanguard Automation GmbH, Karlsruhe, Ger-
many) is required. We therefore measured the complex-valued relative permittiv-
ity ϵr = ϵ′ − jϵ′′ of a photoresist sample in the frequency range between 0.220THz
and 0.325THz using a commercially available material-characterization kit (MCK,
Swissto12 SE, Renens, Switzerland).

The measurement setup is shown in Fig. D.1(a). A pair of WR-3 frequency-
extension modules (V03VNA2-T/R-A, OML Inc., Morgan Hill, USA) are con-
nected to a vector network analyzer (VNA, N5242B PNA-X, Keysight Technolo-
gies Inc., Santa Rosa, USA) via a millimeter-wave controller (N5292A, Keysight
Technologies Inc.). In conjunction with the frequency-extension modules, the
VNA enables S-parameter measurements in a frequency range from 0.220THz
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and 0.325THz. The VNA is set to measure at 1001 frequency points with an
intermediate-frequency (IF) bandwidth of 500Hz. The MCK is directly con-
nected to the frequency-extension modules via UG-387/UM waveguide flanges.
The MCK itself consists of two corrugated horn antennas [301], effectively con-
verting the input TE10 mode of the rectangular waveguides into a highly pure
HE11 mode of the circular horn-antenna aperture. This allows for a plane-wave-
like irradiation of the dielectric sample, which is placed in the gap between the
two antennas. Prior to the actual measurement, the setup is calibrated using
the gated-reflect-line (GRL) calibration technique [302]. Time-domain gating
with a manufacturer-recommended window size of 400 ps is employed to isolate
the characteristics of the MCK setup. The "Through" standard is then realized
by closing the gap between the pair of corrugated antennas without any sample
inserted, thereby normalizing S21. Finally, the "Reflect" standard is realized by
inserting a 1mm-thick metal shim into the gap, effectively acting as a perfect metal
reflector for normalizing S11.

As a sample, we use a 380 µm-thick plate of photoresist which was fabricated via
spin coating, followed by UV curing at a wavelength of 365 nm and subsequent
heat curing at 85 °C for one hour. The maximum thickness variation across the
plate with roughly 11mm diameter was measured to be of the order of ±10 µm.
A picture of the photoresist sample is shown in the zoom-in in Fig. D.1(a).
After clamping the sample between the two corrugated horn antennas, S-parameter
measurements are taken. With the knowledge of the sample thickness, the real
and imaginary parts of the permittivity, ℜ{ϵr} = ϵ′ and −ℑ{ϵr} = ϵ′′, can be
extracted from the acquired S21 and S11 data using the manufacturer-provided
evaluation software [303]. Note that the results of this approach have been
shown to lead to excellent agreement [304] with quasi-standard permittivity-
measurement procedures developed by the National Institute of Standards and
Technology (NIST) [305, 306]. The measured frequency-dependent real and
imaginary parts of the permittivity of our sample are shown in Fig. D.1(b), see
left panel for ℜ{ϵr} = ϵ′ and right panel for −ℑ{ϵr} = ϵ′′. The solid blue
lines represent the results obtained when evaluating the measured data for the
mean sample thickness of 380 µm, whereas the dashed lines correspond to the
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D.1 Dielectric response of the photoresist

Fig. D.1: Permittivity measurement of multi-photon lithography photoresist. (a) Measurement
setup, comprising a pair of frequency-extension modules connected to a vector network ana-
lyzer (VNA) to enableS-parametermeasurements in a frequency range from 0.220THz and 0.325THz.
A commercially available material-characterization kit (Swissto12 MCK) is directly connected to the
frequency-extension modules. The MCK consists of two corrugated horn antennas providing a plane-
wave-like irradiation of the 380µm-thick photoresist sample with complex permittivity ϵr = ϵ′ − jϵ′′,
see zoom-in, which is placed in the gap between the two antennas. (b)Measured frequency-dependent
real part ℜ{ϵr} = ϵ′ (left panel) and imaginary part −ℑ{ϵr} = ϵ′′ (right panel) of the permittivity.
The solid blue lines represent the results as evaluated using the mean sample thickness of 380µm,
whereas the dashed lines correspond to the respective estimated upper and lower limits as given by the
uncertainty of the sample thickness of ±10µm. From the extracted data, we find an average relative
uncertainty of ∆ϵ′/ϵ′ ≈ 5.1% and ∆ϵ′′/ϵ′′ ≈ 10.8% for the real and imaginary parts, respectively.
(c) Measured frequency-dependent loss tangent tan(δ) = ϵ′′/ϵ′ calculated from the real and imagi-
nary parts of the permittivity as given in Subfigure (b). Again, the solid blue line represets the result
for the mean sample thickness whereas the dashed lines correspond to the respective estimated upper
and lower limits. We find an average relative uncertainty of ∆ tan(δ)/ tan(δ) ≈ 5.6%.
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D Freeform terahertz structures fabricated by multi-photon lithography and metal coating

respective estimated upper and lower limits as given by the uncertainty of the
sample thickness (±10 µm). From the extracted data, we find an average relative
uncertainty of ∆ϵ′/ϵ′ ≈ 5.1% and ∆ϵ′′/ϵ′′ ≈ 10.8% for the real and imaginary
parts, respectively. Figure D.1(c) shows the frequency-dependent loss tangent
tan(δ) = ϵ′′/ϵ′ calculated from the real and imaginary parts of the permittivity
as given in Fig. D.1(b). Again, the solid blue line represents the result for the
mean sample thickness, whereas the dashed lines correspond to the respective
estimated upper and lower limit. We find an average relative uncertainty of
∆ tan(δ)/ tan(δ) ≈ 5.6%. The measured values for the real part of the per-
mittivity of the order of ϵ′ ≈ 2.5 − 2.9 and for the loss tangent of the order
of tan(δ) ≈ 0.02 − 0.04 are in good agreement to reported characteristics of
other multi-photon printable photoresists, e.g., SU-8 [173]. Note also that the
reported uncertainties are in good agreement with previously reported measure-
ment uncertainties using the same MCKmeasurement system [307]. The material
characteristics of the 3D-printed support structures are subsequently modeled
using the depicted results of the dielectric response measurement. To this end, the
measured values for the permittivity ϵ′ and loss tangent tan(δ) in the frequency
range from 0.220THz to 0.325THz were imported into CST Microwave Studio
and fitted using a dispersion model of first order.

