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Kurzfassung

Fortschritte in der Halbleitertechnologie und der lithografischen Herstellung in-
tegrierter elektronischer Schaltungen haben seit den 1960er Jahren die digitale
Revolution vorangetrieben. Eine zunehmende Zahl von miteinander verbundenen
Geriten, begleitet von zahlreichen neuen Diensten und Anwendungen, fiithrt heu-
te zu einem exponentiellen Wachstum des weltweiten Datenverkehrs. Optische
Kommunikation wird aufgrund der hohen Bandbreite eingesetzt, um gewaltige Da-
tenmengen sowohl iiber grole Entfernungen als auch innerhalb von Datenzentren
zu iibertragen. Dies erfordert kostengiinstige und energieeffiziente photonische
Bauteile mit geringem Platzbedarf. Photonische integrierte Schaltkreise (engl.
photonic integrated circuits, PIC) sollen diese Anforderungen erfiillen.

Ahnlich wie integrierte elektronische Schaltungen kénnen PIC mit einer hohen
Anzahl und Dichte photonischer Bauelemente in groBem Mafstab auf Wafern
hergestellt werden. Allerdings zeichnet sich die integrierte Photonik im Ver-
gleich zur Mikroelektronik durch eine viel gro3ere Diversitidt im Hinblick auf
die verwendeten Materialsysteme aus, da viele unterschiedliche Bauelemente
benotigt werden, die nicht auf jeder Plattform gleichermal3en realisierbar sind.
Die Silizium-Photonik (SiP) profitiert beispielsweise von der ausgereiften CMOS-
Fertigungstechnologie (engl. complementary metal-oxide-semiconductor). Der
hohe Indexkontrast zwischen der diinnen Siliziumschicht und dem umgebenden Si-
liziumoxidmantel ermoglicht dabei stark fithrende optische Wellenleiter mit engen
Biegeradien. Dadurch kann eine hohe Integrationsdichte erzielt werden. Anderer-
seits verhindert der indirekte Bandiibergang von Silizium aber auch eine effiziente
Lichtemission. Zur Realisierung von Lasern und optischen Verstéirkern werden
stattdessen III-V-Verbindungshalbleiter wie Indiumgalliumarsenidphosphid (In-
GaAsP) verwendet, die eine direkte Bandliicke aufweisen. Die Notwendigkeit,
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verschiedene Materialsysteme, z. B. innerhalb sogenannter Multi-Chip-Module
zu kombinieren, erhoht die Gesamtkomplexitit erheblich.

Die photonische Integration muss dariiber hinaus das Problem 16sen, optische
Chips mit der AuBSenwelt zu verbinden. Um geringe Verluste zu erzielen, erfordern
einmodige Verbindungen einen perfekten Modenfeldiiberlapp zwischen den zu
verbindenden Wellenleitern. Sie sind daher empfindlich gegeniiber Fehlanpas-
sung der Modenfeldgroien, sowie gegeniiber translatorischer und rotatorischer
Fehlausrichtung. Gleichzeitig sind die Modenfelddurchmesser (MFD) sehr klein.
Eine verlustarme Kopplung wird daher in der Regel nur mit aufwendigen und
kostspieligen aktiven Ausrichtungsverfahren erreicht, bei denen die Platzierung
der Komponenten auf Basis einer kontinuierlichen Messung der Kopplungseffizi-
enz optimiert wird. Die optische Aufbau- und Verbindungstechnik ist daher ein
erheblicher Kostentreiber fiir integriert-optische Systeme und ein begrenzender
Faktor fiir die Massenfertigung ensprechender Produkte, obgleich auf Waferebene
die Massenproduktion der Chips an sich ausgereift ist.

Die additive Mikrofertigung von dreidimensionalen (3D) optischen Freiform-
Kopplungsstrukturen ist ein vielversprechendes Konzept zur Uberwindung dieser
Technologieliicke. Die vorliegende Dissertation baut auf fritheren Arbeiten [1, 2]
auf und nutzt das Verfahren der Multiphotonenlithographie (MPL) zur Herstel-
lung optischer Kopplungsstrukturen. Diese umfassen dielektrische Wellenleiter,
sogenannte photonische Wirebonds (PWB), sowie Mikrolinsen an Bauteilfacetten
(engl. facet-attached microlenses, FaML). Ausgehend von Prinzipstudien wurde
die auf Mikrolinsen basierende Montagetechnologie wesentlich weiterentwickelt
und in fortgeschrittenen, zuverlidssigen Systemaufbauten demonstriert. Losungen
fir die Laserintegration, die speziell auf das Problem der Empfindlichkeit ge-
geniiber Riickreflexionen abzielen, werden sowohl fiir den auf PWB als auch fiir
den auf Mikrolinsen basierenden Ansatz vorgestellt. Die einzelnen Kapitel dieser
Arbeit behandeln folgende Themen:

Kapitel 1 erortert die Bedeutung von photonischen integrierten Schaltkreisen
und gibt eine kurze Einfithrung in das Themenfeld der photonischen Integration.
Weiterhin werden Strategien vorgestellt, wie die Multiphotonenlithographie dabei
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helfen kann, die Schwierigkeiten der optischen Aufbau- und Verbindungstechnik
zu liberwinden.

Kapitel 2 beschreibt die theoretischen und technologischen Grundlagen fiir die
folgenden Kapitel. Die Grundlagen der Multiphotonenlithographie werden zusam-
mengefasst, und es werden spezifische Methoden diskutiert, die fiir das Design und
die Herstellung von 3D-gedruckten mikrooptischen Kopplungsstrukturen niitzlich
sind.

Kapitel 3 stellt einen schmalbandigen und weit abstimmbaren integrierten Di-
odenlaser mit externem Resonator (engl. external-cavity laser, ECL) vor. Ein
PWB wird verwendet, um einen InP-Halbleiterlaserverstiarkerchip mit einer auf
SiP aufgebauten externen Riickkopplungsstruktur zu verbinden. Dies ist die erste
Demonstration eines Lasers in ChipgroBe, der auf einem 3D-gedruckten Kopp-
lungselement innerhalb des Laserresonators beruht.

Kapitel 4 demonstriert die Fortschritte der optischen Montagetechnik unter Ver-
wendung von Mikrolinsen. Die erhohte Ausrichttoleranz erleichtert die gleichzei-
tige Verbindung mehrerer Elemente, die in Form eines Feldes angeordnet sind. Es
werden verlustarme Kopplungen zwischen Einmodenfasern und SiP-Wellenleitern
demonstriert sowie steckbare Faser-Chip-Verbindungen. Speziell entwickelte Lin-
sen konnen die Freiraum-Koppeldistanz bis in den Millimeterbereich erhthen,
sodass diskrete optische Komponenten eingefiigt werden kdnnen. Auch ein pas-
siver Montageprozess wird gezeigt. Um Linienverbreiterung und Instabilitdten
eines Halbleiterlasers zu vermeiden, kann der Anteil der Riickreflexion durch eine
Kombination von Freiformlinsen und Prismen reduziert werden.

Kapitel 5 erweitert das Konzept der 3D-gedruckten Kopplungsstrukturen auf
Quantenbauteile bei tiefen Temperaturen. Erstmalig werden supraleitende Nano-
draht-Einzelphotonendetektoren (engl. superconducting nanowire single-photon
detectors, SNSPD) durch gedruckte Mikrolinsen ergénzt, wodurch eine signifikante
VergroBerung der effektiven Lichtempfangsfliche erzielt wird.

Kapitel 6 fasst die vorliegende Arbeit zusammen und skizziert Ideen fiir eine
Weiterentwicklung der Technologie fiir den 3D-Druck von Kopplungsstrukturen.

vii
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Mogliche zukiinftige Forschungsrichtungen auf der Grundlage der bestehenden
Technologie werden kurz diskutiert.
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Preface

Advances in semiconductor technology and lithographic fabrication of integrated
electronic circuits have powered the information-technology revolution since the
1960s. Today, an increasing number of interconnected devices, accompanied
by numerous new services and applications, leads to an exponential growth of
worldwide data traffic. High-bandwidth optical communications is used to transmit
giant amounts of data over large distances as well as within data centers. This
demands low-cost and energy efficient photonic devices with small footprint.
Photonic integrated circuits (PIC) are expected to meet these requirements.

Similar to electronic integrated circuits, PIC containing a large number of densely
integrated devices can be mass-fabricated on wafers. Photonics is, however, much
more diverse than microelectronics, requiring a vast number of different devices
which rely on different material platforms. Silicon photonics (SiP), for example,
leverages mature complementary metal-oxide semiconductor (CMOS) fabrication
technology. The high index contrast between the thin silicon device layer and
the surrounding silicon-oxide cladding allows waveguides with strong optical
confinement and tight bend radii, thereby leading to high integration density. The
indirect band structure of silicon, however, prevents an efficient generation of light.
Hence, direct-bandgap III-V compound semiconductors such as indium gallium
arsenide phosphide (InGaAsP) are used for light sources and optical amplifiers.
The necessity to combine different materials, e.g., by an assembly of multi-chip
modules, adds significantly to the overall complexity.

In addition, photonic integration needs to solve the problem of connecting optical
chips to the outside world. Single-mode waveguide connections require a perfect
modal overlap to achieve low loss and are therefore sensitive to both modal
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mismatch as well as to spatial and angular misalignment. At the same time, the
mode field diameters (MFD) are tiny. Low-loss coupling is hence only achieved
with time-consuming expensive active alignment techniques, where the positions
of the components are optimized based on a continuous measurement of the
coupling efficiency during the alignment process. Optical packaging has therefore
been a significant cost driver for integrated optical systems and a limiting factor
for mass-fabrication of corresponding products, despite the mature wafer level
production of the chips themselves.

Additive micro-fabrication of three-dimensional (3D) free-form optical coupling
structures is a promising concept to overcome this technology gap. This thesis
builds upon previous work [1, 2] and uses multi-photon lithography (MPL) to
fabricate dielectric waveguides, so-called photonic wire bonds (PWB), as well as
facet attached microlenses (FaML). Starting from proof-of-principle studies, the
assembly technology using FaML is advanced significantly, leading to sophisticated
and reliable system demonstrations. Solutions for laser integration that specifically
target the problem of sensitivity with respect to back-reflections are presented for
both the PWB and the FaML-based approach. The individual chapters of this
work cover the following subjects:

Chapter 1 discusses the relevance of PIC and gives a short introduction to the
field of photonic integration. The strategies how multi-photon lithography can
help to overcome the difficulties of multi-chip assembly and optical packaging are
introduced.

Chapter 2 lays the theoretical and technological foundation for the following
chapters by reviewing the principles of multi-photon lithography and by discussing
specific methods useful for the design and fabrication of 3D-printed micro-optical
coupling structures.

Chapter 3 presents a widely tunable narrow linewidth external-cavity laser (ECL)
that uses a PWB to efficiently connect an InP gain chip to a SiP external feedback
circuit. This represents the first demonstration of a chip-scale laser that relies on
a 3D-printed coupling element within the cavity.
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Chapter 4 demonstrates advances in connecting waveguide arrays using FaML.
Low-loss coupling between SMF and SiP waveguides and (re-)pluggable fiber-chip
connections are demonstrated. Specially designed lenses increase the free-space
coupling distance to the millimeter range such that discrete optical components
can be inserted. A passive assembly process is shown. For avoiding linewidth
broadening and instabilities of a semiconductor laser, the back-reflection factor can
be reduced by a combination of free-form lenses and prisms which are attached
to the laser endface.

Chapter 5 extends the concept of 3D-printed coupling structures to quantum
devices that are operated under cryogenic conditions. For the first time, supercon-
ducting nanowire single-photon detectors (SNSPD) are supplemented by free-form
microlenses, resulting in a significant increase of the effective light-receiving area.

Chapter 6 summarizes the work in this thesis and outlines ideas for further
improvement of the technology for 3D-printing of coupling structures. Potential
future research directions based on existing technology are briefly discussed.

X1






Achievements of the present work

In this thesis, both photonic wire bonds (PWB) and facet-attached microlenses
(FaML) are used to demonstrate techniques for hybrid multi-chip and fiber-to-chip
assemblies. Existing tools and methods for the design and fabrication of 3D-printed
coupling structures are refined, enabling various novel applications. In particular,
an assembly using FaML is advanced from proof-of-principle studies [2] to the
realization of sophisticated system demonstrations. Solutions for laser integration
that specifically target the problem of back-reflection sensitivity are presented for
both the PWB and the FaML-based approach.

A concise overview of the major achievements is given in the following list:

First demonstration of hybrid external-cavity lasers (ECL) with PWB as
intra-cavity coupling elements: A new class of hybrid ECL is demonstrated,
that rely on PWB to connect InP gain elements to external feedback circuits on
SiP chips. A proof-of-concept device offers a tuning range of more than 50 nm, a
side mode suppression ratio (SMSR) above 40 dB, and an intrinsic linewidth of
105 kHz, see Section 3.2.4 and journal publication [J1] for details.

Implementation of an advanced software environment for simulation of micro-
optical lens systems: The design of microlenses and micro-optical lens systems
require fast and reliable wave-optical simulation tools. The previously existing
simulation capabilities based on the scalar wave propagation method were sig-
nificantly expanded within the scope of this thesis, building upon preliminary
work [1], see Section 2.2. Many features commonly known from commercial
optic design software have been implemented. These include object-oriented
implementation of individual surface shapes, lenses, prisms and other optical ele-
ments and their assembly into complex compound micro-optical systems including

xiii
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necessary coordinate transformations. Furthermore, wave-optical tolerancing has
been implemented. Finally, a zeroth-order correction of Fresnel reflection losses
within the scalar method has been introduced, see Section 2.2.3 for details.

Proof-of-principle demonstration of a phase-resolved mode-field measure-
ment method: An entirely reliable microlens design procedure would require
the knowledge of the optical phase distribution of the mode field at the facet
plane rather than simply assuming a plane phase front. A phase-resolved mea-
surement method is proposed, based on a modified Gerchberg-Saxton algorithm.
The algorithm considers observed intensities at multiple planes. In a proof-of-
principle demonstration, phase masks are 3D-printed to the facets of single-mode
fibers (SMF), and the resulting phase distributions are reconstructed.

Ultra-low loss and alignment-tolerant edge coupling between single-mode
fibers (SMF) and silicon photonic (SiP) waveguides, and first demonstration
of a pluggable edge-coupled SMF-to-SiP connection: Using FaML, an SMF
array with eight fibers is connected to a SiP chip with an average loss of 1.44 dB per
connection. A 1dB tolerance of 6 pym and 1.1° is achieved for radial and angular
misalignment, respectively. This allows for pluggable SMF-to-chip connections
with losses of (1.9 + 0.5) dB, see Section 4.3 and journal publication [J2] for
details.

First demonstration of a passively aligned SMF-to-chip connection using
3D-printed microlenses: Machine vision assisted passive alignment requires
that FaML-equipped chips emit precisely and consistently into the direction as
expected from the chip geometry and measurement of the chip orientation within
an assembly machine. To this end, the underlying processes for printing of
FaML are thoroughly optimized. Automated alignment procedures are developed
on an assembly machine similar to ones used by industrial manufacturers. A
passively aligned assembly shows that no excess losses occur compared to active
alignment, within a measurement uncertainty of +3%, see Section 4.4 and journal
publication [J2] for details.

Extension of microlens-based free-space coupling distances to the millimeter
range, and first demonstration of a microlens coupled SMF-to-chip connection
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with the insertion of an additional discrete optical component: A FaML-
assisted fiber-chip assembly with an optimum free-space coupling distance of
3.3 mm is realized. The special FaML with a compact Galilean telescope design
transforms an input mode-field diameter of 10 pm to a free-space beam waist of
60 pm. As an exemplary discrete optical component, a polarization beam splitter
prism is inserted within the collimated free-space beam path. Further details are
found in Section 4.4 and journal publication [J2].

Demonstration of a novel micro-optics design for alignment-tolerant coupling
of arrays of back-reflection-sensitive angled-facet semiconductor lasers: A
fiber-coupled laser module using facet-attached 3D-printed coupling elements is
built. Within the module, a bar of highly back-reflection-sensitive angled-facet
InP distributed-feedback (DFB) lasers is connected to an SMF array using a novel
micro-optics design that consists of a special combination of microlenses and
prisms, and that offers average coupling losses of 2 dB alongside return losses of
44 dB or better. The performance is comparable to advanced lensed fibers with
anti-reflection (AR) coating, while offering much larger alignment tolerances. In a
rigorous study, the printed structures are found to neither spoil the laser spectrum
nor to modify the threshold pump current. Further details are found in Section 4.5
and journal publication [J2].

First demonstration of 3D-printed microlenses that supplement supercon-
ducting nanowire single-photon detectors (SNSPD) under cryogenic condi-
tions: Free-form microlenses are printed on top of the sensitive area of SNSPD
to increase the effective light-receiving area. Operation is demonstrated at a tem-
perature of 4 K. Using a detector with 4.5 pumx4.5 pm sensitive area and a lens
of 60 pm diameter, a 100-fold increased effective collection area is achieved for a
plane-wave-like free-space illumination. Further details are found in Section 5.4
and journal publication [J3].
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1 Introduction

Advances in semiconductor technology and lithographic fabrication of integrated
electronic circuits have powered the information-technology revolution [3, 4]
since the 1960s. Digital photography, personal computers and smartphones have
become integral parts of today’s world, and new types of interconnected devices
continue to appear on the market. The increasing number of devices connected to
the internet is accompanied by numerous new services and applications, such as
remote work, video streaming, augmented and virtual reality, autonomous driving,
as well as smart industrial production using advanced robotics. Global internet
traffic is therefore ever-increasing and is expected to reach 4.8 zettabytes per year
by 2022 [5]. High-bandwidth optical communications is used to transmit these
giant amounts of data over large distances and within data centers [6]. Typically,
however, data originate and are processed in electronic form. Apart from laser
sources, optical communication thus requires devices for electro-optic conversion,
i.e., modulators and photodiodes. Using integrated devices allows for fast, efficient
and scalable optical communication systems [7]. Optical communication has
therefore been the most important driver for photonic integration and photonic
integrated circuit (PIC) technology.

Similar to electronic integrated circuits, PIC containing a large number of densely
integrated photonic devices can be mass-fabricated on a wafer. The application
areas of PIC are not limited to optical communication only. Recently, there is
an increasing interest to utilize PIC technology for metrology and life science
applications as well. Prominent examples include optical coherence tomogra-
phy (OCT, [8, 9]), light detection and ranging (solid state LiDAR, [10, J4]), and
waveguide-based photonic sensors [11] for point-of-care diagnostics. Driven by
these demands, photonic integration technology currently advances at a fast pace.



1 Introduction

Many developments previously seen in electronic integration are currently repeated
in a similar way. There are, however, two major differences.

The first difference concerns the integrated devices and material platforms. In
microelectronics, there is one most important device, the transistor, dominantly
realized on the complementary metal-oxide semiconductor (CMOS) technology
platform. Photonics is, however, much more diverse. A vast number of different
devices are required, such as light sources, low-loss or special-property wave-
guides, phase shifters, modulators, splitters, (ring) resonators and photodiodes.
Naturally, all these devices are not equally well realizable on different material
platforms. Silicon photonics (SiP), for example, leverages mature CMOS fabri-
cation technology and exploits the fact that the high index contrast between the
silicon device layer and the surrounding silicon-oxide cladding allows waveguides
with strong optical confinement and tight bend radii. A high integration density
can therefore be achieved. Silicon has a bandgap corresponding to the photon
energy of light with 1.1 pm wavelength, and is therefore transparent for typical op-
tical communication wavelengths around 1.3 pm and 1.5 pm. Apart from passive
components such as waveguides, splitters and grating couplers, it is furthermore
possible to realize efficient waveguide-coupled germanium (Ge) photodiodes [12]
as well as electro-optic modulators based on the plasma dispersion effect [13].
On the other hand, the indirect band structure of silicon prevents efficient light
emission. Instead, diode lasers at communication wavelengths are realized on
an indium phosphide (InP) material platform and employ the III-V compound
semiconductor indium gallium arsenide phosphide (InGaAsP) as a gain medium.
Wafers of InP can be structured into complex PIC as well, and monolithic inte-
gration of entire transceivers on InP is possible [14]. However, the InP platform
suffers from drawbacks including expensive raw material, technologically complex
fabrication steps with lower yield, and brittleness that limits the wafer size. In
addition to SiP and InP, there exist many more material platforms with distinct
features. Most notably, various flavors of the silicon nitride (SiN) platform [15-17]
extend the transparency window into the visible range [18]. Ultra low-loss SiN
waveguides are particularly useful for frequency-selective resonant filters. These
can be utilized within frequency-selective feedback circuits for highly-performant
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compact tunable external-cavity lasers [19]. Furthermore, and in contrast to SiP,
the optical power handling capability of SiN is much larger, because two-photon
absorption (TPA) and TPA-induced free carrier absorption (FCA) [20] do not play
arole. Instead, SiN shows a Kerr-nonlinearity [17] as well as anomalous disper-
sion for an appropriate waveguide cross-section. These effects are used for the
generation of soliton Kerr frequency combs within high-Q SiN ring resonators [17,
21, 22]. Based on the aforementioned examples, it becomes clear that photonic
integration often requires the combination of different material platforms. Hetero-
geneous integration methods combine different materials on the same die using
wafer bonding technology [23, 24]. Hybrid integration techniques on the other
hand combine different dies by an assembly of multi-chip modules, where light
needs to be coupled from one chip to another. Heterogeneous integration is more
suited for mass production, but it is technologically more complex [25], and not
readily applicable for all material combinations. In comparison, hybrid integration
is much more versatile. To date, there is no clear "winner", and intensive research
is being conducted in both methods.

The second difference concerns the details of the assembly and packaging pro-
cesses. In electronics, the challenges of connecting a chip to the outside world
are essentially solved. Metal connection pads on the chip surface have a typical
dimension in the order of 100 pmx 100 pm. Connecting a gold bond wire to such
a metal pad thus requires only moderate precision, albeit high-frequency signals
may require special care. Alternatively, a larger number of connections can be
simultaneously established in a flip-chip bonding process using reflow soldering
techniques. The situation is far more complicated for optical interconnects. The
PIC needs to be connected to a single-mode fiber (SMF), and in case of hybrid
multi-chip modules, different PIC need to be connected to each other in addition.
Single-mode connections require a perfect modal overlap to achieve low loss and
are therefore sensitive to both modal mismatch as well as to spatial and angular
misalignment. At the same time, the involved mode field diameters (MFD) are
tiny and may differ vastly. The largest MFD belongs to the SMF, with a size of
10 pm at a wavelength of 1550 nm, whereas the MFD of on-chip SiP waveguides
has a dimension in the order of merely 500 nm. Most SiP chips and InP lasers
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employ mode expanding edge couplers, but the expanded MFD is typically still
below 3pum. Lateral alignment tolerances are extremely tight with such small
mode field diameters. As an example, we assume that source and sink both possess
perfectly matched Gaussian mode fields with MFD of 10 um, corresponding to
the MFD of a SMF. Even in this case, the radial 1dB tolerance amounts only
to 0.24 x MFD = 2.4pm. The accuracy of passive alignment procedures is
usually insufficient in comparison. Low-loss coupling is therefore commonly only
achieved with slow, expensive active alignment techniques [26, 27], where the
placement of the component is optimized based on continuous monitoring of the
coupling efficiency. Such a process is complex and time consuming, especially
if electrical or optical probing is needed to derive the monitored test signals,
or when multiple connections are to be established at the same time. In many
cases, some method of mode field adaption is necessary. Direct butt-coupling of
an InP laser with 3um MFD to an SMF, for example, leads to a coupling loss
of approximately 5.5 dB. Classical approaches for mode field matching, such as
lensed fibers or small discrete optical components, increase the count of parts
which need to be actively aligned. Optical packaging is therefore a significant cost
driver [28] for integrated optical systems and a limiting factor for mass-fabrication
of corresponding products, despite the mature wafer level production of the chips
themselves. Colloquially, this technological gap has been referred to as the "valley
of death" [29] between innovation in the lab and a commercial production.

Additive micro-fabrication of three-dimensional (3D) free-form optical coupling
structures is a promising concept to overcome this gap. Multi-photon lithogra-
phy (MPL, [30]) allows to fabricate near-arbitrary 3D structures with exceptionally
small feature sizes down to below 100 nm [31, 32]. A tightly focused femtosecond
laser beam initiates a localized polymerization of a precursor material, forming a
transparent polymer structure. MPL systems share many similarities with nonlin-
ear microscopes. As a result, microscopic imaging techniques such as bright field
imaging, scanning confocal laser imaging, or nonlinear florescence imaging can be
directly transferred to lithography systems and are used to precisely align printed
structures with respect to optical interfaces on a chip. Alignment accuracies within
100 nm have been demonstrated [33]. Previous work studied hybrid multi-chip and
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fiber-chip assembly using 3D-printed dielectric waveguides, so-called photonic
wire bonds (PWB, [33, 34]), as well as fiber-chip coupling using facet-attached
microlenses (FaML, [2]). The first approach using PWB is in analogy to electrical
wire bonding. In this approach, photonic chips and fibers are first fixed in their final
position with moderate accuracy. The position and orientation of optical coupling
interfaces are subsequently detected within the MPL system. The starting and
ending position of each PWB is adjusted accordingly and a suitable 3D trajectory
is found. Tapered sections at the coupling points on either end of the PWB match
the MFD of the individual coupling interfaces. In the second approach using
FaML, beam-expanding microlenses are printed to the facets of each individual
chip or fiber component prior to final assembly. The lenses match the mode-field
diameters and thus relax lateral alignment tolerances. In a subsequent step, the
lensed components are aligned with respect to each other, and the assembly is
finally fixed with a glue. Due to the expanded beams, the alignment of lensed
components is much simpler than without printed lenses, and passive assembly
based on machine vision or self-aligning techniques becomes possible. One major
difference of the PWB and the FaML-approach is the assembly order. The MPL
step happens after fixing of the individual chips and fibers to a common submount
in case of PWB, and before the final assembly step for FaML.

A detailed comparison of advantages and disadvantages of PWB versus FaML
needs to consider fabrication-specific limitations as well as assembly-specific
details. Only a few basic differences are elaborated in the following. We note but
disregard the fact that long and thin PWB waveguides are at the very limit of MPL
fabrication capabilities [1]. Evidently, photonic wire bonding has two conceptual
advantages over FaML-assisted assembly strategies. First, alignment of photonic
chips and fibers can be done more coarsely when using PWB. This is at least true
if parameters such as maximum write field of the MPL system, or maximum PWB
curvature do not become limiting and assuming that the question of polarization
maintenance through arbitrary 3D trajectories [1] is of no relevance. In a lab
environment, manual placement suffices, and a dedicated assembly machine is
not necessary. Second, the printed volume of a PWB is by far smaller than the
one of a FaML, leading to much faster fabrication times. However, the method
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is only suited for bridging comparatively short distances (typically < 400 pm)
between devices. Furthermore, complying with the assembly order for PWB is
not always feasible. For example, it might not be possible to safely expose the
assembly or parts thereof to photoresist or associated developers due to chemical
incompatibilities. In some cases, part of the assembly protrudes from the surface,
and the working distance of the MPL objective, which typically amounts to a few
hundred j1m, becomes a limiting issue.

Research along both paths is therefore further pursued, and the experimental
demonstrations within this thesis comprise both PWB and FaML. In particular,
starting from proof-of-principle studies, the assembly technology using FaML is
advanced significantly, leading to sophisticated and reliable system demonstrations.
Using FaML, alignment-tolerant coupling between SMF and SiP waveguides is
shown, allowing for simultaneous coupling of multiple connections with losses
consistently as low as 1.4dB, as well as (re-)pluggable fiber-chip connections.
Specially designed lenses can increase the free-space coupling distance to the
millimeter range such that discrete optical components can be inserted. A passively
aligned FaML-aided assembly process is demonstrated.

When it comes to integration of semiconductor lasers, avoiding back-reflection-
associated linewidth broadening and laser instabilities is of particular importance
and yet difficult to achieve. One solution which sidesteps this problem is to define
the laser cavity by a multi-chip module instead of using a stand-alone laser diode.
A PWB can connect an InP semiconductor optical amplifier chip with a SiP or
SiN external feedback circuit, forming a chip-scale external-cavity laser (ECL).
The resilience of ECL against backrelections is inherently higher than, e.g., for
distributed feedback (DFB) lasers [35]. Alternatively, angled-facet DFB lasers
can be combined with free-form lenses and prisms which are directly printed to
the laser endface. A corresponding arrayed laser-to-SMF assembly demonstrates
coupling losses of 2 dB along with a backflection factor below —44 dB.

Finally, 3D-printed coupling structures can be employed for novel applications
that require cryogenic temperature levels. One application example is the increase
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of the effective light-receiving area of superconducting nanowire single-photon
detectors (SNSPD) by free-form microlenses.






2 Theoretical and technological
background

This chapter covers the theoretical and technological background associated with
3D-printing of coupling structures via multi-photon lithography (MPL). Section 2.1
describes the fabrication tools and methods and gives a general introduction to
MPL, followed by a brief description of the MPL machine used within this work.
Printing of microlenses to vertical chip facets leads to a few intricacies, and the
associated solutions developed in this work are presented at the end of Section 2.1.
Section 2.2 covers the simulation of microlenses using a reformulation of the
the scalar wave-propagation method (WPM) for step-index structures [36]. A
modification to the algorithm for an approximative treatment of Fresnel losses
within the scalar method is proposed. Section 2.3 discusses techniques for an
accurate mode-field measurement. A phase-resolved mode-field measurement
method is demonstrated in a proof-of-principle experiment. Finally, the influence
of the facet-embedding medium on mode fields and mode-field measurements is
discussed.

2.1  Multi-photon three-dimensional
lithography

2.1.1 Fundamentals of multi-photon lithography

Multi-photon lithography (MPL) is a laser-based additive micro- and nanofab-
rication technique, which allows for fabrication of complex three-dimensional
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structures with highest resolution. The technology has found its way into a vast
range of applications, such as microfluidics [37], biological cell templates [38,
39], microrobots [40, 41], photonic crystals [42], metamaterials [43, 44], mi-
crolenses [2, 45, 46], diffractive optical elements [47, 48], and dielectric optical
waveguides [33, 34]. We base our following review of the fundamental principles
of MPL mainly on Chapters 1.3, 3.1, 7, and 8 of [30]. Additional references are
given where appropriate.

The process of two-photon absorption was first predicted in 1931 by Maria Goppert-
Mayer! [49]. Experimental demonstration of two-photon polymerization, however,
required a high-power pulsed laser focused to a tiny spot, and it was therefore
not until 1997 that Maruo et al. [50] pioneered two-photon lithography. Today,
low-cost and compact fiber-based femtosecond lasers have largely replaced the
significantly more expensive mode-locked titanium-sapphire lasers as MPL light
sources, and commercial lithography machines have become readily available.

Almost all MPL systems employ a negative-tone photoresist, where exposed parts
are solidified and thereby rendered insoluble to a solvent in a subsequent devel-
opment process. The photoresist consists of soluble organic monomers and a
photoactive substance. In the most common case of radical photopolymerization,
the photoactive substance is referred to as photoinitiator>. The photoinitiator gen-
erates free radicals upon exposure to light and initiates a radical-polymerization
chain reaction?, where the monomers* with one or multiple functional groups are
cross-linked to form a polymer chain or network. For an unrestrained propagating
chain growth, the exposure in one small region of the photoresist would cause
the entire material to be cross-linked. In practice however, the chain reaction is
terminated by either encountering other radicals or inhibitors such as dissolved

The two-photon absorption cross-section is hence typically given in the non-SI unit Goppert-
Mayer (GM), 1 GM = 1 x 10759 cm* s per photon and molecule.

Alternatively, the polymerization can be initiated using photogenerated cations (cationic photopoly-
merization [51]). The photoactive substance is then referred to as photoacid generator (PAG).
The addition of a photogenerated radical to a monomer forms a new radical, which in turn reacts
with another monomer to form a larger (macro-)radical.