D.2 Design of MCFS-based THz structures

For adapting the electrical characteristics and avoiding short circuits of the MCFS-
based THz structures, we exploit the flexibility offered in the design and fabrication
of the 3D-printed polymeric support structures to include appropriate isolation
trenches with undercut sidewalls, see Section 5.2 and Fig. 5.2. A cross-sectional
view of a typical MCFS is shown in Fig. D.2(a), where the indicated dimensions
refer to TIC II, connecting an associated pair of CPW feeds, see Sections 5.3.1
and 5.5. The MCFS consists of the 3D-printed polymeric support (ϵ′ = 2.66,
tan(δ) = 0.033) on an alumina substrate (ϵ′ = 9.9, tan(δ) = 0.0001) that is
locally coated through highly directive metal evaporation along a direction perpen-
dicular to the substrate, i.e., from top along the negative z-direction in Fig. D.2(a).
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D.2 Design of MCFS-based THz structures

The metal layer of thickness hm = 0.64 µm is thus deposited on all surfaces with
direct line of sight to the evaporation source, thereby forming the three isolated
metal strips in GSG configuration, Fig. 5.2(d). For a robust design, the depth dit of
the isolation trenches should be chosen large enough to avoid any influence of the
metal residues that remain at the ground of the trenches on the electrical characteris-
tics of the TIC, in particular the line impedance. This aspect is investigated in more
detail in Fig. D.2(b), which depicts the simulated line impedance ZL as a function
of the gap width wgap and the isolation-trench depth dit. In these simulations, the
support height was chosen to be h = 100µm— large enough to avoid any influ-
ence of the high-permittivity substrate on the results. Contour lines in Fig. D.2(b)
indicate the set of parameters for constant line impedances of ZL = (50 . . . 80)W.
As expected, the line impedance can be effectively controlled by adapting the gap
width wgap, whereas the influence of the isolation-trench depth dit is rather small
once dit exceeds twice the gap width wgap, dit > 2wgap, i.e., to the right of the
dashed white line in Fig. 5.2(b). In our experiments, all fabricated support struc-
tures were thus designed with isolation-trench depths dit of 20 µm or more, and we
rely on the gap width wgap to control the line impedance ZL. Still, the transition
section between the CPW and the MCFS requires special consideration, since the
height h of the support structure is continuously tapered down from an initial
value of typically 50 µm or more to approximately 3 µm to ensure a smooth con-
nection to the approximately 3 µm-thick CPW strips on the substrate, see Fig. 5.2.
At the same time, the isolation-trench depth dit cannot exceed the support height h
and must hence be down-tapered as well — from the initial 20 µm or more to
approximately 3 µm. To avoid formation of shortcuts, deposition of metal in
the tapered region of the isolation trench is avoided by dedicated shadowing
structures that take the form of multiple arm-like roofs, see Inset T of Fig. 5.2.
For correct choice of the gap width in this transition region, we simulate again
the line impedance ZL as a function of that gap width wgap and the support
height h, see Fig. D.2(c). We subdivide the simulation in two distinct regions,
labeled 1 and 2 : For large support heights h > 20 µm, the isolation-trench
depth dit is fixed to 20 µm, and metal residues are present at the ground of
the isolation trenches, see Region 2 in Fig. D.2(c). In the transition region
between the CPW and the MCFS, the isolation-trench depth is equal to the
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D Freeform terahertz structures fabricated by multi-photon lithography and metal coating

support height, dit = h, and the trenches do not contain any metal residues,
see Region 1 in Fig. D.2(c). In all simulations, we kept the signal-conductor
width wS fixed and varied the ground-conductor width wG such that the overall
structure width is maintained at a constant total width of wS + 2wG + 2wgap =
270 µm. This allows for geometrically smooth and electrically well-matched
transitions to the fabricated CPW feeds, which also feature a total width of
wS + 2wG + 2dSG = 270µm for TIC II, see Fig. 5.2(a) and Table 5.1 along with
the associated explanation in Section 5.5. Contour lines in Fig. D.2(c) again indi-
cate constant line impedances ofZL = (50 . . . 80)W. For the 80W contour line, we
observe a small discontinuity at the transition between Region 1 and Region 2 .
We attribute this to the fact that, due to the associated rather large gap width
of the order of 15 µm, the abrupt stop of the metal residues on the ground of
the 20 µm-deep isolation trenches still has a slight influence on the resulting line
impedance. Note that for some of the structures discussed in Chapter 5, the
adjustment of the gap width wgap was not yet implemented to provide a perfectly
smooth transition, see, e.g., Fig. 5.3(b). This leaves room for further optimization
and improvement of the overall device performance.

D.3 Surface roughness measurements

The surface roughness of the various fabricated MCFS and of the feed CPW was
measured using a white-light interferometer (ContourX-100, Bruker Inc., Billerica,
USA) equipped with a 100× / 0.8 objective (WLI100XMRTC, Olympus K.K.,
Tokio, Japan). The results are shown in Fig. D.3. All measurements are performed
in (40 × 40) µm2 fields, each time averaging over ten recordings to reduce noise,
and we apply a software-based tilt correction followed by a background subtraction
to compensate for the waviness of the sampled areas. Final roughness extraction
consisted of separating the areal image in a series of single-line profiles for which
the mean root-mean-square (RMS) roughness Rq is computed [308]. Moreover,
different fields on multiple positions have been measured for each sample to
reliably determine the RMS surface roughness and its typical range of variation
across the sample.
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D.3 Surface roughness measurements

Fig. D.3: Surface topographies and associated surface roughness extracted from white-light interfer-
ometer measurements. (a) Height deviations ∆z from the mean surface profile for an exemplary
bare 3D-printed support structure (left panel) and for the same structure after the metal coating process
(right panel). A root-mean-square (RMS) surface roughness of Rq,MCFS = (13 . . . 14) nm is found
after metal deposition, slightly larger than the roughness of the underlying 3D-printed support of
Rq,support = (9 . . . 10) nm. (b) Height deviations ∆z measured for the gold metallization on the
alumina substrates used for fabrication of the CPW transmission lines in our experiments. We found a
rather large RMS surface roughness of Rq,gold = (121 . . . 129) nm.

In Fig. D.3(a), the height deviations ∆z from the mean surface profile are shown
for an exemplary bare 3D-printed support structure (left panel) and for the same
structure after the metal coating process (right panel). The various measurements
reveal an RMS surface roughness of Rq,MCFS = (13 . . . 14) nm upon metal
deposition, which is slightly larger than the roughness of the underlying 3D-
printed support of Rq,support = (9 . . . 10) nm. We also evaluated the surface
roughness of the gold metallization on the alumina substrates used for fabrication
of the CPW transmission lines in our experiments, Fig. D.3(b). We found a
rather large RMS surface roughness of Rq,gold = (121 . . . 129) nm, which was
subsequently included in the simulations of the transmission lines, see Section 5.5.
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D Freeform terahertz structures fabricated by multi-photon lithography and metal coating

D.4 Characterization of THz interconnects

The THz interconnects (TIC) were measured on a semi-automated probing sta-
tion (Summit 12000B-S, Cascade Microtech Inc., Beaverton, USA), enabling
repeatable and consistent contacting of the samples under test. For S-parameter
measurement in the different frequency ranges, a VNA (N5247B PNA-X, Keysight
Technologies Inc.) is used in conjunction with a pair of frequency extending
transmit / receive modules connected via a millimeter-wave controller (N5262A,
Keysight Technologies Inc.). The VNA is set to measure at 801 frequency points
with an IF bandwidth of 100Hz for all recordings.