The most common monomers used for radical polymerization are (meth)acrylates [52].
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molecular oxygen [52] or deliberately added quenchers [31]. These termination
effects are typically strong enough such that the size of the polymerized vol-
ume element (voxel) is primarily determined by the exposure to the lithography
radiation [53].

The locally achieved degree of polymerization within a small volume element
is mainly determined by the (total) amount of generated radicals within this
volume element. We further consider an exposure time 7, a local photon flux ¢
proportional to the laser power P, and a multiphoton excitation with nonlinearity
order N, where /N simultaneously absorbed photons are required to generate
one radical. A deposited lithography dose D is therefore typically expressed as
D oc 7Y oc 7PN [54]. The order of nonlinearity N depends on the photoresist
and the wavelength of the lithography laser. Many photoinitiators known from
traditional photolithography with ultraviolet (UV) light also exhibit two-photon
absorption (N = 2) around 800 nm, i.e., at half the UV-photon energy®. Using
such photoinitiators, the mechanisms for the generation of radicals may however
still involve more complex absorption processes, such as cascaded absorption via
a triplet state [54], leading to nonlinearity orders® of N > 2 in many cases.

Despite the complex reaction kinetics, it is possible to largely describe MPL
using two simple assumptions [56, 57], the so-called "(step-)threshold model"
and the so-called "accumulation model". According to the threshold model, the
solubility of the exposed material behaves highly nonlinear with respect to the
deposited dose and can be approximated by a step-like behavior: The material is
only suffiencently cross-linked above a threshold dose Dyy,, and all regions with
D < Dy, are washed away during development of the sample. According to the
accumulation model, the photoresist "integrates" the doses from exposures at the

Coincidentally, this also matches the wavelength of the historically used mode-locked titanium
sapphire lasers, and may be regarded as the reason, why the lithography wavelength around 800 nm
is still widely used to date.

The nonlinearity order has been experimentally studied by varying the lithography laser repetition
rate and the pulse energy when exposing lines with a constant velocity [54], or alternatively by a
two-beam initiation threshold (2-BIT) technique [55].

11
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same or nearby locations. Effects such as diffusion or decay of radicals are thus
entirely neglected’.

For a point exposure, we may simulate the deposited dose distributions for differ-
ent nonlinearity orders N and different vacuum wavelengths A of the lithography
laser, see Fig. 2.1. To this end, we consider the optical point-spread function (PSF)
of a high numerical aperture (NA) lithography objective. The underlying optical
PSF in Fig. 2.1 are numerically calculated based on the vectorial Debye approxi-
mation®, see [61, 62] and Appendix C, Egs. (C.4)-(C.7). Comparing Fig. 2.1(a)
and Fig. 2.1(b), we find that at the same lithography wavelength of, e.g., 780 nm,
the dose distribution for two-photon absorption (N = 2) is clearly more confined
than the dose distribution for single photon absorption (N = 1). In general, an
N-photon absorption process enhances the optical resolution approximately by a
factor of v/N. A common misconception based on this observation is the idea
that the advantage of two- or multi-photon lithography would be the ability to
produce a smaller individual polymerized voxel. This idea is wrong because of
two reasons. First and foremost, by adjusting the laser power, one can ensure that
only an arbitrary small portion of the dose distribution lies just barely above the
threshold dose Dyy,. In Figure 2.1, this portion could be for example given by
any of the contour lines. By virtue of the threshold model, an "arbitrarily small"’
polymerized voxel can theoretically be generated, independent of lithography

The accumulation model has its limits for long exposure times and low intensities. In the extreme
case of very low intensities, the dose may fail to accumulate, even if the same location is illuminated
indefinitely. This is known as Schwarzschild effect [58], in analogy to a similar effect in analog
photography.

Calculations are shown for an input plane-wave illumination with circular polarization. We further
consider the nowadays predominent case of dip-in lithography [59], where the objective is in
direct contact with the photoresist, which serves as index-matched immersion fluid at the same
time. The space between objective and sample is thus filled with a homogeneous medium. The
calculation of the PSF is more difficult when a cover glass and immersion oil is used, and the
corresponding vectorial Debye theory for focusing through such stratified media is treated in [60].
The obvious limit is certainly that the volume element must still contain at least a few monomers
and a few photoinitiator molecules. In practice, the degree of conversion and thus the mechanical
strength of the polymerized material will furthermore depend on how far above threshold the dose
is. Therefore, a "minimum feature size" or "linewidth" of a particular lithography system is still
typically specified.

12
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wavelength or nonlinearity order [56]. The size of the polymerized voxels are in
particular not limited to the optical resolution according to the Abbe diffraction
limit [63]. Second, assuming the same photoresist, which could be used both in
a single photon as well as in a two-photon process, we would be rather inclined
to compare the dose distribution for a two-photon process at the wavelength
A = 780 nm with the dose distribution for a single photon process at half the
wavelength, A = 390 nm, Figs. 2.1(b) and (c). Here, we find in fact that the optical
resolution is better for the single-photon process at A = 390 nm.

(a) A =780 nm (b) A =780 nm . A=390 nm
Single Photon Two-photon Single photon
10°
e 6x 107!
=
N 4x107t
5
= 3x107!
%]
o
o 2x 107!
8
x
< 107!

N
-20dB
0.5 0.0 0.5 0.5 0.0 0.5

Radial position r [um]

Fig. 2.1: Simulated normalized distributions of deposited lithography dose D for different lithography
wavelengths A and nonlinearity orders IV, based on calculations of the optical point spread func-
tion (PSF). A microscope objective with numerical aperture of NA = 1.4 is assumed, immersed in a
photoresist with refractive index n = 1.518. The contour lines indicate 2 dB steps of deposited dose.
(a) The dose distribution for single-photon absorption at A = 780 nm shows a poor optical resolution
and significant axial side lobes. Exposing adjacent positions hence leads to a strong dose accumulation
in three dimensions.  (b) For two-photon absorption at A = 780 nm, the optical resolution is improved
and the axial side lobes are significantly suppressed. (c) The optical resolution is even better for
single-photon absorption at half the wavelength, A = 390nm. Axial side lobes are however still
pronounced.

The true advantage of multi-photon lithography becomes only apparent for arbi-
trarily shaped three-dimensional bulk structures [56, 57]. The dose distributions

13
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for a single photon process in Figs. 2.1(a) and (c) feature strong axial side lobes.
When exposing multiple volumes close to each other, the deposited doses of each
focus overlap in the entire volume according to the accumulation model. The
threshold dose Dy, is unintentionally exceeded in axial direction outside of the
design geometry due to this proximity effect, thereby severely affecting the shape
fidelity of the printed structure. This effect becomes particularly pronounced
when structuring large thin sheets that are oriented perpendicular to the axial
direction of the lithography beam and can be easily understood by the following
strongly simplified argument, visualized in Fig. 2.2: For a point exposure within

Fig. 2.2: Visualization of the proximity effect at an axially distant position, when structuring extended
areas within the focal plane. In a simple model, we consider for each point exposure inside the focal
plane a focal area Ag, with a uniform intensity Iy and a uniform dose D within. We pick a point
Py in the focal plane, and consider the unintentionally accumulated dose D1 at a point Py, which is
located at a certain axial distance from Pg. The lithography beam cross-section A; is m-fold larger
in the plane of P1, A1 = mAy, and the intensity /1 at Py is hence m-fold smaller, I; = Ip / m.
However, each exposed point on the focal plane within the projected area of A; (indicated by the
dashed circle) leads to a dose accumulation at P;. A nonlinearity order of at least N > 2 is required
to significantly reduce the unintentionally accumulated dose at P .

the focal plane, we consider a focal area A, with a uniform intensity Iy and a
uniform dose Dy within. The exposure of an extended area in the focal plane is
thought of as being composed of individual non-overlapping point exposures. We
pick one of these points Py in the focal plane, and consider the unintentionally
accumulated dose D1 at a point Py, which is located at a certain axial distance
from Py. The lithography beam cross-section A; is m-fold larger in the plane of
Py, Ay = mAy, and the intensity I; at Py is hence m-fold smaller, I; = Iy/m.

14
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However, each exposed point on the focal plane within the projected area of
Aj; leads to a dose accumulation at Py, and it takes m non-overlapping point
exposures to fill this area. For a one-photon process, D oc I, we hence find
Dy o< m x Iy/m. The unintentionally accumulated dose D; is hence independent
of m and thus independent of the axial distance. In contrast, the axial side lobes
are significantly suppressed for two-photon absorption, Fig. 2.1(b), leading to a
much better shape fidelity. In this case, within our simple model, we find D o I2,
and hence D1 ox m x I/ m? = I /m. Obviously, a multi-photon process with
N > 2 is even better in reducing the tails of the axial side lobes. Still, the dose
distributions of very closely spaced voxels or lines will inevitably overlap, limiting
the minimal achievable distance for which two adjacent features (lines) can still
be distinguished. This minimum distance is given by the multi-photon Sparrow
limit'" [56] and referred to as "writing resolution of the lithography system".

Another key quality metric of an MPL system is the achievable polymerized voxel
aspect ratio. A spherical voxel would obviously be ideal, but from Fig. 2.1(b), we
find that the typical voxel shape is elongated (along the axial coordinate 2), and
that the exact shape of the voxel depends on how large the exposure dose is. We
make the simplifying assumption that the most relevant center part of the dose
distribution can be well approximated using an uncorrelated bivariate Gaussian
distribution with standard deviations o, and o, in the axial direction z and in the
radial direction r, respectively,

r2 22

D(r,z) xe 27e 277, 2.1

An approximate aspect ratio is then given as o, /o,.. To understand the influence
of the objective on the aspect ratio, we first consider a low-NA objective. In this

10" The Sparrow citerion for the resolution of conventional optical instruments corresponds to the
limiting case where the joint intensity distribution from two neighboring spots produce a flat-top
distribution. Similarly, the multi-photon Sparrow limit requires at least a barely existing minimum
in the joint dose distribution between the two centers of exposure.
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case, the lateral and axial optical resolution [64, 65] lead to o,. < (A/n)/(NA/n)
and o, o< (A\/n)/(NA/n)?, respectively. The aspect ratio hence scales as

o, A/n A 1 1
i A LS A = 2.2
o, (NA/n)2/NA NA/n  sinfpay @2)

and is hence inversely proportional to the sine of the objective acceptance angle
Omax. Note that the exact numeric pre-factors for the best-fit Gaussian parameters
o, and o, depend slightly on the nonlinearity order N. Values for N = 1 can,
e.g., be found in [66]. For a high-NA objective, there is no closed form expression
for the PSF. The exact values for o,., o, and the exact scaling of the aspect ratio
hence need to be extracted from numerical simulations such as the one shown in
Fig. 2.1(b). Empirical approximation formulae based on numerical simulations
are given for N = 2 and NA > 0.7 as'! [67]

0.230 A
oy = 7\@NA0'91 , (2.3)
0.376 A 1
o 2.4)
V2 ln —/n2 — NA?

For the parameters used for the estimations in Fig. 2.1(b), where an objective with
NA as high as 1.4 was assumed to be immersed in photoresist with index n = 1.518
at a lithography wavelength of A = 780 nm, we still find an approximate aspect
ratio of 0, /o, = 2.4 for a two-photon process (N = 2). Special techniques such
as shaded ring filter [68] aperture stops have been utilized to further reduce the
axial size o, and thereby the aspect ratio, at the expense of slightly increasing the
radial size o, .

1 To facilitate the comparison between different literature sources, note the conversions w; Je =

V20 and wpwam = 2v/21n 2 o between full width half maximum values wWpw M, 1/e half
widths wy /., and standard deviations o of a Gaussian distribution.
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2.1.2 Automated lithography machine

Fabrication of 3D-printed coupling structures for hybrid photonic assemblies
requires not only high shape fidelity, but also extremly precise alignment of
the printed structure with respect to, e.g., on-chip waveguides. A high level of
automation is therefore required, including sophisticated hardware and software
for detection of position and orientation of components within the lithography
coordinate system. Within this dissertation, a lithography machine from preceding
work [1] was used, see Fig. 2.3. Only minor modifications in processes, software
and machine alignment were necessary to perform the experimental demonstrations
in Chapter 3, 4 and 5.

The lithography system uses a femtosecond laser with an emission centered at
780 nm. A pulse compressor pre-compensates the group delay dispersion (GDD)
of the remaining optical components. The optical power is modulated using an
acousto-optic modulator (AOM). The beam is sent through an inverted micro-
scope'? and a high-NA microscope objective!® focuses the beam into the liquid
photoresist which serves as index-matched immersion fluid at the same time. The
beam is scanned in the horizontal (x, y)-plane using fast galvanometric mirrors.
In the vertical z direction, a piezo actuator controls the position of the objective.
The highest possible NA and therefore the best possible voxel is only achieved if
the rear aperture of the objective is fully illuminated'#. This is ensured using a
variable beam expander.

The lithography system crucially features, in addition to conventional bright-field
imaging, both a confocal laser imaging path as well as a fluorescence imaging
path. The confocal and fluorescence imaging systems complement each other and
enable precise detection of on-chip features and aligned fabrication. Both imaging

Contrary to a conventional microscope design, the objective points upwards and the sample is
mounted upside-down.

Different objectives can be used with this machine. All samples within this thesis have been
fabricated with a 63 /1.4 objective.

A uniform illumination is ideal. For a Gaussian beam and disregarding the available laser power,
overfilling the back aperture is therefore desirable.
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Fig. 2.3: Schematic optical setup of the MPL system [1] used for this work. Abbreviations: AOM
— acousto-optic modulator; BS — beam splitter; PD — photodetector; MMF — multimode fiber; PMT
— photo multiplier tube. The lithography system uses a femtosecond laser centered at 780 nm. The
laser power is modulated using an acousto-optic modulator (AOM). A high-NA microscope objective
focuses the beam into the liquid photoresist which serves as index-matched immersion fluid at the
same time. The beam is scanned in the horizontal (z, y)-plane using fast galvanometric mirrors. In
the vertical z direction, a piezo actuator controls the position of the objective. The lithography system
features both a confocal laser imaging path as well as a fluorescence imaging path. The confocal and
fluorescence imaging systems complement each other and enable precise part detection and aligned
fabrication. The illumination for bright-field imaging has been omitted for brevity. Figure adapted

with permission from [1].
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modalities are operated at laser powers far below polymerization threshold. For the
detection of strongly reflective surfaces, scanning confocal laser imaging allows
to capture a large amount of the reflected light, leading to a high signal-to-noise
ratio (SNR). In case of silicon photonic (SiP) chips, it is in particular possible to
detect the location of the silicon device layer through the top oxide layer. However,
finding the correct sample height based on a maximum of the confocal signal
does depend on the axial alignment of the confocal pinhole. In contrast to this,
fluorescence imaging relies on multi-photon excitation of the photoinitator and
a "parasitic"!® decay path [69], which leads to the emission of fluorescent light,
whenever the focal spot is within the photoresist. The multi-photon fluorescence
excitation is highly localized to the focal spot, see Fig. 2.1(b) in Section 2.1.1.
Spatial filtering is therefore not required, and as much as possible avoided, by using
amultimode fiber (MMF) with a large acceptance area'®. Scanning perpendicularly
through a weakly reflecting interface, e.g., a resist-glass interface, yields a sigmoid
shape in the fluorescence intensity signal. This allows to accurately determine
the interface height and monitor the optical resolution of the lithography system,
see Appendix D of [1] for further details. Using a suitable test target'” allows the
calibration of the axial position of the confocal pinhole.

2.1.3 Printing of microlenses to vertical chip facets

Printing to vertical device facets leads to a situation where the lithography beam
hits the device edge. If the device is opaque, part of the lithography beam is blocked,
see Fig. 2.4(a), and a significant amount of power is lost. For a transparent device,

The "parasitic" fluorescence decay path does not contribute to radical formation and thereby
increases the polymerization threshold of the photoresist. Photoresists are therefore often optimized
to exhibit low fluorescence. Sufficiently strong fluorescence is however of tremendous help in
achieving reproducable machine alignment and sample-aligned fabrication.

The MMF is in fact only used for convenience, the PMT could in principle be directly attached to
the MPL setup.

A resolution target with 120 nm-thin patterned chromium on glass (Thorlabs) is typically used.
A confocal z-scan is performed on the chromium surface, and a fluorescence z-scan on a nearby
location which is not covered with chromium. The difference in determined surface height is used
to calibrate the axial position of the pinhole.
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e.g., a single-mode fiber, part of the lithography beam passes through the device, is
refracted, and experiences a different phase shift. In either case, diffraction effects
lead to a voxel degradation. The strength of such effects depends on the position of
the focal point with respect to the device edge, and a position-dependent adaption
of the lithography laser power is therefore required in both cases. The topic has
been extensively studied with simulations by M. Godecke [70] in the context
of photonic wire bonds (PWB). However, due to limited simulation resources,
rigorous finite-difference time-domain (FDTD) studies have only be carried out
for focal positions close to the device edge. Printing of larger structures, such
as microlenses, hence still relied on heuristic power adaption functions, which
in particular for opaque chips often provided unsatisfying lithography results at
certain positions. In comparison, a simple analytically derived power adaption
function, as described in the following Section 2.1.3.1, proved to be useful for a
large position range.

When focusing through the edge of a transparent device, the combined effects of
refraction, different phase shift within the material, as well as diffraction lead to a
position-dependent focal shift [71]: The actual focus is found at a position which
is predominantly vertically shifted with respect to the position without device. The
task of aligning a PWB to a single-mode fiber (SMF) core with highest precision
is therefore ideally done by connecting the remote end of the sample SMF to
the photo multiplier tube (PMT) [72] in Fig. 2.3 through the connector that is
otherwise used by the usual multimode fiber (MMF). The correct printing position
is then found by scanning the focus of the lithography beam through the volume
in front of the SMF facet and by measuring the position-dependent fluorescence
power coupled into the SMF core. Slight deviations of the printed PWB trajectory
from the design trajectory due to position-dependent focal shift do not contribute
to the PWB loss significantly. In contrast, for facet-attached microlenses (FaML)
it is important to ensure a high shape fidelity of the printed lens surface under any
circumstances. In fact, within this thesis, shape deviation has also been observed
for facet-attached microlenses (FaML) printed to opaque chip edges (where such
effects are not to be expected). Upon further study, the origin of the deviations
were confirmed to be of mechanical rather than optical nature, and can thus be
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2.1 Multi-photon three-dimensional lithography

circumvented, e.g., by appropriate design of the printed structure. Section 2.1.3.2
raises the awareness concerning these issues and summarizes the current findings.

2.1.3.1 Position-dependent power adaption

A simple power adaption for printing to opaque vertical device facets is introduced
in the following. We assume that the lithography beam is focused to a spot located
at a vertical depth h below the surface of the chip, and at a horizontal distance d
from the facet of the chip, see Fig. 2.4(a). The opening half-angle « of the light
cone is dictated by the numerical aperture (NA) of the lithography objective and
the refractive index of the photoresist. Part of the light is blocked by the chip edge.
To find the power transmission 7(h, d), i.e., the fraction which is not blocked by
the chip surface, we consider the intensity distribution I(x,y, z = h) at the plane
z = h of the chip surface, see Fig. 2.4(b).
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Fig. 2.4: Focusing over the edge of an opaque chip. (a) The lithography beam is focused to a
spot located at a vertical depth h below the surface of the chip, and at a horizontal distance d
from the facet of the chip. The opening half-angle « of the light cone is dictated by the numerical
aperture of the lithography objective. Part of the light is blocked by the chip edge. (b) The intensity
distribution I(z,y,z = h) at the plane z = h of the chip surface is considered using a Gaussian
beam approximation. The dashed white circle indicates the lateral 1/e2 intensity with respect to the
maximum. The hatched part is blocked by the chip edge. The amount of blocked (transmitted) light is
found by integration over the hatched (non-hatched) area.
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2 Theoretical and technological background

Using a Gaussian beam approximation, we describe the intensity distribution
using the beam radius w(h), or alternatively using the standard deviation oy (h) of
the Gaussian intensity distribution at the plane z = h of the chip surface,

r2 2
oz =) = o (0

) 2.5)
ST
— I 20
0 2oz (h) ¢
where ) L
w tan o
or(h) = — ~ 5 . (2.6)

In these relations, we assume that the depth h is much larger than the Rayleigh
distance of the high NA lithography beam. The power transmission 7(h, d) is
then found as
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2.1 Multi-photon three-dimensional lithography

Assuming a "regular” laser power P, for an optimum lithography result, the
position-dependent corrected laser power P, when focusing over the opaque
chip edge is hence found as

Prowe(hy d) = F for h < 0, above chip surface 08
o ﬁ for h > 0, below chip surface . '

In addition to these power-transmission considerations, the voxel is in practice
further deteriorated due to the missing part of the lithography beam. The corrected
power below the chip surface should hence be chosen slightly larger, e.g., increased
by a fixed percentage, than suggested according to Eq. (2.8) to reach a comparable
two-photon dose as in the case of an unperturbed beam. In our derivation, we
required that the depth A is much larger than the Rayleigh distance. Neglecting this
limitation and applying Equations (2.7) and (2.8) up to the chip edge would lead to
adiscontinuity at the chip edge: P.or(h < 0,0) = Py and Peoyr(h > 0,0) = 2.
Within the lithography system, we hence apply a smooth transition instead. When
transitioning from above to below the chip surface, the power is increased from the
initial value P to the increased value according to Eq. (2.8) over the depth-scale
of approximately one voxel height.

This power correction scheme has been applied to the ultra-low-loss facet-attached
microlenses (FaML) on silicon photonic (SiP) chips in [J2] and furthermore ex-
perimentally verified for a large range of depths 0 < i < 60 pm and horizontal
distances d over the entire write field. No signs of position-dependent underex-
posure nor position-dependent micro-explosions (due to a too high power) have
been observed after correction.

2.1.3.2 Shape inaccuracies induced by mechanical deformation
Besides the optical effects at transparent device facets discussed in the beginning

of Section 2.1.3, there are further aspects that may lead to shape inaccuracies.
For example, the printed structure might still be subject to shape inaccuracies
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2 Theoretical and technological background

induced by mechanical deformation. An exemplary case is depicted in Fig. 2.5.
Figure 2.5(a) shows a CAD-model of a facet-attached microlens (FaML), printed
to the vertical facet of a silicon photonic chip. The cross-section is overlayed with
the optical field distribution obtained from a micro-optical simulation that relies
on the scalar wave-propagation method, see Section 2.2. For better visibility, the
color coding shows the radial intensity decay only, with the radial 1/e? intensity
drop marked by the white contour lines. The lens has been printed with the axis
of the lithography beam oriented along the z-direction, and a layer build-up from
bottom to top. A supposedly circular lens cross section is found to be deformed.
In this case, the shape inaccuracy of the printed structure is clearly visible even
in conventional bright-field microscopy images, when viewed perpendicular to
the chip facet. A more detailed quantitative measurement can be obtained by
volumetric scanning fluorescence imaging. To this end, the lithography machine
is operated as a nonlinear fluorescence microscope at low laser power. The printed
sample is re-mounted into the lithography machine and again immersed into
photoresist. Compared to lithography, the sample mounting for measurement is
rotated by 90°, such that the scanning laser beam is incident along the y-axis in
Fig. 2.5(a). An exemplary slice cut at y = 60 pm through the scanned volume is
shown in Fig. 2.5(b). The polymerized region appears dark due to depletion of the
photoinitiator during the printing process. In comparison, the surrounding liquid
unpolymerized photoresist appears bright. The cross-section of the printed shape
is highlighted in red, while the correct shape is given by the blue circle.

In a series of experiments, mechanical deformation during the printing process
was found to be the cause of the observed effects. An experimental evidence
for this conclusion is shown in Fig. 2.6. Figure 2.6(a) depicts the CAD-model
of a test structure (green). The test structure is printed to a gold coated glass
block. The top surface of the chip is thus opaque, while the shadowed facet is
transparent, effectively ruling out any optical influence in conjunction with highly
reflecting vertical facets. The 40 pm long trapezoidal test structure is angled on
both the bottom and the top side, and therefore suited for printing both with layer
build-up from bottom to top (1) as well as from top to bottom (). The center
of the test structure is located 30 pm below the chip surface, and the angle of
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2.1 Multi-photon three-dimensional lithography
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Fig. 2.5: Example of fabricated structure with shape inaccuracies. (a) Cross-section (CAD-model)
of a microlens, printed to the vertical facet of a silicon photonic chip. The beam profile obtained
from a micro-optical simulation using the scalar wave-propagation method described in Section 2.2
is overlayed. The lens has been printed with the lithography beam oriented along the z-axis and a
print layer build-up from bottom to top. (b) Measurement of fabrication shape inaccuracies using
volumetric scanning fluorescence imaging. A cut through the scanned volume is shown. The scanning
laser beam is incident along the y-axis in Subfigure (a), and the data is visualized at the cut plane
y = 60 pm. The cross-section of the printed shape is highlighted in red, while the correct shape is
given by the blue circle. The deviations are found to be caused by mechanical deformation during the
printing process, and can thus be avoided by increasing the angle of the mechanical support structure
in Subfigure (a) to v g 20°.
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Fig. 2.6: Test structure for demonstrating mechanical deformation. (a) CAD-model of the test
structure (green), printed to a glass block with a gold coating on the top surface. The 40 pm long
trapezoidal test structure is suited for printing both from bottom to top (1) as well as from top to
bottom ({). The center of the test structure is located 30 pm below the chip surface, and the angle
of the trapezoidal shape is v = 10°. (b) Microscope image of fabricated structures. The viewing
direction is perpendicular to the facet, and the front surfaces of the test structures are in focus. The
printed structures bend in the direction of the print layer build-up. The exact chip edge position has
been determined by taking a separate image, where the facet is in focus.

the trapezoidal shape is v = 10°. Figure 2.6(b) shows a microscope image of
fabricated'® structures. The viewing direction is perpendicular to the facet, i.e.,
along the y-direction in Fig. 2.6(a), and the front surfaces of the test structures are
in focus. The printed structures bend in the direction of the print layer build-up.
The exact chip edge position has been determined by taking a separate image,
where the facet is in focus. The exact reason for the mechanical bending has yet
to be clarified. Note in this context, however, that the bending in Figure 2.6(b) is
slightly less severe when the structure is printed from bottom to top, compared to
the case when it is printed from top to bottom.

To avoid shape inaccuracies for the lens in Fig. 2.5(a), it was found to be sufficient
to increase the angle of the mechanical support structure to y £ 20°. Alternatively,
a segmented printing strategy, Fig. 2.7, helps as well. In this case, the lens is
divided into multiple segments, which are printed one after another. Within each

The layer distance ("slicing distance") is 600 nm. The area within each layer is subdivided into
straight lines with line distance ("hatching distance") of 100 nm. The lines are oriented along the
x, respectively the y-direction, where the direction is alternated between layers, starting with the
z-direction on the first layer.
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2.1 Multi-photon three-dimensional lithography

Fig. 2.7: Segmented printing strategy. The depicted lens is divided into four segments 1. .. 4, which
are printed one after another. Within each segment, the print layers are built up from bottom to top
(blue arrows).

segment, the print layers are built up from bottom to top, indicated by the blue
arrows.
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2 Theoretical and technological background

2.2 Simulation of microlenses using the wave
propagation method

A significant part of this work is related to 3D-printing of microlenses and
compound micro-optical systems, which may consist of multiple lens surfaces, or
combine lens surfaces with additional prism or mirror surfaces. Micro-optical
elements are commonly used to collimate highly divergent beams or to focus
beams to small spots for coupling into integrated devices. Ray optics is thus
of limited use when it comes to design and simulation. Instead, wave-optical
methods are required which go beyond the approximation of thin phase elements'®
and beyond the paraxial approximation. Fully vectorial rigorous methods such as
the finite-difference time-domain (FDTD) method yield "exact" solutions, but the
computation speed is typically by far too slow to address optimization problems
which rely on a multitude of simulation runs?’. The method of choice within this
work is the formulation of the scalar wave propagation method (WPM) for step-
index structures according to Schmidt et al. [36], which is detailed in Section 2.2.2.
The WPM algorithm itself has been proposed earlier by Brenner [74] to overcome?!
the paraxial limitations of the standard beam propagation method (BPM). More
recently, Schmidt et al. [36] found a computationally efficient implementation
for step-index structures and demonstrated the advantages in computation time
compared to newer wide-angle formulations of the BPM.

Commonly also known as "thin element approximation” (TEA). The effect on the incoming wave
(vacuum wavenumber kg) of a micro-optical component with height profile z(z, y) and index
contrast An to the surrounding medium is approximated by a planar phase mask Ag(x,y) =
koAnz(z,y) [73].

An FDTD reference simulation of a microlens in a computational cuboid of a few tens of pm side
length took approximately 6 days on the IPQ institute’s computation server with 16 CPU cores [1].
Correctness of the refraction angle for incidence angles of up to at least 70° has been shown
in [74]. Later publications [75, 76] claim a limit of up to 85°, referring to the same results.

20
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2.2 Simulation of microlenses using the wave propagation method

2.2.1 Validity of the scalar approximation

A brief summary regarding the validity of the scalar approximation shall be given,
before the scalar WPM algorithm itself is introduced. We consider an isotropic,
linear and non-magnetic medium. The time and position-dependent instantaneous
electric field is denoted with E(¢,r), and the corresponding magnetic field is
denoted with H(¢, r). The vacuum speed of light is ¢, and the position-dependent
refractive index is n(r), neglecting any frequency dependency of the refractive
index within the frequency range of interest. Reshaping Maxwell’s equations leads
to the exact vector wave equations [77],

2 92

V2E(t,r) + grad ((grad Inn?) - E(t, r)) = %6%;,1.) , (2.9)
2 92

V2H(t,r) + (gradlnn?) x (curl H(t, 1)) = 2—261;725’1‘) (2.10)

In each of these two equations, three of the six field components are coupled with
each other. In order to solve a particular problem, it is only required to solve one of
the equations, as the remaining field components directly follow from Maxwell’s
equations. The situation is further simplified, whenever the second term on the left
hand side vanishes or can be neglected for one or both of the equations. Typical
examples of such cases are homogeneous media (grad Inn? = 0) and weakly
inhomogeneous media, where the refractive index does not change significantly
over one optical wavelength. When expressing the vectorial fields using a Cartesian
basis, the respective vector wave equation fully decomposes into three decoupled
wave equations for three Cartesian components,
9 n? 0%W(t,r)

VU(t,r) = Pl o 2.11)
where ¥ (t, r) stands for the individual Cartesian field components E,(t, r) respec-
tively H, (¢, r) with ¢ € {x,y, z}. Equation (2.11), known as the scalar Helmholtz
equation, can be solved with much reduced computational effort compared to its
vectorial counterpart. Therefore, the scalar approximation is frequently employed
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— even in cases such as microlenses with step-index profile and arbitrary geometry,
where the simplification is not fully justified.

2.2.2 Scalar WPM algorithm

The previously existing simulation capabilities were significantly expanded within
the scope of this thesis, building upon preliminary work by M. Blaicher [1].
Many features commonly known from commercial optic design software such
as OpticStudio (Zemax) have been implemented. These include in particular
a highly object-oriented implementation of individual surface shapes and of
standard components such as lenses, prisms as well as their assembly into complex
compound micro-optical systems including necessary coordinate transformations.
Furthermore, wave-optical tolerancing has been implemented, to accurately assess
the impact of tanslational and angular misalignment during fabrication of the
microlenses as well as during assembly of multi-chip modules based on 3D-

printed microlenses®?>. Finally, a zeroth-order correction of Fresnel reflection
losses within the scalar method has been introduced, see Section 2.2.3. An

introduction to the algorithm is given in the following.