For themeasurements shown in Fig. 5.3(c) and (d), a total of three frequency ranges
(10MHz . . . 0.110THz; 0.110THz . . . 0.170THz; 0.200THz . . . 0.330THz)
are addressed by selecting the associated extension modules and probes, and
a line-reflect-reflect-match (LRRM) calibration [309] was carried out using the
manufacturer-recommended impedance standard substrate (ISS) to shift the refer-
ence planes to the probe tips. Allmeasurements are done on amicrowave-absorbing
ISS holder (116-344, FormFactor GmbH, Thiendorf, Germany) to reduce un-
wanted substrate modes. For the frequency range from 10MHz to 0.110THz, we
use a first pair of frequency extension modules (N5260-60003, Keysight Tech-
nologies Inc.) and coaxial probes (Infinity Probe i110-A-GSG-100, FormFactor
GmbH), and the LRRM calibration is performed on the associated ISS (104-783,
FormFactor GmbH). The second frequency range from 0.110THz to 0.170THz
is measured with a second pair of frequency extension modules (V06VNA2-
T/R-A, OML Inc.) and waveguide probes (Infinity Probe i170-T-GSG-100-
BT, FormFactor GmbH). Lastly, measurements in the third frequency range
from 0.200THz to 0.330THz are carried out with a third pair of frequency
extension modules (V03VNA2-T/R-A, OML Inc.) and waveguide probes (Infinity
Probe i325-T-GSG-100-BT, FormFactor GmbH). The LRRM calibrations for the
measurements in the latter two frequency ranges are performed on a second ISS
(138-357, FormFactor GmbH).
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D.4 Characterization of THz interconnects

The measured S-parameter matrices Smeas between Plane 1′ and Plane 2′

(blue lines in Fig. 5.3(a)) comprise the compound characteristics of the re-
spective TIC (TIC I, II, and III) as well as of the two associated 4 mm-long CPW
feeds on the alumina substrates. The measured frequency-dependent loss is thus
largely dominated by the loss of the two CPW feeds, and we need to mathe-
matically remove their influence via dedicated de-embedding procedures [178].
To this end, the compound S-parameter matrices Smeas are first transformed into
transfer matrices (T -matrices [163], see Section D.7), and the T -matrix Tmeas
of the network is subsequently represented by cascading the T -matrices of the
individual elements,

Tmeas = TfeedTTICTfeed. (D.1)

In this relation Tfeed and TTIC represent the T -matrices of the two identical CPW
feeds and the corresponding TIC, respectively. We then measured the S-parameter
matrix Sfeed,ref of an identical reference CPWwith the lengthLfeed and calculated
the corresponding T -matrix Tfeed,ref . Equation D.1 can then be multiplied from
both sides by the inverse matrix T−1

feed,ref , leading to

T−1
feed,refTmeasT

−1
feed,ref = T−1

feed,refTfeedTTICTfeedT−1
feed,ref = TTIC. (D.2)

In this relation, we have made the assumption that the T -matrix of the CPW
embedded in the measurement Tfeed and of the separately measured reference
CPW Tfeed,ref are identical, i.e., T−1

feed,refTfeed = TfeedT−1
feed,ref = I, where I

denotes the unity matrix. The extracted T -matrix TTIC can then be converted
back to the S-parameter matrix STIC with its complex transmission and reflection
coefficients S21 and S11, respectively. Figure D.4 shows the resulting transmis-
sion factor S21,dB = 10 log10(|S21|2) of TIC I (left), II (middle), and III (right),
extracted via the T -matrix de-embedding approach described in Eq. D.2, as red
curves in the frequency range up to 0.170THz. For frequencies beyond 0.200THz,
we find increasingly strong ripples in the de-embedded data, that are caused by error
multiplication arising from slight discrepancies between the "true" T -matrix Tfeed
of the CPW feed lines and its experimentally measured counterpart Tfeed,ref — a
known effect in mmW device characterization [177]. This leads to a high
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Fig. D.4: De-embedding of THz interconnects (TIC) using the T -matrix and the scalar de-embedding
approach. In our measurements, the S-parameter matrices do not only comprise the characteristics of
the TIC, but also the two 4mm-long CPW feeds on the two alumina substrates which largely dominate
the overall transmission characteristics. For frequencies below 0.170THz, the feed lines feature low
transmission losses and are well matched such that a mathematically rigorous T -matrix de-embedding
technique according to Eq. D.2 can be used. In this frequency range, the associated transmission
S21,dB = 10 log10(| S21|2) is indicated by red curves for TIC I (left), II (middle), and III (right).
For frequencies beyond 0.200THz, the feed lines become lossy and poorly matched, rendering the
results of the T -matrix de-embedding technique unreliable and leading to strong oscillations of the
associated curves, which are indicated in grey. We therefore resort to a simpler and more robust
scalar correction approach as given in Eq. D.4 for estimating the TIC transmission in the frequency
range from 0.200THz to 0.330THz. The results are again indicated by red curves in this frequency
range, exhibiting less fluctuations than the results obtained from the T -matrix approach. Note that the
measured S-parameters had to be acquired separately in different frequency ranges using dedicated
signal sources, waveguides, and probes as described above, thereby leaving a gap between 0.170THz
and 0.200THz, where no adequate signal sources were available.

sensitivity of the de-embedding procedure with respect to the insertion and return
loss of the reference CPW and renders the results unreliable for frequencies be-
yond 0.200THz, see next paragraph for amore detailed explanation. Asmentioned
in Section 5.3, we therefore rely on a more robust scalar correction rather than on
a mathematically rigorous but experimentally sensitive T -matrix de-embedding.
For comparison of both approaches, we still display the results of the T -matrix de-
embedding beyond 0.200THz in Fig. D.4, see grey curves. Note that the measured
S-parameters had to be acquired separately in different frequency ranges using
dedicated signal sources, waveguides, and probes as described above, thereby leav-
ing a gap between 0.170THz and 0.200THz, where no adequate signal sources
were available.

In the following, we aim at obtaining a better understanding of the effects of
error multiplication in the T -matrix de-embedding approach. To this end, we
distinguish between the "true" T-matrix Tfeed of the CPW as contained in the
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measured compound T -matrix Tmeas and of the separately measured reference
CPW Tfeed,ref , which differ from one another due to measurement inaccuracies,
Tfeed ̸= Tfeed,ref . The matrix multiplications T−1

feed,refTfeed and TfeedT−1
feed,ref

in Eq. D.2 are therefore no longer given by the unity matrix I and thus
introduce errors during the de-embedding procedure. As an example, the first
matrix multiplication in Eq. D.2 can be written in terms of the underlying
S-parameters as

T−1
B TA =


1

SB
21

− SB
22

SB
21

SB
11

SB
21

(SB
21)2−SB

11SB
22

SB
21


−1

1
SA

21
− SA

22
SA

21

SA
11

SA
21

(SA
21)2−SA

11SA
22

SA
21

 (D.3)

=
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21
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21
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22
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21SB
21

∆S11 ( SA
21SB

22
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21SA
22

SA
21
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22SB

22
SA

21SB
21

∆S11

1
SA
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21

∆S11
SA

21
SB

21
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22
SA

21SB
21

∆S11

 ,

where ∆S11 = SA
11 − SB

11. In this relation, we denote the various S-parameters
of the "true" embedded CPW and the separately measured reference CPW by the
superscripts A =̂ ”feed” and B =̂ ”feed, ref”, respectively, and we assumed all
systems to reciprocal, i.e., SA

21 = SA
12 and SB

21 = SB
12. For an ideal measure-

ment without noise, the underlying scattering parameters of Tfeed = TA and
Tfeed,ref = TB are identical, i.e. SA

lm = SB
lm with l,m ∈ {1, 2}, and the

multiplication of the associated T -matrices in Eq. D.3 leads to the unity matrix I
as assumed for deriving the de-embedding procedure in Eq. D.2. For noisy mea-
surements, however, the expressions indicated in blue in Eq. D.3 can become very
big, given the fact that, for large frequencies, the feed lines become increasingly
lossy and reflective. As a consequence, the products SA

21S
B
21 in the denominator

of the highlighted expressions become small, while the numerators are either
unity or increase with the reflection coefficients SA

22, S
B
22 and SA

22S
B
22. This leads

to large values of the overall fraction which strongly "amplifies" any noise- or
distortion-induced deviations [177] between the reflection SA

11 of the "true" feed
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line and its measured counterpart SB
11. In our measurements, these effects are

particularly detrimental for frequencies above 0.200THz, indicated by the strong
oscillations of the grey traces in Fig. D.4.

To mitigate this problem, we use a more robust scalar correction technique to
estimate the loss of the TIC for frequencies above 0.200THz, effectively removing
only the attenuation of the CPW feeds from the recorded measurements between
Plane 1′ and Plane 2′. More specifically, we first extract the transmission of
the full arrangement S2′1′,meas,dB = 10 log10(|S2′1′,meas|2) from the measured
compoundS-parametermatrixSmeas, andwe extract the transmission of one 4mm-
long CPW feed S2′1′,ref,dB = 10 log10(|S2′1′,ref |2) from the separately measured
S-parameter matrix Sfeed,ref . Finally, the loss of the two feed lines is removed
from the compound measurement by subtracting the associated dB-values,

S21,dB = S2′1′,meas,dB − 2S2′1′,ref,dB. (D.4)

The transmission factor S21,dB of TIC I (left), II (middle), and III (right) extracted
via the scalar correction according to Eq. D.4 was calculated for frequencies
between 0.200THz and 0.330THz, see red curves in Fig. D.4. As expected, the
data appears to fluctuate less than the results obtained from the T -matrix approach
and indicated by the grey traces above 0.200THz. Notably, the results of both
techniques are reasonably consistent at lower frequencies close to 0.200THz,
supporting the validity of the approach.

D.5 Characterization of THz probes

The THz probes (TP) were measured on a manual probing station (Cascade PM8,
FormFactor GmbH), using a custom vacuum chuck attached to a manual actuator
(RPP210, FormFactor GmbH) for alignment and contacting. The experimental
setup, which is schematically illustrated in Fig. 5.4(a), is shown in more detail
in Fig. D.5, with the zoom-in providing a closer look at the samples under test.
First, the probed contacting chip with the two CPW feeds (Lfeed = 1.5mm) is
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Fig. D.5: Experimental setup for characterization of THz probes (TP). The TP were measured on a
manual probing station using a custom vacuum chuck attached to a manual actuator for alignment and
contacting. The zoom-in provides a closer look at the samples under test. First, the contacting chip, see
Fig. 5.4(a), is placed on a microwave-absorbing ISS holder, mounted on the sample stage of the probing
station, and the CPW feed lines are electrically contacted using commercially available conventional
probes. The sample chip containing the TP is then picked up by the custom vacuum chuck and moved
towards the contacting chip using the manual actuator. The TP protrude beyond the contour of the chip
such that they are visible in the top-view camera of the probing station. This arrangement allows for
simultaneous monitoring of the TP and of the conventional probes contacting the CPW feeds on the
contacting chip. After concurrent alignment of the three 100µm-spaced tips of the TP with respect to
the signal and ground conductors of the CPW feeds on each side, the TP are carefully moved down
onto the contacting chip using the z-stage of the manual actuator. For S-parameter measurements in
the different frequency ranges from 10MHz to 0.330THz, a vector network analyzer (VNA) is used
in conjunction with different pairs of frequency-extending transmit / receive modules connected via a
millimeter-wave controller.
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placed on a microwave-absorbing ISS holder (116-344, FormFactor GmbH) and
mounted on the sample stage of the probing station. The sample chip containing
the TP is then picked up by the custom vacuum chuck and moved towards the
contacting chip using the manual actuator. As mentioned in Chapter 5, the TP
protrude beyond the contour of the chip such that they are visible in the top-view
camera of the probing station, having its observation direction along the positive
z-direction in the zoom-in of Fig. D.5. This arrangement allows for concurrent
monitoring of the TP and of the conventional probes required for contacting of
the CPW feeds on the contacting chip. For alignment of the two TP, the sample
chip is first rotated around the x- and y-axis using goniometers attached to the
manual actuator until it is oriented in parallel to the underlying contacting chip.
Due to the comparatively large distance of 2LTP + Lconn = 4.63mm between
the opposing tips of the two TP, special care must be taken for the rotation about
the x-axis to avoid damaging the tips during contacting. Then, the sample chip
is moved in the (x, y)-plane for concurrent alignment of the three 100 µm-spaced
tips with respect to the signal and ground conductors of the CPW feeds on both
sides. Finally, the TP are carefully moved down on the CPW feeds below using
the z-stage of the manual actuator.

For S-parameter measurements in the different frequency ranges from 10MHz
to 0.330THz, a VNA (N5242B PNA-X, Keysight Technologies Inc.) is used in
conjunction with a pair of frequency-extending transmit / receive modules con-
nected via a millimeter-wave controller (N5292A, Keysight Technologies Inc.),
see Fig. D.5. For all recordings, the VNA is again set to measure at 801 frequency
points with an IF bandwidth of 100Hz. For the measurements shown in Fig. 5.4(b),
a total of three frequency ranges (10MHz . . . 0.130THz; 0.130THz . . . 0.220THz;
0.220THz . . . 0.330THz) are addressed by selecting corresponding extensionmod-
ules and probes. For each of these frequency ranges, an LRRM calibration [309]
is carried out using the manufacturer-recommended ISS (138-357, FormFactor
GmbH). We use a broadband VNA system [310], comprising probes with inte-
grated diplexers (T-Wave Dual Band Probe, T220-UBBT-GSG-100, FormFactor
GmbH) to enable single-sweep measurements over the first two frequency ranges
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from 10MHz to 0.220THz. To this end, the system combines a pair of frequency-
extension modules from 10MHz to 0.130THz (N5295AX02, Keysight Technolo-
gies Inc.) with a second pair of frequency-extenders operating from 0.130THz
to 0.220THz (WR5.1-VNAX, Virginia Diodes Inc., Charlottesville, USA) in
the same probe. Lastly, measurements in the frequency range from 0.220THz
to 0.330THz are carried out with a third pair of frequency-extension modules
(WR3.4-VNAX, Virginia Diodes Inc.) and a corresponding set of waveguide
probes (Infinity Probe i325-T-GSG-100-BT, FormFactor GmbH).