We consider a monochromatic wave with angular frequency w of the form
E(z,y,2,t) = E(x,y,2)el*" which propagates through an inhomogeneous
medium n(x,y, z) along the principle propagation direction z. The vacuum
wavenumber is kg = w/c with ¢ denoting the vacuum speed of light. The scalar
WPM algorithm can be considered as a generalization of the angular spectrum
method for a homogeneous medium. In both cases, the complex field E(z, y, z) is

22 Optical assembly with 3D-printed microlenses is discussed both exprimentally and theoretically

in detail in Chapter 4 and Appendix B.
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2.2 Simulation of microlenses using the wave propagation method

first decomposed into plane-wave components with lateral propagation constants
(ks, k) by calculating its angular spectrum

E(ky. ky, 2) = Foy{E(z,y,2)}
1 _ (2.12)
= 27/E(gc,y,z)eJ(k’”’”Jrkyy) dxdy,
s

where F, denotes a two-dimensional (spatial) Fourier transform with the inverse
transformation consequentially given as

~ 1 ~ .
Fog {E (kg oy, 2)} = ﬂ/E(kw,ky,z)eﬂ(k”“’k?’y) dk, dk,.  (2.13)

Each plane wave component is then propagated independently along the z-direction
by a slice distance of Az and superimposed with all other waves to obtain the
propagated field E(z, y, z+Az) at the next z-slice. In case of the angular spectrum
method for a homogeneous medium with n(x, y, z) = ng, the propagated field is
given by the well-known relation [73]

E(w,y,z+A2) = Fp,t {e 1A (B y, )}, @14

ke (ko ky) = \/12K2 — k2 — k2. (2.15)

Using the square root in Eq. (2.15) instead of any approximations thereof ensures

with

the validity even for large divergence angles. The scalar WPM according to
Brenner et al. [74] generalizes this computation scheme for an inhomogeneous
medium. The propagated field E(x,y, z + Az) is now given by

1 ~ .
E(l'? Y,z + AZ) = % E(kxv kyv Z)e_J b (kasby 2.5) A2

x @ " ikeztkyy) qp dk, (2.16)
= Fp {em b e de E (B2, 2)}}

ry
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ko(ky, ky, ,y) = \/n2(ac,y,z + Az/2)kg — k2 — k2. (2.17)

Although this approach is intuitive, a systematic derivation starting from the
Helmbholtz-equation as given in Appendix A of [36] is non-trivial, due to the
mixing of real and Fourier-space quantities in Eq. (2.17). The evaluation of
Eq. (2.16) is computationally expensive for an arbitrary inhomogeneous refractive
index distribution: The propagation factor k,(k, ky, z,y) dependends on the
position-dependent refractive index and thus on the spatial coordinates. As a
result, the Fourier back-transform has to be computed separately for each lateral
coordinate (x,y) on the computation grid without the possibility to exploit the
scaling advantages of Fast-Fourier-Transforms (FFT).

However, this situation changes drastically when disregarding gradient-index media
and only considering step-index structures with a limited set of refractive indices,
where the structure can be decomposed into a finite number M of homogeneous
pairwise disjoint subregions with corresponding refractive index n,,,. In fact, most
structures printed using multi-photon lithography (MPL) fall into this category.
As an example, simulation of a typical 3D-printed microlens requires only a
binary refractive index distribution, accounting for the refractive index of the lens
material itself and for the surrounding, which might be vacuum, air or a dedicated
optical cladding material. The stencil function ©, ,,, (x, y) describes whether or
not subregion m is found at an axial position z and at a lateral position (x, y),

1 if s Y, = Nm
O plwy) = 4 - BB =T (2.18)
0 else

In this case, Schmidt et al. [36] recently realized that Eq. (2.16) and (2.17) can be
simplified to

M

E(may7Z+Az) = ez,’m('r7y)
rnz::I (2.19)

x Fp {em itk e,y 20}
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with

Ken (Ko ky) = /02, k2 — k2 — k2. (2.20)

This leads to a computationally efficient reformulation of the original WPM
algorithm, which requires only one FFT-accelerated Fourier back-transform of a
field matrix for each refractive index that occurs within the slice at the current axial
position z. In practice, the Fourier transforms can be quickly calculated using the
fast-Fourier-transform (FFT), in particular when carried out on a modern graphics
processing unit (GPU). GPU acceleration allows in addition the massively parallel
evaluation of the stencil function ©, ,,,(z,y). The current implementation of
a GPU-accelerated WPM algorithm used in this work is based on the arrayfire
software library [78].

The WPM algorithm has been compared to FDTD simulations and has been
found to deliver exceptionally consistent results for typical microlenses [1, 36].
Experimental verification is found based on results of our research group, see
Chapters 4 and 5, and journal publications [J2, J3, 79, J5, J6], as well as of other
research groups using independent implementations of the same algorithm [48,
80-82].

However, there are still two drawbacks of the scalar WPM algorithm. The method
is first of all unidirectional and thereby does not include counterpropagating
reflections and standing wave phenomena. Furthermore, the amplitude change
at interfaces according to Fresnel’s formulas cannot be treated correctly, since
reflection and transmission coefficients depend on the vectorial nature of light.
A vectorial WPM algorithm does exist [75], but requires a significantly larger
number of computational operations®}. Note that total internal reflection (TIR)
phenomena are covered by the WPM algorithm, but the unidirectional simulation

23 'We consider simulations in three dimensions with a total number of V. 2y = INg Ny grid points

on each transverse plane, NV, longitudinal slices, and a small number of discrete refractive index
values. The scalar WPM requires O(N. >Ny log Nzy) operations [36], while the vectorial
WPM (VWPM) scales with (”)(NZNEy) [75, 76], in addition to a significantly larger memory
requirement. In comparison to VWPM, the computational complexity of FDTD for typical

free-space problems scales "only" with O(( Nz NyNz)%) [83].
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requires that the beam is redirected by less than 90°. In practice, simulation of
micro-optical elements which include TIR mirrors can be done by "unfolding" the
corresponding optical paths, as long as it is certain that no TIR failure occurs.

2.2.3 Zeroth-order correction of Fresnel losses within
the scalar method

The scalar WPM cannot treat amplitude changes at interfaces according to Fresnel’s
formulas correctly, and the error in terms of absolute power values can be enormous,
in particular when modeling dielectric interfaces with large index differences. As
an example, we may consider the simple case of a collimated beam impinging
from vacuum into a material with refractive index n > 1. For perpendicular
incidence, the magnitude of the electric field is found to be the same before
and after the interface according to Eq. 2.19. The power within the material
is hence found to be n-times higher than the incident power, grossly violating
energy conservation. This observation leads to the idea of an intuitive zeroth-order
correction of Fresnel losses within the scalar method, proposed in this work. The
perpendicular amplitude Fresnel transmission coefficient from material m with
refractive index n,,, to material m’ with refractive index n,,s is

2N,

Tm—m/ = 7nm ¥ (221)

independent of polarization, and the propagation in Eq. (2.19) is then modified to

M

E(fﬂ, Y,z + AZ) = Z Tm—)m’ez,m(:ﬂa y)®z+Az,7n/ (ma y)
m,m’=1 (222)

< T fo e ek F (B )
For the propagation through a tilted surface, Eq. (2.22) treats the perpendicular

transmission through the corresponding staircased surface instead. In this context,
it should be noted that the scalar WPM algorithm itself is subject to intrinsic
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2.2 Simulation of microlenses using the wave propagation method

amplitude errors [36], which become pronounced for steep refractive index changes
in lateral direction, as well as for large propagation angles. A theoretical discussion
for the leading error term in each propagation step is given in [36] for smoothly
varying refractive index distributions and the analytical representation of the WPM
algorithm according to Egs. (2.16) and (2.17). However, a quantitative study of
amplitude errors in conjunction with discrete refractive indices and discretized
numerical implementation is missing.

To estimate the impact of these amplitude errors on the power transmission in
WPM simulations, we perform a reference simulation with and without the zeroth-
order correction of Fresnel reflection losses according to Eq. (2.22), see Fig. 2.8
and Fig. 2.9. We consider the simple case of a plane slab of uniform thickness,
Fig. 2.8(a). A collimated Gaussian beam (wavelength A = 1.55 pm, beam diameter
30 um) in vacuum (ny = 1) impinges on the slab (refractive index n = 1.53). We
vary the incident angle ¥ = 0. ..70° and and simulate the propagation both with
and without correction. The transmitted beam after the slab propagates again
parallel to the z-axis, and the power values before (z = 0) and after (z = 200 pm)
the slab are simply quantified by summing up the magnitude squared of the electric
field over the respective lateral plane. For incident angles 9 > 45°, the reflected
beam appears in the unidirectional WPM simulation as well, Fig. 2.8(b). The
downwards propagating reflected beam hits an absorbing simulation boundary and
thereby does not contribute to the simulated power transmission. The results are
shown in Fig. 2.9. The black dots in Fig. 2.9(a) and (b) indicate the simulated power
transmission 7" as a function of incidence angle ¢ without correction (black dots),
i.e, according to Eq. (2.19). The correct values T, (1) (p-polarization, blue curve)
and Ts(9) (s-polarization, orange curve) according to Fresnel’s formulae are shown
for comparison. For the correct Fresnel solution, we neglect back-reflected beams
and Fabry-Perot-like interference to mimic the forward-only propagation modeled
by the WPM. Simulations are performed with a medium level of z-discretization,
Az = \/n/10, Subfigure (b), and a very fine z-discretization, Az = \/n/80,
Subfigure (c). Without correction, the simulated power transmission is 7' = 1 for
perpendicular incidence (¥ = 0), ignoring the material interface. The simulated
transmission then drops towards larger incidence angles, with the exact values
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Fig. 2.8: Simulation setup quantifying power transmission errors in WPM simulations. The simulations
have been performed with and without the zeroth-order correction of Fresnel reflection losses according
to Eq. (2.22) — the field plots shown here were obtained from the simulations with correction. (a) A
collimated Gaussian beam (wavelength A = 1.55 pm, beam diameter 30 pm) in vacuum (ng = 1)
impinges on a tilted plane-parallel slab (refractive index n = 1.53, incident angle ¥ = 0...70°).
The depicted simulation utilizes the correction and the field magnitude within the slab and is therefore
seen to be lower.  (b) For incident angles ¢ > 45°, the reflected beam appears in the unidirectional
WPM simulation as well. The downwards propagating reflected beam hits an absorbing simulation
boundary and thereby does not contribute to the simulated power transmission.

depending on the numerical z-discretization. Finally, Figs. 2.9(c) and (d) show
the corresponding plots for the simulated power transmission with correction
according to Eq. (2.22). The power transmission is accurate for perpendicular
incidence (¢ = 0), and an angular dependency is again observed, with the exact
shape and values depending on the z-discretization. Remarkably, a sufficiently
fine z-discretization, Az = \/n/80, Subfigure (d), leads to a drop-off which
approximates the theoretically correct curve T (1) for s-polarization very well.
However, at least on a quantitative level, this should be regarded as coincidence,
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Fig. 2.9: Simulation results for the quantification of power transmission errors in WPM simulations
with and without the zeroth-order correction of Fresnel reflection losses according to Eq. (2.22).
(a, b) Angle-dependent simulated power transmission 7'(¢) without correction (black dots). The
correct values T3, (9) and T's (¥) for p-and s-polarization according to Fresnel’s formulae are shown
for comparison. Simulations are performed with a medium level of z-discretization (Az = A\/n/10,
Subfigure a) and a very fine z-discretization (Az = A/n/80, Subfigure b). (¢, d) Corresponding
plots for the simulated power transmission with correction. We find that the correction helps in
obtaining an accurate power transmission for perpendicular incidence (¢ = 0). The simulated power
transmission drops towards larger incidence angle, with the exact values depending on the numerical
z-discretization. Remarkably, a sufficiently fine z-discretization in Subfigure (d) leads to a drop-off
which approximates the theoretically correct curve T’ (1) for s-polarization very well.

considering the existence of intrinsic amplitude errors of the WPM algorithm.
On the other hand, on a qualitative level, the s-polarization-like behavior found
as opposed to a p-polarization-like behavior is not a coincidence. With the
given geometry of the simulation, the scalar approximation is fully valid for s-
polarization, because the s-polarized electric field consists of an x-component
only, whereas (grad Inn?) in Eq. (2.9) has no z-component. As a consequence,
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2 Theoretical and technological background

Eq. (2.9) can be written as a single scalar Helmholtz-type wave equation for the
E-component. No such argument can be found for p-polarization.

The angle-dependent power transmission as seen in the simplistic reference sim-
ulation of Fig. 2.9 certainly has an influence on the exact shape of optimized
high-NA lens surfaces. The drop-off towards larger incidence angles is, however,
qualitatively similar in Figs. 2.9(a)-(d). Therefore, no significant shape difference
has been found when optimizing actual microlenses with or without the correction.
The correction is, however, useful, when absolute power values are of interest,
e.g., for a more realistic prediction of achievable efficiencies in fiber-chip coupling
using microlenses. No obvious disadvantage of the correction has been found,
and it has therefore been employed in all microlens simulations of this work, see
Chapters 4 and 5.

2.3 Measurement of mode fields

To reach the ultimate goal of providing a technologically mature toolset for
hybrid photonic assemblies based on 3D-printed coupling structures, a complete
process chain with predictable outcome must be established, starting at the level
of individual integrated optical components and ending at the complete assembly.
This obviously requires sophisticated lithography machines and techniques®*, as
well as fast and reliable micro-optical simulation tools®. The first step in this
chain, however, namely the precise knowledge of the mode field of each individual
component, has surprisingly also proven to be troublesome. Specifications from
component suppliers are often inaccurate and, in many cases, the problem cannot
be tackled from the simulation side either, because the detailed layer stack of a
particular photonic chip is either unprecisely known or belongs to the best-kept

2 Cf. Sections 2.1.2 and 2.1.3; a large amount of effort has also previously been invested in this
context by M. Blaicher [1], M. R. Billah [34], P.-I. Dietrich [2] and T. Hoose [84].

25 See, e.g., Section 2.2.
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2.3 Measurement of mode fields

secrets of manufacturers. A measurement of the mode-field prior to 3D-printing
of coupling structures is therefore usually unavoidable.

2.3.1 Proof-of-principle demonstration of a
phase-resolved mode-field measurement method

Apart from the mode-field size and location, an entirely predictable outcome would
require the knowledge of the optical phase distribution of the mode field at the
facet plane, rather than blindly assuming a plane phase front. A non-plane phase
distribution can most prominently be found at the output of semiconductor lasers
or amplifiers with strong gain guiding and insufficiently strong index guiding. A
beam emitted from such a device suffers from astigmatism [85], usually with
the beam waist in the vertical direction, i.e., perpendicular to the semiconductor
substrate surface, located at the facet and a virtual beam waist in the horizontal
direction, i.e., parallel to the semiconductor substrate, located behind the facet
within the laser. In this case, the phase distribution at the facet plane is flat in the
vertical direction and approximately parabolic in the horizontal direction. Note
that assuming a correct mode-field diameter but erroneously assuming a flat phase
may affect facet-attached microlens based assembly techniques [2, J2] in a much
different way than photonic wire bond based assembly techniques [J1, 33, 34].
In the case of microlenses, the true phase distribution affects the divergence of a
beam which emerges from a photonic chip, and may lead to a completely different
illumination of the lens surface than designed. The beam shaped by the lens and
any further component designed based on the assumed beam shape are therefore
subject to a chain of "follow-up errors". Taking the correct phase distribution into
account allows for aberration-correcting designs, using (multiple) non-rotationally
symmetric lens surfaces, or a combination of lenses and prisms [85]. In the case
of photonic wire bonds, coupling an incident field with a curved phase front to
the eigenmode of a single-mode photonic wire bond waveguide simply leads to
a certain deterministic excess loss at the coupling plane. Knowledge of the true
phase distribution at best helps to explain excess losses a posteriori, but there is
no full remedy.
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2 Theoretical and technological background

Based on aforementioned arguments, we conclude that phase-resolved measure-
ment of the aperture field of integrated optical components is a much desired
characterization tool. The measurement should be based on observation through
a microscope objective for practical reasons. In the following, we will describe
approaches to mode-field characterization that exploit the idea of using an iterative
Fourier transform algorithm (IFTA) to retrieve phase information from measured
intensity distributions, which dates back to Gerchberg and Saxton [86]. Various
minor modifications have been proposed, most prominently by Fienup [87]. The
classical Gerchberg-Saxton (GS) algorithm, see Fig. 2.10, uses measured intensity
distributions Iy(z,y) and I (x, y) at two Fourier-conjugated planes. The magni-
tudes of the complex electric fields at the respective planes are calculated from the
Eo(z,y)| = /Io(z,y) and|Ey (2, 9)| = /T1(z,y).