With the setup depicted in Fig. D.5, the measurements do not only comprise
the characteristics of the two TP but also the two short CPW on the contacting
chip leading from the measurement probes to the TP on each side as well as the
connecting CPW on the sample chip. Therefore, the measured S-parameter ma-
trices Smeas between Plane 1′′ and Plane 2′′ (brown lines in Fig. 5.4(a)) are
converted to transfer matrices (T -matrices [163], see Section D.7), and the
T -matrix Tmeas of the network can again be represented by cascading the
T -matrices of the individual elements, leading to

Tmeas = TfeedTTPTconnTTPTfeed. (D.5)

In this relation Tfeed, TTP and Tconn represent the T -matrices of the CPW feed,
the TP, and the connecting CPW, respectively. In our measurement setup, the two
T -matrices of the two TP are assumed to be identical and are labelled TTP in
the following. Similarly, the T -matrices of the two CPW feeds are assumed to
be identical and denoted as Tfeed. The reference planes can then be moved to
Plane 1′ and Plane 2′ (blue lines in Fig. 5.4(a)), thereby removing the influence
of the two 1.5mm-long CPW feeds. To this end, we measured the S-parameter
matrix Sfeed,ref of an identical CPW with the length Lfeed and calculated the
corresponding T -matrix Tfeed,ref . Equation D.5 can then be multiplied from both
sides by the inverse matrix T−1

feed,ref which leads to

T−1
feed,refTmeasT

−1
feed,ref = T−1

feed,refTfeedTTPTconnTTPTfeedT−1
feed,ref

= TTPTconnTTP = TTP−conn−TP
(D.6)
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under the assumption that the measured reference CPW and the embedded
CPW feeds are identical, i.e., T−1

feed,refTfeed = TfeedT−1
feed,ref = I.

The extracted T -matrix TTP−conn−TP can then be converted back to the
S-parameter matrix STP−conn−TP with its complex-valued transmission and
reflection coefficients S2′1′ and S1′1′ , respectively. Figure D.6 shows the as-
sociated transmission and reflection parameters S2′1′,dB = 10 log10(|S2′1′ |2)
(blue curve) and S1′1′,dB = 10 log10(|S1′1′ |2) (green curve), which are in good
agreement with the associated simulation (dashed black lines).

Fig. D.6: De-embedded measurements between reference Plane 1′ and Plane 2′ comprising the pair
of TP and the connecting CPW. The raw measurements taken between Plane 1′′ and Plane 2′′ with
the setup depicted in Fig. D.5 (brown lines in Fig. 5.4(a)), do not only comprise the characteristics
of the two TP but also the two short CPW on the contacting chip leading from the measurement
probes to the TP on each side as well as the connecting CPW on the sample chip. Using Eq. D.6, the
reference planes can be moved to Plane 1′ and Plane 2′ (blue lines in Fig. 5.4(a)), thereby removing the
influence of the two 1.5mm-long CPW feeds. The associated transmission and reflection parameters
S2′1′,dB = 10 log10(| S2′1′ |2) (blue curve) and S1′1′,dB = 10 log10(| S1′1′ |2) (green curve)
are in good agreement with the associated simulation (dashed black lines). Note that the loss of
the 3.8mm-long connecting CPW still contributes significantly to the overall loss. This contribution
is removed by using a scalar correction technique, leading to the loss of a single TP.

While the previously extracted parameters S2′1′,dB and S1′1′,dB already give an
indication about the performance of the pair of TP, the loss of the 3.8mm-long
connecting CPW as contained in STP−conn−TP still contributes significantly to
the overall loss. We therefore estimate the insertion loss of a single TP (Fig. 5.4(b))
by using a scalar correction to compensate for the losses caused by all concatenated
CPW (Lfeed + Lconn + Lfeed = 6.8mm) in the arrangement between Plane 1′′

and Plane 2′′. To this end, we start from the measured transmission of the
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full arrangement S2′′1′′,meas,dB = 10 log10(|S2′′1′′,meas|2) and we use a 6.8mm-
long reference CPW on the contacting chip to obtain the transmission of the
connecting line and both feed lines given as S2′′1′′,ref,dB = 10 log10(|S2′′1′′,ref |2).
The transmission of each of the two TP is then estimated by taking the difference
of the two dB-values and dividing the result by two,

S21,dB = (S2′′1′′,meas,dB − S2′′1′′,ref,dB)/2. (D.7)

For evaluating the contacting repeatability of the TP, we performed the mea-
surements in the frequency range from 0.220THz to 0.330THz for a total
of N = 50 contacting cycles, see Fig. 5.4(c). The z-stage of the manual ac-
tuator repeatedly lifted the sample chip up and lowered it back down without
intermediate re-alignment. For all measurements, we calculated the estimated
transmission through a single TP using Eq. D.7 and extracted the correspond-
ing linear magnitudes |S21|N = 10S21,dBN

/20. With the average transmission
magnitude |S21| = (

∑
N |S21|N )/N , we can then express the measurement

deviation ∆|S21|N for the N -th measurement as the difference to the mean
transmission,

∆|S21|N = |S21|N − |S21|. (D.8)

For theN = 50 contacting cycles, amaximummagnitude deviation of∆|S21|max ≈
5 × 10−3 was measured, corresponding to a maximum relative error of 0.6%.
Figure 5.4(c) shows the standard deviation of the transmission magnitude

σ(|S21|) =
√

1
N − 1

∑
N

(∆|S21|N )2 (D.9)

over themeasured frequency range. We found a remarkably lowmaximumstandard
deviation of σ(|S21|)max ≈ 2 × 10−3 (corresponding to −55 dB) near 0.32THz.
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D.6 Characterization of THz antennas

The THz antennas (TA) were measured on a probe-based free-space antenna
measurement setup [311, 312], which allows to move a receive antenna around
a contacted antenna under test (AUT) to record a radiation pattern. The receive
antenna and AUT are oriented such that both antennas are co-polarized. A picture
of the experimental setup is shown in Fig. D.7, and in-detail explanations of
the setup and the calibration steps summarized in the following can be found in
the associated publications [311, 312]. For measurement in the frequency range
from 0.220THz to 0.325THz, a VNA (N5242A PNA-X, Keysight Technologies
Inc.) is used in conjunction with a frequency-extension module (V03VNA2-T/R-
A, OML Inc.) connected via a millimeter-wave controller (N5261A, Keysight
Technologies Inc.). The VNA is again set to measure at 801 frequency points with
an IF bandwidth of 100Hz.

The calibration of the setup was carried out in multiple steps: First, a scalar
gain calibration is performed using a standard horn antenna (QWH-3PRR00,
QuinStar Technology Inc., Torrance, USA) with known gain Ghorn connected to
the extension module as the transmitter. From the measured transmission S21,horn
the system characteristics including the free-space loss and the gain of the receive
antenna can thereby be determined as

Gsys =
∣∣S21,horn

∣∣2 /Ghorn. (D.10)

Next, the known transmitter antenna is removed, and a waveguide probe (Infinity
Probes i325-T-GSG-100-BT, FormFactor GmbH) is instead connected to the
extension module. To remove the influence of the probe, an additional one-port
short-open-load (SOL) calibration [312, 313] is carried out using an ISS (138-357,
FormFactor GmbH). This calibration allows to determine the three elements of a
one-port SOL error-adapter matrix E =