A retrieved approximation ¢ yet(, y) to the true phase distribution ¢ (x,y) at

square root of the intensities,

the first plane is found based on an iterative method. The algorithm is divided into
the following steps:

e An initially guessed phase distribution g ¢ (, y) and the measured magni-
tude| By (2, y)| = \/Io(,y) lead to an initial approximation of the complex
field

Eq . (z,y) =|Eo(z,y)| el Pos(@y) (2.23)

at the first plane. A two-dimensional spatial Fourier transform
By o(2,y) = Fuy{Eg 4 (2,9)} =|E1g(x,y)| e #1=0) (2.24)

is calculated, approximating the complex field at the second plane based on
the initially guessed phase distribution at the first plane.

e Abetter approximation £, ,(z, ) for the complex field at the second plane is
found by replacing the magnitude of the previously computed complex field
L, ,(v,y) with the acutally measured magnitude |Ev(z,y)| = VIi(z,y)
while keeping the computed phase,

E, (z,y) =|Ei(z,y)| el #rs®¥) (2.25)
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2.3 Measurement of mode fields

e The Fourier back-transform
Ey (2,y) = Fo{E, (w,9)} = |Eox(w,y)| el eor®v) (2.26)

is computed to propagate the field back to the first plane.

e The magnitude of the back-transform ’EO’r (z,y) ] is discarded and replaced
by the actually measured magnitude {EO (z,y) | = +/Iop(z,y) while keeping
the computed phase. The algorithm enters the next iteration, using the phase
distribution ¢q . (x, y) as next guessed phase distribution ¢g g (,y).

e The algorithm is stopped after a sufficient round of iterations, and the
last phase distribution g, (x,y) is considered as the retrieved phase

900,rct (QC, y)

Io(z,y) >

@O,g(x, y) .

N[ (z,y)

_> $0,ret (xv y)

Fig. 2.10: Schematic of the classical Gerchberg-Saxton (GS) algorithm. Intensity distributions Io (x, y)
and I (z, y) are measured at two Fourier-conjugated planes. A retrieved approximation ¢ ret (, ¥)
to the unknown phase distribution ¢q(z, y) at the first plane is found based on an iterative method.
Starting from an initially guessed phase distribution ¢ ¢ (, y) and the known intensity distributions,
the algorithm performs alternating Fourier transforms and back-transforms of the complex fields. Prior
to each (back-)transform, the magnitude of the complex field is replaced by the square root of the
actually measured intensity distribution of the respective plane, while the computed phase is kept.
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The convergence is monitored by determining the "similarity" in each iteration
between the computed (discarded) magnitude and the actually measured magnitude
in one of the planes. A sum squared error (SSE) could be defined at either plane,
e.g., in [88] for the second plane as

J] (|E1(96, )| —|E1g(x, y)|)2 dzdy

S9F = fj|E1(x,y)|2dajdy

(2.27)

Typical shortcomings of the algorithm involve a slow convergence ("stagnation"),
and a low tolerance towards noise in the measured intensity distributions. Further-
more, the solution is only unique under certain conditions [89] and may depend on
the initially guessed phase distribution in the most general case. Various derivates
of this algorithm exist, which promise improved performance for specific applica-
tions. Most of them differ from each other at the instances where the calculated
magnitudes are replaced by the measured ones. This replacement may be done
only in a spatially filtered region of interest [90], e.g., where significant amount of
intensity is observed, and/or in a gradual fashion [87, 91, 92] by forming a linear
superposition of the computed and measured magnitudes.

In this work, another modified variant of the algorithm is proposed, which is
compatible with aforementioned improvements, and which is specifically tailored
for the characterization of mode fields of integrated optical components, see
Fig. 2.11. Instead of considering two Fourier-conjugated planes, we record multiple
intensity distributions Iy (z,y), I1 (z,v), Ia(z,y), ..., In(x,y) at corresponding
planes z = z2g, 21, 22, ... 2. For propagating light between these planes, the
Fourier transform in the classical GS-algorithm is replaced by a scalar wide-angle
free-space propagation, indicated by the propagator P in Fig. 2.11) according
to Egs. (2.12) and (2.15). The intensity distribution Iy(x,y) is measured with
the facet in focus at z = z(, and the remaining z-slices cover an axial distance
comparable to the typical size of a microlens. The redundant inclusion of data
from multiple planes improves the robustness against measured noise. The choice
of the axial position range of these planes ensures that any simulated beam
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2 Theoretical and technological background

evolution based on retrieved complex field data is sufficiently "correct”" within the
relevant distance range. An intuitive way of combining the data from multiple
planes is proposed in Fig. 2.11: The initial approximation of the complex field
is propagated from 2 to z1, where the magnitude is replaced by the measured
magnitude | Ey (z,y)| = /I1(2,y). After back-propagation, a first candidate
phase distribution gaélr) (z,y) is found (propagation scheme zp — 21 — 2, blue
frame in Fig. 2.11). The analogous procedure is done for the other planes as well
(propagation schemes zg — zo — zq, red frame, ..., 20 — 2z, — 2, green
frame), leading to further candidate phase distributions go((fr) (z,9),..., cp((f;) (z,y).
The algorithm enters the next iteration, using a suitable "average" EOJ(x, y) as
next guessed phase distribution ¢q . (,y) at the facet plane. We perform the
"averaging" using phasors instead of directly averaging the phases, to avoid issues

related to 27-periodic phase wrapping®®,

Bos(z,y) = arg {3 el For@n) 4 (2.28)
=1

A measurement setup suitable to test the proposed algorithm is shown in Fig. 2.12.
The setup is based on a horizontally mounted infrared (IR) microscope, using

a 100 /0.8 near infrared objective and an IR camera?’

. Horizontal mounting
facilitates operation of the device under observation, which is usually mounted
onto a horizontal fiber or chip holder. A semiconductor laser chip, for example, can
be easily probed when mounted horizontally, or light can be coupled into a passive
on-chip waveguide. The sample cannot be moved once contacted. Therefore,
the entire microscope sits on a stage and is moved along the axial z-direction
automatically. The infinity space, i.e., the collimated beam section between the
objective and the tube lens, contains a set of exchangeable neutral density (ND)
filters for observing the laser emission with pump currents far above threshold,

without risk of damaging the IR-camera. A removable and adjustable polarizer

26 Assuming phase angles in the interval (—7, +7], i.e., a wrapping point at 7, and a small value

& > 0, direct averaging of two phase angles m — ¢ and —7 + & would lead to the incorrect value
of 0 instead of the correct value of +r.
27 Allied Vision Goldeye G-032 TEC1, 25 um per pixel
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2.3 Measurement of mode fields

can be used for polarization-sensitive investigations. For a precise alignment of
3D-printed photonic wire bonds (PWB) or facet-attached microlenses (FaML)
later on, the exact lateral position of the mode field with respect to the device
facet needs to be characterized. Furthermore, in axial direction, an observation
of the beam emitted from the device needs to clarify whether the observed
beam waist corresponds to an aperture field at the device facet, or whether the
beam waist is actually found within the chip. To these ends, the setup contains
an additional illumination light path. The illumination uses two separate light
sources, centered around the wavelengths of 1300 nm and 1550 nm, respectively.
Using a similar illumination wavelength as the emission wavelength of the device
under observation minimizes errors related to the chromatic aberration of the
objective lens.

The beam emitted by the integrated optical device diverges and leads to a strong
dependency of the observed intensities on the axial position z. Therefore, an
automatic exposure time adjustment is used to produce roughly the same maximum
intensity on the recorded images. Background (dark) images are taken at each
utilized exposure time and subtracted accordingly. Only a relevant subregion of
the recorded image stack is taken into account for phase recovery. Data within
this subregion are first interpolated on a grid of 2 x 2 points (M, N € N),
since the numerical implementation of the propagation according to Egs. (2.12)
and (2.15) relies on fast Fourier transforms.

For an experimental proof-of-principle demonstration, two types of thin phase-
mask structures for light at a wavelength of 1550 nm are printed to the facets of
single-mode fibers (SMF), see Fig. 2.13. The first type, Figure 2.13(a), is a thin
step ("m-step™) which covers half of the fiber core and which retards the phase by
7 compared to the uncovered part. The second type of structures are spiral phase
plates®® which generate orbital angular momentum (OAM) beams, and which can
be designed for various OAM orders v. The phase shift induced by such a spiral

28 Generation of OAM beams by spiral phase plates was first demonstrated in [93]. Multi-photon

3D-printed spiral phase plates have previously been published in [81].
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Fig. 2.12: Measurement setup for phase-resolved mode-field characterization. The setup is based
on a horizontally mounted infrared (IR) microscope, using a near IR objective and an IR camera.
Horizontal mounting facilitates operation of the device under observation. The sample cannot be
moved, once contacted. Therefore, the entire microscope setup is mounted on a stage and is moved
along the axial z-direction automatically. The collimated beam section between the objective and
the tube lens contains a set of exchangeable neutral density (ND) filters as well as a removable and
adjustable polarizer. An additional illumination (shaded box, grey ray paths) allows to observe the
device facet simultaneously. The illumination uses two separate light sources, centered around the
wavelengths of 1300 nm and 1550 nm, respectively. Additional components related to electrical and/or
optical sample probing are omitted for brevity.

phase plate increases linearly from 0 to v x 27 along the azimuthal direction.
Figure 2.13(b) depicts an exemplary structure for v = 2.

The experimental results are shown in Figs. 2.14 and 2.15, for the m-step in
Fig. 2.13(a) and the spiral phase plate in Fig. 2.13(b), respectively. The fibers are
back-illuminated with a laser at A = 1550 nm, and images are recorded at various
focal planes covering an axial distance of 60 pm. The first images at z = zj,
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2.3 Measurement of mode fields

Fig. 2.13: Thin phase-mask structures on single-mode fibers (SMF), designed for light at a wavelength
of 1550nm. (a) Step ("m-step") which covers half of the fiber core and which retards the phase
by 7 compared to the uncovered part. (b) Spiral phase plate for generation of an orbital angular
momentum (OAM) beam of the order v = 2.

Fig. 2.14(a) and 2.15(a) are taken right after the printed structure®®. A lateral grid
area of 120 um x 120 pm is considered for the computation with a resolution of
A/4. Figures 2.14 and 2.15 show a magnified view of a 50 pm x 50 pm grid area
for better visibility of details.

For the m-step, the retrieved phase distribution g et (,y), Fig. 2.14(b), was
obtained using a plane-phase-front initial guess, and clearly shows the expected
step behavior in the retrieved phase (¢g vet(x, y) = —0.57 for the left half, and
©oret(T,y) ~ +0.57 on the right half of the spot). The measured magnitude
|Eo(x,y)| = \/Io(w,y) at the first image plane, Fig. 2.14(a), and the retrieved
phase distribution, Fig. 2.14(b), are combined to a complex field. This field is
propagated to predict the magnitude at a distance z = zg + 20 pm, Fig. 2.14(c),

29 The focal position zyjgual Where the last part of the printed structure appears sharpest can be
visually determined with an uncertainty of +1 pm based on the experimental setup in Fig. 2.12.
The position of the first image is chosen to be zo = zyisual + 2 1m, to prevent that z accidentally
still lies within the structure.
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and compared to actual measurement, Fig. 2.14(d). A great similarity is found,
proving the consistency of the method*°.
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Fig. 2.14: Phase retrieval results for the 7-step sample, Fig. 2.13(a), using the algorithm illustrated
in Fig. 2.11. The fiber is fed by a laser at 1550 nm from the remote end, and images are recorded at
various focal planes covering an axial distance of 60 pm. (a) Magnitude { Eoy(z, y)| = Io(z,y)
derived from the measured intensity distribution Iy (z, y) at the plane z = z right after the printed
structure. The dashed white line indicates a lateral decay of the field magnitude by 1/e, i.e., an
intensity decay by 1/e2. (b) Retrieved phase distribution g ret(,y) at the plane z = zg. A
plane-phase-front initial guess was used. (c) Propagated field at the plane z = zg + 20 pm, based on
the measured magnitude at z = zg, Subfigure (a), and on the retrieved phase at z = zq, Subfigure (b).
(d) Magnitude from measured intensity distribution at the plane z = zp + 20pm. We find the
expected step in the retrieved phase and a great similarity between measured and propagated intensity
distributions at each of the recorded image planes, proving the consistency of the method.

30" Corresponding comparison images for the other measured planes are omitted for brevity.
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For the spiral phase plate, a plane-phase-front initial guess does not work?!. Using
various ideal OAM phase distributions as initial guesses furthermore leads to
different results, depending on the assumed order. However, the divergence of
OAM beams depends on the order [94]. The algorithm can therefore test different
ideal OAM initial guesses and "pick" the correct one by comparing the residual
errors according to Eq. (2.27) after a few pilot iterations. Figure 2.15(b) shows
the final retrieved phase distribution based on this premise. As before, this phase
distribution is again used to compute a propagated field. The predicted magnitude
at the plane z = 2y + 20 um, Fig. 2.15(c), is compared to the actual measurement,
Fig. 2.15(d), and a great similarity is again found.

Note that various related publications escaped the author’s attention in a first
literature search. The modified phase retrieval method has hence been developed
independently. Individual contributing ideas are however also found in various
slightly different combinations and contexts in existing literature. We therefore
end this section with a short literature survey. The inclusion of data from multiple
planes for phase retrieval has previously been proposed by [95], [96], and [97].
The propagation scheme in this work is identical to the one in [95], while [96]
uses a "circular" propagation scheme of the form zg — 21 — ... — 2, = 20 ...
(again with replacements of the magnitude at each plane). A direct optimization
of the phase distribution using a nonlinear gradient optimization method has been
proposed in [97]. The associated gradients are computed efficiently by making
use of both forward propagations (z9g — 21;20 — 22;...;20 — Zm) as well
as backward propagations (21 — zp;22 — 20;...;2m — 20). Employing the
angular spectrum method according to Egs. (2.12) and (2.15) for the propagation
is proposed in [97, 98] as well. However all preceding publications only show
simulations and charaterizations of macroscopic low numerical-aperture®? beams.

3 This is not surprising considering symmetry arguments. An ideal OAM beam possesses an

azimuthally symmetric intensity distribution. The phase distribution however only satisfies an
azimuthal consistency condition, but is not symmetric.

32 Divergence angles of 0.6° in [97, 98], as opposed to 5.4° from an SMF at a wavlength of 1550 nm
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Fig. 2.15: Phase retrieval results for the spiral phase plate sample, Fig. 2.13(b), using the algorithm
illustrated in Fig. 2.11. The fiber is fed by a laser at 1550 nm from the remote end, and images are
recorded at various focal planes covering an axial distance of 60 pm. (a) Magnitude|E0(ac, y)} =
v/Io(z,y) derived from the measured intensity distribution I (x, y) at the plane z = zg right after
the printed structure. The dashed white line indicates a lateral decay of the field magnitude by 1/e,
i.e., an intensity decay by 1/e2. (b) Retrieved phase distribution ¢q ret (, ¥) at the plane z = zo.
For such an orbital angular momentum (OAM) beam, a plane-phase-front initial guess does not work.
Instead, the algorithm was provided with a set of ideal OAM phase distributions of various orders as
initial guess, and the correct one was "picked", based on comparison of residual errors according to
Eq. (2.27) after a few pilot iterations. (c) Propagated field at the plane z = zg + 20 pm, based on
the measured magnitude at z = 2o, Subfigure (a), and on the retrieved phase at z = zq, Subfigure (b).
(d) Magnitude from measured intensity distribution at the plane z = zp + 20 pym. We find the
expected spiral behavior in the retrieved phase and a great similarity between measured and propagated
intensity distributions at each of the recorded image planes, proving the consistency of the method.