( e00 e01
e10 e11

)
, where the elements e00, e11,

and e10e01 are related to the directivity, the sourcematch and the reflection tracking,
respectively. Assuming a reciprocal error network (e10 = e01), the transmission
of the probe is given by Gprobe = |e10e01|. With the probe transmission Gprobe
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Fig. D.7: Experimental setup for characterization of THz antennas (TA). The TA were measured
on a probe-based free-space antenna measurement setup, which allows to move a receive antenna
around a contacted antenna under test (AUT) to record the direction-dependent radiation pattern of
the latter. For measurement in the frequency range from 0.220THz to 0.325THz, a vector network
analyzer is used in conjunction with a frequency-extension module connected via a millimeter-wave
controller. A top-view camera helps in contacting the AUT and is swiveled to the side once the sample
is contacted to not influence the measurement. The radiation pattern can be recorded by moving the
receive antenna around the AUT at a constant distance of roughly 38 cm using a two-axis rotational
system. For the antenna pattern shown in Fig. 5.5(b), the motor controlling the first rotation axis
was set to a fixed position corresponding to an azimuth of φ = 0 ◦, while the stepping motor of
the second stage was used to move the receive antenna around the AUT by sweeping the elevation
angle θ — the corresponding trajectory is illustrated by a blue half-circle in Fig. 5.5(a). For each
elevation angle θ we extract the realized gainGR,TA(φ = 0 ◦, θ) from the correspondingS-parameter
measurement S21,TA(φ = 0 ◦, θ) after performing a dedicated gain and SOL calibration.
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at hand, the AUT can be contacted, and the direction-dependent realized gain can
be calculated from the measured direction-dependent transmission S21,TA(φ, θ),

GR,TA(φ, θ) = |S21,TA(φ, θ)|2/(GsysGprobe). (D.11)

In these relations, the direction is defined by the azimuth φ and elevation θ.

The measured TA was manufactured directly at the end of a transmission line in
the center of a chip, thereby allowing easy handling and contacting of the CPW
feed during measurement. A top-view camera helps in contacting the AUT and is
swiveled to the side once the sample is contacted to not influence the measurement,
see Fig. D.7. The direction-dependent radiation pattern is recorded by moving the
receive antenna around the AUT at a constant distance of roughly 38 cm using
a two-axis rotational system. For the antenna pattern shown in Fig. 5.5(b), the
motor controlling the first rotation axis was set to a fixed position corresponding
to an azimuth of φ = 0◦, while the stepping motor of the second stage was used
to move the receive antenna around the AUT by sweeping the elevation angle θ
from θmin = −90◦ to θmax = +90◦ in steps of 2◦ for a total of 91 measurements.
The trajectory of the receive antenna is indicated by a blue half-circle in Fig. 5.5(a).
For each elevation angle θ, we extracted the realized gain GR,TA(φ = 0◦, θ)
from the corresponding calibrated S-parameter measurement S21,TA(φ = 0◦, θ)
using Eq. (D.11). The gain can finally be expressed in decibels with respect
to an isotropic radiator as GR,TA,dBi(φ = 0◦, θ) = 10 log10 GR,TA(φ = 0◦, θ).
The radiation pattern (H-plane) was recorded for a frequency of 0.274THz, where
a maximum realized gain of 5.5 dBi was measured in the direction perpendicular
to the substrate, i.e., for an elevation angle of θ = 0◦.
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D.7 Conversion between S-parameters and
T -matrix parameters

For conversion between S-parameters and T -matrix parameters, we use the
following relations [163, 176]:

T =
(
T 11 T 12

T 21 T 22

)
=
( 1/S 21 −S 22/S 21

S 11/S 21 − det(S)/S 21

)
, (D.12)

S =
(
S 11 S 12

S 21 S 22

)
=
(
T 21/T 11 det(T)/T 11

1/T 11 −T 12/T 11

)
. (D.13)

In these relations, det(S) = S 11S 22−S 12S 21 and det(T) = T 11T 22−T 12T 21
are the determinant of the S-parameter matrix S and T -parameter matrix T,
respectively.

[End of Supplementary Information of paper [J4]]
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Glossary

List of abbreviations

2D Two-dimensional
3D Three-dimensional
3DMM2O 3D Matter Made to Order
6G Sixth-generation
ADC Analog-to-digital converter
Al(N) Aluminum (nitride)
Al2O3 Alumina
AOC Active optical cables
AOM Acousto-optic modulator
AR Anti-reflection
ASA Aligned simple astigmatic
AUT Antenna under test
AWGN Additive white Gaussian noise
BER(T) Bit-error ratio (tester)
BMBF Bundesministerium für Bildung und Forschung
BS Beam splitter
BSOA Booster semiconductor optical amplifier
CDR Clock-and-data-recovery
CM (Kerr) comb module
CMOS Complementary metal-oxide-semiconductor
CPT Cavity phase tuner
CPW Coplanar waveguide
Cu Copper
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Glossary

CW Continuous-wave
DAC Digital-to-analog converter
DBR Distributed Bragg reflector
DD Direct-detection
DFG Deutsche Forschungsgemeinschaft
DKS Dissipative Kerr soliton
DSP Digital signal processing
EC Edge coupler
ECL External-cavity laser
EDFA Erbium-doped fiber amplifier
EPFL École Polytechnique Fédérale de Lausanne
ER Extinction ratio
ESA Electrical spectrum analyzer
FA Fiber array
FaML Facet-attached microlens
FM Frequency modulation
FMCW Frequency-modulated continuous-wave
FSR Free spectral range
FWHM Full-width at half maximum
FWM Four-wave mixing
GC Grating coupler
GDD Group-delay dispersion
Ge Germanium
GRL Gated-reflect-line
GSG Ground-signal-ground
GVD Group-velocity dispersion
HBT Heterojunction bipolar transistor
HEMT High-electron-mobility transistor
HHI Heinrich-Hertz-Institut
HR High-reflectivity
IC Integrated circuit
IEC International Electrotechnical Commission
IEEE Institute of Electrical and Electronics Engineers
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Glossary

IF Intermediate-frequency
IHE Institute of Radio Frequency Engineering and Electronics
IM Intensity-modulated
IMT Institute of Microstructure Technology
InGaAs(P) Indium gallium arsenide (phosphide)
InP Indium phosphide
IPQ Institute of Photonics and Quantum Electronics
IS Integrating sphere
ISI Intersymbol interference
ISO International Organization for Standardization
ISS Impedance standard substrate
ITU International Telecommunication Union
KIT Karlsruhe Institute of Technology
LD Laser diode
LIDAR Light detection and ranging
LO Local oscillator
LPS Limited phase-space
LRRM Line-reflect-reflect-match
LTI Light Technology Institute
LUT Laser under test
MCF Multicore fiber
MCFS Metal-coated freeform structure
MCK Material characterization kit
MFD Mode-field diameter
MM(F) Multimode (fiber)
MMI Multi-mode-interference
MMIC Monolithic microwave integrated circuit
mmW Millimeter-wave
MPL Multi-photon lithography
MS Multi-soliton
MT Mechanical transfer
MZI Mach-Zehnder interferometer
NA Numerical aperture
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Glossary

(N)IR (Near-)infrared
NIST National Institute of Standards and Technology
NRZ Non-return-to-zero
OCT Optical coherence tomography
OMA Optical modulation amplitude
OOK On-off-keying
OSA Optical spectrum analyzer
PAM Pulse-amplitude modulation
PC (Fiber optic) polarization controller
PCB Printed circuit board
PD Photodiode / photodetector
PDF Probability density function
PDM Polarization-division multiplexing
PGMEA Propylene-glycol-methyl-ether-acetate
PIC Photonic integrated circuit
PIPED Plasmonic internal-photoemission detectors
PMMA Poly(methyl methacrylate)
PMT Photo multiplier tube
PNA Phase-noise analyzer
PRBS Pseudorandom binary sequence
PS Phase shifter
PSD Power spectral density
PSF Point-spread function
PTFE Polytetrafluoroethylene
PVD Physical vapor deposition
PWB Photonic wire bond
PZT Lead zirconium titanate
QAM Quadrature amplitude modulation
(Q)SFP (Quad) small form-factor pluggable
RIN Relative intensity noise
RMS Root-mean-squared
RSOA Reflective semiconductor optical amplifier
Rx Receiver
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Glossary