2.3.2 Influence of immersion on mode fields and on
mode-field measurements

The characterization of small mode fields of integrated devices with mode-field

diameters (MFD) well below 3 j1m needs to consider the influence of the immersion
medium, i.e, the medium into which the optical facet is embedded, as well as
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the influence of the microscopy-based observation system used for measuring the
mode field, e.g., as illustrated in Fig. 2.12. The following discussion contains a
quantitative study.

The first important notion is that the relevant mode field is an aperture field and
not a near field, i.e., the MFD relevant for coupling to waveguides and lenses
is the one related to propagating waves and does not include any evanescent
modes. However, the spatial frequencies associated with propagating waves
depend on the refractive index n of the surrounding medium. We therefore
carefully distinguish between three different MFD, denoted by the according
subscript. The first one, MFDyip, is the mode-field diameter of the on-chip
waveguides as, e.g., obtained by Eigenmode simulations. Waveguides with high
index contrast allow for small values of MFDi;,. An extreme example is given
by a silicon photonic (SiP) waveguide with refractive indices of ng; ~ 3.48 and
nsio, ~ 1.44 in the silicon core and the silicon oxide cladding, respectively. For
such waveguide, a typical value for MED ., is MED i, &~ 500 nm, measured
in the horizontal direction. We further consider a waveguide, ending directly at
the chip facet and emitting light directly in free space (refractive index n,;, = 1).
In this case, not all spatial frequencies associated with MEFDy,;;, propagate in air,
and the transition from chip to air acts as a spatial-frequency lowpass filter. The
mode-field diameter in air, MFD,;,, therefore becomes larger than the MEFD cpip.
For photonic wire bonds (PWB) and most facet-attached microlenses (FaML)
the polymerized photoresist (refractive index n,esist = 1.53) is in direct contact
with the device facet. Again, not all spatial frequencies associated with MED i,
propagate in resist, leading to yet another mode-field diameter MF D, g;s¢ in resist.

However, because n,j; < nNyesist, the effect is less strong in resist than in air,
i.e., MFD,j; > MFD,egist > MFDeyip, for strongly guiding high-index contrast
waveguides. Clearly, MFD, 45 1S the relevant mode-field diameter for the design
of PWB and FaML. However, typical mode-field measurements are conducted in
air. Measurement in immersion with the same refractive index as the photoresist
material are particularly cumbersome with the current horizontal measurement
setup, Fig. 2.12, which facilitates contacting of unpackaged devices.
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2 Theoretical and technological background

Using microscopy-based observation systems for mode-field measurements fur-
ther introduces an additional observation error due to the limited numerical
aperture (NA) of the microscope objective. The observed mode-field diam-
eter in air, MFD,g air, represents a fourth value which may be even larger,
MFDgps,air > MFDg,ir > MFDyegist > MFDepip, due to the low-pass charac-
teristics of the microscope objective. To deduce the relevant mode-field diameter
MEFED,.cgist from the values MFD,;, in air, and from non-ideal measurements with
given objective numerical aperture (MEFDgp air), the following simple numerical
study is conducted, see Fig. 2.16 and 2.17.

The integrated devices of interest either emit or are operated with coherent laser
light. Therefore, complex electric fields are considered in the following. Within the
simple numerical study, we assume monochromatic light with vacuum wavenumber
ko, principal propagation direction z and a scalar complex amplitude E(x,y) of
the electric field, which stands for the complex amplitude of the dominant vectorial
component. We start with an on-chip field distribution £, (z,y) right before
the facet, as shown exemplarily in Panel (i) of Fig. 2.16 using a round Gaussian
mode field with MEDyip = 1.0 pm. We assume that this field distribution acts as
a source’ for emission into the half-space following the facet. We then compute
the two-dimensional (spatial) Fourier transform

Echip(kw’ ky) = ]:wy{Echip (.’I}, y)} ’ (229)

visualized in Panel (ii) of Fig. 2.16. The spatial-frequency lowpass filtering when
transitioning from the chip into a medium with refractive index n is performed
by multiplying with the appropriate amplitude transfer function #(k,, k). The

33 Note that the effective source field might differ from the eigenmode of the on-chip waveguide
due to scattering and back-reflection at the waveguide facet. This aspect is subject to ongoing
investigation.
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Fig. 2.16: Illustration of the numerical procedure for deducing the relevant mode-field diameter in
resist from ideal and non-ideal measurements in air. Simulations are exemplarily shown for a round
Gaussian mode field with MFD 5, = 1.0 pm at a wavelength of A = 1.55 ym. (i) Scalar complex
amplitude Echlp(T y) of the on-chip electric field right before the facet. (ii) A two dimensional
(spatial) Fourier transform Edup(kpm ky) = Foy{Ecpip(2,y)} is computed. Spatial frequency
filtering is applied by multiplication of an amplitude transfer function H(k., ky ), Eq. (2.30), which
sets the values outside a respective circle to zero. The dashed lines indicate the corresponding circle
sizes for the transition from chip to resist (largest circle, nyesist = 1.53), for the transition from chip
to air (intermediate circle, n,;, = 1), and for the observation in air with a limited NA (smallest circle,
Nair = 1, NA = 0.8) according to Eq. (2.31) and Eq. (2.33), respectively. (iii) Subsequent Fourier
back-transform, Eq. (2.32), leads to the resulting complex amplitude E .., (¢, y), from which the
respective mode-field diameter is derived. As an example, the color plot depicts the field distribution
for propagating fields in air. (iv) Alternative computation route, Eq. (2.34). The complex field
E i (,y) is convolved (*) with the (inverse) Fourier transform ]{;yl {H(kz, ky)} of the amplitude
transfer function, see Eq. (2.35), again exemplarily shown for the case of propagating fields in air.

transfer function is unity within a circle with radius corresponding to the maximum
allowed spatial frequency kp,ax(n) = nko, and zero outside, i.e.,

VE: Ak 1 if k2 + k2 < Emax
H(ky, ky) = circ y' ¢ (n) (2.30)

Kmax(n) 0 else
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where
kmax(n) = nko, (2.31)

indicated in Panel (ii) of Fig. 2.16 as largest dashed circle for transition to photoresist
(nresist = 1.53) and as intermediate-sized dashed circle for transition to air
(nair = 1), both for a wavelength of A = 1.55um. Subsequent Fourier back-
transform leads to the the resulting complex amplitude £, (z,v),

Ereaute(,9) = Fi) { Banip s by H(ko ) | 232)

and the resulting mode-field diameter is found from the magnitude (squared) of the
resulting complex amplitude. As an example, Panel (iii) of Fig. 2.16 depicts the
field distribution comprising only those plane-wave components that can propagate
in air. The observation through a microscope objective is additionally affected by
the maximum acceptance angle 6,,,,x of the objective. For simplicity, we assume
a rectangular angular transmission curve of the objective, i.e., unity transmission
up to a maximum acceptance angle of 6, that is measured with respect to the
optical axis, and no transmission beyond 6,,,x. The maximum acceptance angle
Omax corresponds to a maximum spatial frequency in the transverse direction,
Kkmax = Nairko sin @max, that can be captured by the objective. To find the
observed mode-field diameter MED,y air, Wwe hence simply replace Eq. (2.31)
with

kmax = Mairko Sin Opay , (2.33)
indicated in Panel (ii) of Fig. 2.16 by the smallest dashed circle, shown for an
expemplary value of n,;, sin 0, = NA = 0.8. As an alternative computation
route, visualized in Panel (iv) of Fig. 2.16, one might also convolve the complex

field E .y, (2, y) with the (inverse) Fourier transform F ' {# (k.,k,)} of the
amplitude transfer function,

Eresult (:C, y) = Echip (.’K, y) * f:;yl {H(kra ky)} ) (234)
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where

Jl <kmax V -TQ + y2)
/22 + 2 ’

In this relation J; (+) denotes the first-order Bessel function of the first kind. The

depicted function in Panel (iv) of Fig. 2.16 again exemplarily corresponds to the

F;yl{?—l(kz, ky)} =

(2.35)

case of propagating fields in air at a wavelength of A = 1.55 pm.

A frequently encountered, but conceptually erroneous and practically unprecise
deconvolution procedure for microscopy-based measurement of small mode fields
uses a value MFDpgr obtained from an approximately Gaussian intensity point
spread function of the microscope objective, and assumes that

air

MFDobs,air = \/MFD2 + MFDIZ:»SF 5 (236)

based on the notion that the convolution of two (approximatively) Gaussian
distributions yield another (approximatively) Gaussian distribution, where the
variances of the distributions add up. However, such approach, in particular the
direct calculation using the widths of infensity distributions, is only valid for
incoherent image formation and therefore not applicable in this context. Note
further, that the function in Eq. (2.35), colloquially referred to as "mexican hat"
or "sombrero"-function, cannot be well approximated by a Gaussian distribution.
It takes on negative values, which leads to a less pronounced widening of the
observed spot upon convolution, in comparison to a convolution with a Gaussian
distribution which approximates the center part of the "sombrero". Equation (2.36)
therefore overestimates the impact of observation with a finite-aperture objective.
However, by erroneously applying Eq. (2.36) and by simultaneously neglecting the
influence of the fact that different immersion media are used during measurement

34 To highlight the difference between coherent and incoherent imaging, we specifically consider
a round Gaussian spot with MFD,;, = 2.5pm. At a wavelength of A = 1.55pm, the
corresponding asymptotic divergence angle is approximately 04;, ~ 23°, which fits well into the
acceptance angle of an objective with NA = 0.8, Oimax & 53° in air. For coherent imaging, the
observed spot size therefore widenes hardly, MF D, g, air & 2.54 1m. However, Eq. (2.36) with
a value of MFDpgr ~ 1.6 pm would predict a spot size of MFDgpg air & 3 pm.
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and during operation of the device, one commits a double mistake, where the two
mistakes at least partially compensate each other.

To establish a numerical relationship for various mode-field diameter values, see
Fig. 2.17, we again assume a round Gaussian on-chip mode field. We sweep
the value of MFD.y;, and calculate the resulting MFD values according to the
procedure described in Fig. 2.16. The results are shown in Fig. 2.17(a). The black
curve indicates the values of MF D, ¢gist in resist (npesist = 1.53). The red one
shows the values of MFD,;, in air. The values MEFD,y i, for an observation in
air are depicted for an objective with NA of 0.8 (solid blue line), and for a slightly
worse performing objective (NA = 0.65, dashed blue line). The direct comparison
between MED, ist and MEFD,g i, is shown in Fig. 2.17(c). Obviously, the MFD
in resist and air are equal for large MFD. For very small MFD, the ratio of
MFDyesist/MFD,;, approaches the refractive index nyesist- This can be easily
understood by looking at the procedure in Fig. 2.16 for the limit, where the on-chip
field distribution approaches a delta distribution 6(x, y). In this case, the spectrum
is uniform over the (x, y)-plane, and the resulting fields correspond to the (inverse)
Fourier transform of the respective circular transfer function, Eq. (2.35). With

r = /22 + y2 we thus find

E oo (T, y) o J1 (nkor) = nko Ji (nkor) ~ J1 (nkor)
r

nkor nkor (2.37)
where n = ng;; = 1 in air, respectively n = nypesist in photoresist. The re-
sulting field distribution is hence n,esist-times wider in photoresist than in air.
However, many chips employ tapered spot-size converters for edge coupling, lead-
ing to resulting mode-fields which can neither be considered sufficently large,
nor a good approximation of a delta distribution. Therefore, a detailed calcu-
lation such as the present one is required. Finally, Fig. 2.17(c) shows the ratio
MFED;esist/MEFDgbs air as function of MFDgps air Observed in air. The solid and
the dashed line again show the case for NA = 0.8 and NA = (.65, respectively.
For any practical observation MFD,ps i in air, the relevant value for MFD,egist
is simply found by dividing by the depicted ratio.
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Fig. 2.17: Numerical relationship between the various mode-field diameters MF Dy, MFDyegist
and MFD,ps air- (@) The on-chip mode-field diameter MEFDy,;p, is swept, and the resulting MFD
are calculated according to the procedure described in Fig. 2.16. The black curve indicates the
values of MFD,qgist in resist (npesist = 1.53). The red one shows the values of MFD;, in
air. The values MFD, g air for an observation in air are depicted for an objective with NA of
0.8 (solid blue line), and for a slightly worse performing objective (NA = 0.65, dashed blue line).
(b) Ratio MFD,esist /MFD,;; as function of MFD,;,. The MFD in resist and air are equal for
large MFD, and the ratio approaches the refractive index nyegist for very small MFD. (c) Ratio
MFDesist /MFDghsg, air as function of MFDgpg iy Observed in air. The solid and the dashed line
again show the case for NA = 0.8 and NA = 0.65, respectively.
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Above calculations are based on a series of simplifications. Realistic objectives
do not possess a rectangular angular transmission curve and the microscope’s
amplitude transfer function H(k,, k) should thus be derived from measurement
instead. For observation of laser emission, a coherent image is formed based on the
convolution of the amplitude point-spread function with the complex mode field.
The correct coherent deconvolution requires knowledge of the phase distribution of
the field under observation. However, a phase retrieval algorithm based on observed
intensities as described in Section 2.3.1 is inherently inaccurate, if no deconvolution
technique is applied beforehand. Phase retrieval and deconvolution must therefore
be considered in a joint algorithm and cannot be separated. Typical semiconductor
laser emission is furthermore polarized. The polarization dependent shape of
the PSF of a high numerical aperture objective [62] thus needs to be considered.
Finally, diffraction of linearly polarized light from a tiny circular aperture does not
lead to an isotropic radiation when considering the vectorial nature of light [99]. A
correct modeling of the last aspect is obviously beyond the capabilities of simple
scalar methods.
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This chapter reports on a new class of hybrid external-cavity laser (ECL), that
relies on a photonic wire bond (PWB) to connect an InP gain element to an external
feedback circuit on a silicon photonic (SiP) chip. It has been published in Scientific
Reports [J1]. The material from the publication has been adapted to comply with
the layout and the structure of this thesis. Associated supplementary information
can be found in Supplementary Section A.

Note that Pascal Maier and the author of this dissertation contributed equally to
this publication. A large part of the experimental results were obtained during the
Master’s thesis of Pascal Maier, supervised by the author. The experiments were
conceived by Pascal Maier, Matthias Blaicher, Wladislaw Hartmann, Christian
Koos and the author. Matthias Blaicher and the author developed the advanced
lithography tools required for precise fabrication of the PWB at device facets.
Preliminary experiments were conducted by the author. The final ECL module
was jointly fabricated by Pascal Maier and the author, supported by discussions
with Muhammad Rodlin Billah. The layout of the SiP chip was done by Wladislaw
Hartmann. Philipp-Immanuel Dietrich provided the photoresist used in the ex-
periment. The associated device characterization and demonstration experiments
were executed and evaluated by Pascal Maier and the author, with the help of
Pablo Marin-Palomo for the linewidth measurements and Huanfa Peng for the
RIN measurements. The study of nonlinear effects in the external cavity circuit as
well as the theoretical analysis of the ECL linewidth were performed by the author.
Yiyang Bao helped with the automation of the ECL tuning, and Stefan Singer
contributed the reference measurement for nonlinear losses in SiP waveguides. Ute
Troppenz and Martin Mohrle contributed the InP-based components. All authors
discussed the data. The project was supervised by Wolfgang Freude, Sebastian
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Randel, and Christian Koos. The author wrote the manuscript with support by
Pascal Maier, Wolfgang Freude and Christian Koos. The manuscript is partially
based on the prior conference contribution [C1] to OFC 2020.