SDM Space-division multiplexing
SEM Scanning electron microscopy
SI International System of Units ("Système international d’unités")
SIL Self-injection locking
Si3N4 Silicon nitride (integrated optical platform)
SiO2 Silicon dioxide
SiP Silicon photonics
SM(F) Single-mode (fiber)
SMSR Side-mode suppression ratio
SNR Signal-to-noise power ratio
SOL Short-open-load
SPM Self-phase modulation
SS Single-soliton
SSC Spot size converter
TA THz antenna
TDEC(Q) Transmitter-and-dispersion eye-closure (quaternary)
TDM Time-division multiplexing
TE Transverse electric
TEM Transverse electromagnetic
THz Terahertz
TIA Transimpedance amplifier
TIC THz (chip-chip) interconnect
TIR Total-internal reflection
TP THz probe (tips)
TPA Two-photon absorption
Tx Transmitter
UI Unit (time) interval
UV Ultraviolet
VCSEL Vertical-cavity surface-emitting laser
VNA Vector network analyzer
WDF Wigner distribution function
WDM Wavelength-division multiplexing
WG Waveguide
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Glossary

List of mathematical symbols

Uppercase Latin symbols

A0, A1 Illuminated area in a focal plane of the lithography beam
A(ω) Term in F (ω) accounting for round-trip accumulated phase
B Channel bandwidth
B(ω) Term in F (ω) accounting for frequency-dependent reflectivity
C Channel capacity, C = B log2(1 + SNR)
C ′ Differential capacitance (in F/m)
D Lithographic dose, with polymerization threshold value Dth

Dint Dispersion landscape of a resonator, represented as deviation of
the resonance frequencies ωn from an equidistant grid

Dm Dispersion term ofm-th order, whereD1 represents the spacing
of resonance frequencies ωn and D2 represents the GVD

D(φ, θ) Directivity of an antenna, relating the radiated power per solid
angle ξ(φ, θ) to the radiated power per solid angle ξiso of an imag-
inary isotropic source with an equivalent radiated power Prad

E Complex electric field
Eφ/θ(φ, θ) Electric field components in φ/θ-direction
E Error-adapter matrix E =

( e00 e01
e10 e11

)
, where the elements e00,

e11, and e10e01 are related to the directivity, the source match
and the reflection tracking, respectively

F 2(ω) Linewidth reduction factor of ECL, F 2(ω) = δf0/δfECL

F{.} Fourier transform
G Unless specified differently: Optical gain
G′ Differential conductance (in S/m)
G(φ, θ) Gain of an antenna, G(φ, θ) = ηradD(φ, θ)
GR(φ, θ) Realized gain of an antenna, GR(φ, θ) = ηinηradD(φ, θ)
Hφ/θ(φ, θ) Magnetic field components in φ/θ-direction
I Chapter 2: Unless specified differently: Intensity |

Chapter 3 and Appendix A: Injection current
I+

i , I
−
i Amplitude of incident and reflected current wave at Port i
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Glossary

I(x, y; z) Spatial intensity distribution of a beam in the (x, y)-plane for a
given position z along the beam-axis (z-axis)

∆Imod Peak-to-peak swing of laser diode injection current
I Unity matrix, e.g., I1 =

(
1
)
, I2 =

(
1 0
0 1
)
, etc.

K Number of passive sub-sections in extended laser cavity
L Unless specified differently: Geometrical length |

Chapter 3 and Appendix A: Perimeter of racetrack resonators
L′ Differential inductance (in H/m)
Leff Effective optical cavity length (round-trip), Leff = 2Lng
M2 Beam quality factor
N Chapter 2: Order of nonlinearity |

Chapter 5 and Appendix D: Number of contacting cycles |
Appendix B: Number of z-positions along beam path

P (Optical) power
Prad Total radiated power of an antenna
P0, P1 Points along lithography beam, separated by axial distance ∆z
Q Resonator quality factor | Appendix C: OOK quality metric
R Line rate
R′ Differential resistance (in W/m)
Rq Root-mean-squared surface roughness
RS,MCFS Effective sheet resistance of metal coating
S Responsivity of a photodiode
S Scattering (S-parameter) matrix, S =

( S11 S12
S21 S22

)
S21,dB Transmission from Port 1 to Port 2 in decibels, i.e.,

S21,dB = 10 log10(|S21|2)
S11,dB Reflection at Port 1 in decibels, i.e., S11,dB = 10 log10(|S11|2)
∆|S21|max Maximum deviation of transmission magnitude |S21|
Sβ(f) β− separation line, Sβ(f) = (8 ln(2) f)/π2

SE(f̃) Laser line shape
SF(f) Frequency-noise spectrum, modeled as

∑αmax
α=0 Sαf

−α

T Time slot width as defined by the line rate, T = 1/R
Tdrp(ω) Drop-port power transmission of a ring resonator
Tthrgh(ω) Through-port power transmission of a ring resonator
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T Transfer matrix (T -matrix), T =
( T 11 T 12

T 21 T 22

)
U Voltage
U+

i , U
−
i Amplitude of incident and reflected voltage wave at Port i

W̃ (r⃗t, k⃗t; z) WDF denoted in terms of the arguments r⃗t, k⃗t, and z
W (r⃗t, Θ⃗t; z) WDF denoted in terms of the arguments r⃗t, Θ⃗t, and z obtained

by rewriting W̃ using k⃗t = kΘ⃗t = k(θx, θy)T

Z (Complex) characteristic impedance
ZW Intrinsic wave impedance of free-space, ZW ≈ 120πW
Z0 Real reference impedance, usually Z0 = 50W

Lowercase Latin symbols

a Unless specified differently: Real-valued amplitude transmission
factor per round-trip | Chapter 4: Core radius of a fiber

aPWB Insertion loss of PWB in decibels
ai, bi Incident and reflected wave amplitudes at Port i (in units of

√
W )

c Vacuum speed of light, 299 792 458 m/s
c0, c2, . . . Parameters for a rotational symmetric even-order polynomial

representation of lens surfaces
d Unless specified differently: geometrical distance
dit Isolation-trench depth in 3D-printed support structure
e Euler’s number, 2.71828 . . .
f Frequency
fcut Cutoff-frequency obtained from intersection of SF(f) with the

β− separation line, SF(fcut) = Sβ(fcut) = (8 ln(2) fcut)/π2

fmin Minimum Fourier frequency for observation time τ0 = 1/fmin

f̃(t) Instantaneous optical frequency, f̃(t) = f0 + δf̃(t)
δf̃(t) Fluctuation of instantaneous optical frequency linked to random

phase fluctuations φ(t), δf̃(t) = dφ
dt /(2π)

δf(FWHM,L) Intrinsic (Lorentzian) linewidth (FWHM)
δfFWHM,G Effective (Gaussian) linewidth (FWHM)
δfFWHM,V Integrated (Voigt) linewidth (FWHM)
∆fcavity Bandwidth (FWHM) of passive laser resonator
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∆fFSR,R1/R2 Free spectral range of racetrack resonator R1 andR2, respectively
∆fVrnr Vernier FSR, i.e., spectral spacing between the strong main

reflection peak and the two most prominent side peaks
fr0/1(y) Probability density functions of received "zeroes" or "ones"
fs0/1(y) Probability density functions of send "zeroes" or "ones"
f(x, y, θx, θy) Function depending on the arguments x, y, θx, and θy

f1/2(x/y, θx/y) Functions separated fromW (r⃗t, Θ⃗t; z) for ASA beams; depend-
ing only on the transverse direction x/y and component θx/y of
the direction vector Θ⃗t, respectively

f̄(z) Normalized average function of f(x, y, θx, θy) weighted by the
Wigner distribution functionW

g Distributed power gain coefficient
δg Gain fluctuation associated with frequency fluctuations δω̃(t)
h Unless specified differently: Planck constant, 6.62607015 ×

10−34 Js | Chapter 5 and Appendix D: Geometrical height
h(x, y) Lens surface height profile
i(z, t) Time- and position-dependent current on a transmission line
j =

√
−1 Imaginary unit

k Propagation constant, k = ωn/c

k⃗t Transverse spatial-frequency vector
kt,x/y Components of transverse spatial-frequency vector k⃗t along the

x- and y-direction, respectively
n Refractive index
n(e)g (Effective) group refractive index, n(e)g = n(e)(ω) + ω

dn(e)
dω

nsp Spontaneous emission factor
r Radius
r1 Amplitude reflection coefficient of

resonator back facet
reff(ω) Frequency-dependent complex amplitude reflection coefficient
r⃗t,1/2/... Transverse position vector 1, 2, . . .
r⃗ ′

t Transverse offset vector
s Amount of non-overlapping point exposures
tR Pulse spacing, tR = 2π/∆ωFSR
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u(z, t) Time- and position-dependent voltage on a transmission line
vg Group velocity, vg = c/n(e)g
vscan Scanning speed of the laser focus in the MPL system
w Unless specified differently: Geometrical width |

Section 2.1 and Appendix B: Beam width
x, y, z Cartesian coordinate axes
∆x,∆y Deviation from optimal position along x- and y-direction,

respectively, leading to a 1 dB excess loss
x̄, ȳ Expected value (first moment) of the spatial intensity distribution

I(x, y; z) along the x- and y-direction, respectively
yth Decision threshold
z0,x/y Beam waist positions for beam profiles lying in the (x, z)- and

(y, z)-planes, respectively
zR Average Rayleigh length
zS VCSEL surface position
∆z Chapter 2: Infinitesimally short section of transmission line |

Appendix D: Height deviation from mean surface profile

Greek symbols

α Unless specified differently: Distributed power loss coefficient |
Section 2.2: Frequency noise order | Chapter 4: Beam tilt angle

αH Henry factor (linewidth enhancement factor)
β(ω) Frequency-dependent propagation constant
β

(1/2)
c First- and second-order derivative of the propagation con-

stant β(ω) at ωc, where β(1)
c = n(e)g/c and β(2)

c represents
the GVD, respectively

β′ Normalized cavity dispersion (unit-less), β′ ∝ −β(2)
c

γ (Complex) propagation parameter, γ =
√

(R′ + jωL′)(G′ + jωC ′)
Γ(.) Coherence function (autocorrelation)
Γref Complex amplitude reflection factor
tan(δ) Dissipation factor, tan(δ) = ε′′/ε′

∆T Thermally-induced resonance shift
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ε0 Vacuum permittivity, 8.854187812813 × 10−12 As
Vm

ε̄ Average ellipticity parameter (ISO/IEC 11146-1 standard)
εr Complex relative permittivity, εr = ε′ − jε′′

ζ Normalized pump laser detuning (unit-less), ζ ∝ δω

η Unless specified differently: Power transmission factor
ηrad Radiation efficiency of an antenna
ηin Input-matching efficiency of an antenna
θ Elevation angle
θ(ω) Frequency-dependent round-trip phase of racetrack resonator
θ

(0)
c Round-trip phase at ωc

θ
(1/2)
c First- and second-order derivative of the round-trip phase θ(ω)

at ωc, where θ(1)
c = −β(1)

c L and θ(2)
c = −β(2)

c L correspond to
the round-trip group delay and the GDD, respectively

θx/y Components of Θ⃗t indicating the direction of k⃗t along the
x- and y-direction, respectively

tan θG,x/y Tangent of divergence angle of a Gaussian beam (1/e2 intensity
contour) along the x- and y-direction, respectively, tan θG,x/y =
2 tanψG,x/y

Θ⃗t Vector indicating the direction of k⃗t

κ Real-valued amplitude transmission coefficient between race-
track resonator and bus waveguide

λ Wavelength
λeff Effective wavelength of a virtual Gaussian beam leading to

the same product of divergence parameter and corresponding
variance of the intensity distribution for emulating multimode
light propagation,M2

eff = λeff/λ ≥ 1
∆λVrnr Vernier FSR expressed in terms of a wavelength spacing
Λ(φ) Proportionality factor taking into account the φ-dependent

change in field direction on opposing side of metal sheets
µ (Finite) comb line index, µ ∈ Z
µ0 Vacuum permeability, 1.2566370621219 × 10−6 N/A2

ξ(φ, θ) Direction-dependent radiation pattern of an antenna
π Archimedes’ constant, 3.14159 . . .
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σ Unless specified differently: Standard deviation
σMCFS Effective conductivity of metal coating
σ2 Variance (second central moment)
τ Unless specified differently: Time difference |

Section 2.2.2 and Appendix A: Real-valued amplitude coupling
coefficient between racetrack resonator and bus waveguide

τc Coherence time
τd Time delay in one path of an imbalanced MZI
τexp Exposure time
τp Photon lifetime
τrt Round-trip time of a resonator
τ0 Observation time
ϕ Photon flux
φ Chapter 4: Tilt angle with respect to optimum alignment |

Chapter 2 and Appendix D: Azimuth angle
φ(t) Random phase fluctuations
φbias Phase shift for maintaining unbalanced MZI in quadrature
∆φ(t) Phase difference due to time delay τd

Φ(ω) Frequency-dependent phase of external cavity
Φ0 Constant phase offset
tanψG,x/y Tangent of divergence angle of a Gaussian beam (1/e intensity

contour) along the x- and y-direction, respectively
Ψ(µ) Spectral envelope of a single-soliton Kerr-comb
ω Angular frequency, ω = 2πf
ωres,n Angular resonance frequencies of high-Q ring resonator
ωµ Spectrum of a frequency comb centered around ω0 with comb

line spacing ∆ωFSR, i.e., ωµ = ω0 + µ∆ωFSR

δω̃(t) Fluctuation of instantaneous angular frequency, δω̃(t) = 2π δf̃(t)
δω Absolute angular frequency detuning of a pump laserwith respect

to a resonance of a Kerr-nonlinear resonator, δω = ωres,0 − ωp

δωeff Effective angular frequency detuning of a pump laserwith respect
to a resonance of a Kerr-nonlinear resonator, δωeff = δω − ∆T

∆ω Angular free-spectral range
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