[Beginning of paper [J1]. This article is licensed under a Creative Commons
Attribution 4.0 International License. |

Hybrid external-cavity lasers (ECL) using photonic wire bonds as coupling
elements

Scientific Reports, Volume 11, Article number 16426 (2021)
https://doi.org/10.1038/s41598-021-95981-w

Yilin Xu!-%*, Pascal Maier'->", Matthias Blaicher!-2, Philipp-Immanuel Dietrich!-23,
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Combining semiconductor optical amplifiers (SOA) on direct-bandgap III-V sub-
strates with low-loss silicon or silicon-nitride photonic integrated circuits (PIC)
has been key to chip-scale external-cavity lasers (ECL) that offer wideband tun-
ability along with small optical linewidths. However, fabrication of such devices
still relies on technologically demanding monolithic integration of heterogeneous
material systems or requires costly high-precision package-level assembly, often
based on active alignment, to achieve low-loss coupling between the SOA and
the external feedback circuits. In this paper, we demonstrate a novel class of
hybrid ECL that overcome these limitations by exploiting 3D-printed photonic
wire bonds as intra-cavity coupling elements. Photonic wire bonds can be written
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in-situ in a fully automated process with shapes adapted to the mode-field sizes
and the positions of the chips at both ends, thereby providing low-loss coupling
even in presence of limited placement accuracy. In a proof-of-concept experi-
ment, we use an InP-based reflective SOA (RSOA) along with a silicon photonic
external feedback circuit and demonstrate a single-mode tuning range from 1515
to 1565 nm along with side mode suppression ratios above 40 dB and intrinsic
linewidths down to 105 kHz. Our approach combines the scalability advantages of
monolithic integration with the performance and flexibility of hybrid multi-chip
assemblies and may thus open a path towards integrated ECL on a wide variety of
integration platforms.

3.1 Introduction

Tunable semiconductor lasers are key building blocks of integrated optics. Among
the various approaches, external-cavity lasers (ECL) are particularly promising,
combining direct-bandgap III-V materials that offer broadband optical gain with
passive external feedback circuits that may be tuned over a wide wavelength range.
The feedback circuits may be realized on advanced photonic integration platforms
such as silicon photonics (SiP) [100—107] or silicon nitride [19, 108—110], thereby
offering a direct route towards efficient co-integration of the ECL with other highly
functional building blocks. Recent demonstrations of integrated ECL rely on two
main approaches: heterogeneous integration [101-103, 110, 111], where dies
of III-V gain materials are bonded onto passive waveguides for further front-
end of line (FEOL) processing on a wafer scale, or hybrid integration, where
readily processed III-V semiconductor optical amplifiers (SOA) are attached to
passive feedback circuits in a back-end of line (BEOL) assembly process [19,
104-109, 112]. While heterogeneous integration paves a path towards highly
scalable production using, e.g., advanced micro-transfer printing processes [111,
113-115], the associated technical complexity is still considerable. In particular,
ultra-clean and extremely smooth surfaces are required, along with precise control
over materials and environmental conditions [25]. Moreover, heterogeneous
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integration makes it difficult to test individual components prior to integration into
more complex systems and hence requires tight process control to maintain high
yield. Consequently, this approach is mainly suited for high-volume applications
that justify the associated technological overhead. In addition, heterogeneously
integrated optical gain material may consume considerable space on the SiP chip,
and heat sinking is challenging due to the high thermal resistance of the III-V-to-Si
bonding layer and the buried oxide [116]. Hybrid integration, in contrast, can
overcome these limitations, is non-invasive to the front-end fabrication process
flow of the passive external-cavity circuit [117], and can thus be applied to a wide
range of integration platforms such as SiP [104—107], silicon nitride [19, 108, 109],
or planar lightwave circuits (PLC) [106, 112]. However, the concept crucially
relies on high-precision assembly with tolerances in the lower micrometer or even
sub-micrometer range, often requiring slow and expensive [118] active alignment
techniques to achieve low-loss coupling. Scalability to high production volumes
is therefore limited.

In this paper, we demonstrate a new class of hybrid external-cavity lasers (ECL)
that do not require any high-precision alignment techniques. Instead, the devices
rely on 3D-printed polymer waveguides, so-called photonic wire bonds (PWB) [33,
34, 119], that connect the active III-V gain die to an external feedback circuit on
a SiP chip. In this approach, the shape of the PWB can be adapted to the actual
positions of the chip facets at both ends, thereby compensating for placement
inaccuracies. In a proof-of-concept experiment, we demonstrate a hybrid ECL
with a tuning range of more than 50 nm, a side mode suppression ratio (SMSR)
above 40dB, and an intrinsic linewidth of 105kHz. The process of photonic
wire bonding can be efficiently automated and allows to connect photonic dies
with vastly different mode-field sizes, thereby making the concept compatible
with a wide range of integration platforms. We believe that our approach has the
potential to offer a route towards advanced ECL that combine the flexibility of
hybrid integration with the scalability of waver-level heterogeneous integration
concepts.

62



3.1 Introduction

'X0q SuIpunoq par e £q payIeul SIJndIr AJABI-[BUI)XS 3Y) JO Jaed Juead[ar ayJ,

*(on1q 131y powrery) diyod JIs :9p1s puey-1ySLI (YOSY JUI :OPTS PUBY-1JOT "99TAP PAquIdsse ) Jo oFewrt 2doosoIdrA (9)  Ayrorjduurs 1oy a1oy

panIwo sem (&) aInsyqng ur umoys Jo[dnod Juneis pajerdosse y) pue ‘pajoduuodun 3Jof 9q odrourid ur snyy ued NN ¢ X g 9y Jo 1od ndur
puey-}jo1 Jomoy oy, ‘Toxrw doof oeuSes € 0) ATE[TWIS SABYIQ JINOIID Jorqpasf oY) Jey) yons ‘Teoordroal 9q 0) pownsse 9q ued SSULT JOTUIOA
papeosed oy ey 20N “wu OQT Jo sded Surdnoo yum pue () wil 19 = &7 pue (1Y) wilgg = (7 s1owerp yim uonemsyuod doip-ppe
ul 7y pue [ sIojeuosal SuLl R1uwIdA po[dnos AfjesrnowwAs om) £q papiaoid st A11A1309[9s Aouanbal] 21njonns yoeqpad) 2ANI9[s-Aouanbaiy
9[qeuny e pue (zoun) aseyd Ayaeo) aseyd Ayiaeo-enur oy unsnlpe 1oy 10)j1ys aseyd padeys-ferids Suol-wtl 0G¢ e sestidwod (anfq 1ysI| ur pawey)
JINDIIO KJARD-[BUI)IXA IS U], (9G'T = u Xopul aanoesjar) rowAkjod 01 10adsar yirm pajeod-(Yy)-uondepgai-nue pue (.6 9[Sue 3[1) pajSue s
J0BJ JUOIJ AU, "J0BJ YOrq I I8 Suneod (YH) ANandepgar-ysiy e yym paddmba st yOSY Suor-wirl 009 9y, ‘uonensuowap 3daduod-jo-joord
INO JOJ PIZI[eal AJIAP A} JO S)O0[q Surp[ing (q) “Uls Jeay JUSIOLJS U Sk $)o8 A[SNOQUEBI[NWIS Jey) JUNOWqNS [BJOW B UO J[INQG SI A[qUIISSE
AU, “}INOIIO JorqpasJ AJIABD-TEUINNXD JIS Y3 03 VOSY Y JO 10€] 9y} S109ut0d (3osu] 998 ‘gMd) puoq axm oruojoyd vy -dryo (J1S) oruojoyd
UODI[IS B UO JINDIIO YOrqPaJ d[qeun) A[[RULIdY) B 0} Pajoduuod s eyl (VOSY) Joyijdwe [eondo 101onpuodruas 9A199aI paseq-Ju] Ue JO S)SISU0d
201A9p 2y, :3doouo)) (e)  Judwile Surjdnod Ayaeo-enur se (g Md) puoq 211m druojoyd e yim TDH PLIqAY e Jo uonezifeal pue 3doouo)) :1°¢ ‘81

diyo dis A0
R
amd
Jaum VOSY du1
aseyd
fanes v HH

junowqng a MM (@

puoq aJm
o1uojoyd

63



3 Hybrid external-cavity lasers

3.2 Results and discussion

3.2.1 Device concept

The concept of a hybrid ECL with a photonic wire bond (PWB) as chip-to-chip
coupling element is shown in Fig. 3.1. The device consists of an InP-based
reflective semiconductor optical amplifier (RSOA) that is coupled to a thermally
tunable feedback circuit on a silicon photonic (SiP) chip, see Fig. 3.1(a). The 3D-
printed PWB shown in the Inset of Fig. 3.1(a) allows to connect the edge-emitting
RSOA to an adiabatic downtapered strip waveguide [34] on the surface of the SiP
chip — without the need for any high-precision assembly techniques. The RSOA
can be directly mounted onto a metal heat sink, thereby ensuring efficient cooling
of the device. A more detailed description of the assembly built in the course
of our experiments is given in Fig. 3.1(b). The RSOA is 600 pm long and has a
high-reflectivity (HR) coating at the back facet, while the front facet is angled and
coated with an anti-reflection (AR) layer. The external-cavity circuit on the SiP
chip consists of a 2.2 mm-long strip waveguide (WGQ), that includes a 350 pm-long
thermally tunable spiral-shaped phase-shifter for adjusting the cavity phase, and
of a tunable frequency-selective feedback structure. The feedback structure relies
on a Vernier pair of thermally tunable ring resonators R1 and R2 in add-drop
configuration, where each ring is coupled to two bus waveguides. A multi-mode
interference (MMI) coupler is used to split and combine the signals propagating
through the feedback structure. The silicon chip was fabricated in a standard
silicon photonics process using 248 nm deep-UV lithography. Figure 3.1(c) shows
a top view of the fabricated ECL assembly. Compared to the InP RSOA, the
relevant part of the external-cavity circuit, marked by a red bounding box, is rather
small.

3.2.2 Component characterization

To fully evaluate our integration concept, all components of the ECL are indi-
vidually characterized prior to assembly. The ability to start the assembly from
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fully characterized knowngood components highlights one of the key advantages
of our hybrid approach as compared to heterogeneous integration concepts. The
following sections describe the measured performance of the RSOA and of the
feedback circuit.

RSOA. The 600 pm long C-band RSOA has a back facet with a HR coating (90%
reflectivity with respect to air) and an angled front facet (9°) with AR coating
designed for emission into polymer (n = 1.56). The typical measured input/output
power characteristics and gain spectra for different currents are shown in Fig. 3.2.
All power levels refer to the on-chip power. At a bias current of 100 mA, the
saturation output power, defined by a gain compression of 3dB, is 12.5dBm,
Fig. 3.2(a), while the near-maximum small-signal gain at A = 1550 nm is 23 dB,
Fig. 3.2(b). All measurements were taken using a lensed fiber. Separate reference
measurements were performed to correct for the coupling loss of the lensed fiber,
see Supplementary Section A.1 for details on the RSOA characterization. Note
that the data shown in Fig. 3.2(a,b) was taken from two distinct devices with
nominally identical parameters, fabricated on the same wafer.

Feedback circuit. Frequency selective optical feedback is provided by two sym-
metrically coupled Vernier ring resonators R1 and R2 in add-drop configuration
with diameters 62 m (R1) and 67 pm (R2), see Fig. 3.1(b). For stand-alone
ring resonators, asymmetric coupling can be used to achieve critical coupling
when sending light through one of the bus waveguides. In contrast to this, our
devices rely on symmetrical coupling, because light is sent into the ring simulta-
neously from the top and bottom waveguide. Both rings have equal waveguide
crosssections, therefore identical propagation constants, and slightly different free
spectral ranges (FSR). The individual ring resonators are characterized by through-
port power-transmission measurements via grating couplers GC 1 and GC 3, see
Fig. 3.1(b) and Supplementary Section A.2. The measured data are then fit by a
model according to Supplementary Eq. (A.2). At a wavelength of 1550 nm, we
extract FSR of 368.2 GHz and 340.7 GHz for R1 and R2, respectively, along with
approximately equal Q-factors of roughly 28 000 for the coupled resonators. The
complete set of fitted parameters is given in Supplementary Section A.2.

65



3 Hybrid external-cavity lasers

N
o

12.5

N
o

On-chip output power [dBm] E

-30 -20 -10 0 10
Chip-coupled input power [dBm)]

T,
it T,
et r‘:\“l‘h'l:\!l‘”:”\!Ihllh””l\NINMUy )
Y
I Wy
20 H“M.H;“‘;.:
e W
TSGR 1
T AL
I

I=100mA

M
gy
i

It
il

T
LIy
] Iy
TR
T

Estimated gain [dB]
o

1=20mA

5 | ‘ ‘ ; l |
1530 1540 1550 1560 1570 1580 1590 1600
Wavelength A [nm]

Fig. 3.2: RSOA characterization. (a) Typical on-chip output power vs. chip-coupled input power for
various injection currents I. In the experiment, the device was tested with 12 discrete input power
levels — for the sake of readability, the corresponding measurement points are indicated for the curve
I = 20mA only. At a bias current of 100 mA, the saturation output power, defined by a 3 dB gain
compression, amounts to 12.5dBm. Inset: Simplified sketch of the underlying experimental setup,
consisting of a tunable laser source (TLS), an optical circulator, and an optical spectrum analyzer (OSA).
Details of the data evaluation can be found in Supplementary Section A.1. (b) Typical RSOA gain
as a function of wavelength for various injection currents /. The ripples stem from reflections at the
facets of the 600 pm-long RSOA waveguide and have a periodicity of 73 GHz. Note that the ripple
height does not only depend on the gain, but also exhibits a wavelength dependence. We attribute this
to the residual reflectivity of the anti-reflection (AR) coating on the front facet of the RSOA, which was
designed for coupling to polymer with a refractive index of 1.56 and which leads to stronger residual
reflections when operating the device in air as in this experiment. The residual reflectivity of the AR
coating reaches a minimum at around 1530 nm, leading to an effective suppression of ripples at this
wavelength, despite the comparatively high gain. Towards bigger wavelengths, the ripples naturally
reduce with gain. At a bias current of 100 mA, the near-maximum small-signal gain at A = 1550 nm
amounts to 23 dB. Note that the measurement data shown in Subfigure (a) and (b) was taken from two
distinct devices with nominally identical parameters, fabricated on the same wafer.
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3.2 Results and discussion

The two rings of slightly different FSR form a Vernier pair such that the external-
cavity circuit offers significant optical feedback only if two ring resonances coincide
sufficiently well. To quantify the frequency-selective feedback, we calculate the
drop-port transmission of each individual ring, indicated in blue and orange in
Fig. 3.3(a) and in the associated Inset. To this end, we use Eq. (A.5) along with
the fit values from the previous through-port measurements for each individual
ring. For the plot in Fig. 3.3(a), we assume that the rings are tuned to maximum
transmission at the center wavelength of the gain spectrum, A = 1550 nm, such
that the calculated transmission resonances coincide at this wavelength. The
overall frequency-selective reflection results from multiplication of the individual
drop-port power transmission spectra and is shown in Fig. 3.3(b). The peak height
at the common resonance indicates the loss which occurs during propagation
through the pair of ring resonators. In our case, we find a value of 1.7 dB.

A key parameter of an ECL is the achievable frequency tuning range A fi,, for
emission into a single longitudinal mode. For feedback circuits based on Vernier
rings, a large A fi,, can be achieved without the need for exceedingly small ring
resonators, which would lead to increased bending loss and smaller Q-factors.
Nevertheless, A fi,, is usually limited by the finite Q factor of the rings and
the associated non-zero resonance widths, which can lead to significant optical
feedback even for an imperfect overlap of two closely spaced resonance peaks.
In combination with a spectrally non-uniform and possibly inhomogeneously
broadened gain spectrum, this feedback could allow lasing at an unwanted sec-
ondary longitudinal mode. We estimate a lower bound A f,,;, for the achievable
tuning range A fi,,, by calculating the spectral spacing between the strong main
reflection peak and the two most prominent side peaks that are most prone to
generate unwanted lasing modes, see Fig. 3.3(b). To this end, we use the so-called
tuning enhancement factor 7', which quantifies the increased tuning efficiency
of the Vernier rings in comparison to a single ring resonator. For the Vernier
pair, the difference in FSR is by far smaller than the FSR of each individual ring.
Hence, only a small refractive-index tuning is required to line up adjacent peaks.
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Fig. 3.3: Frequency-dependent reflection characteristics of the external-cavity circuit calculated with
the parameters extracted from through-measurement (GC 1 — GC 3), see Supplementary Section A.2.
(a) Drop-port transmission of the individual rings. (b) Overall reflection spectrum of the external-
cavity circuit. The main peak height indicates a minimum on-chip reflection loss of 1.7 dB, see
Inset. (c) Exemplary gain spectrum of the RSOA according to Fig. 3.2(b) for an injection current
of I = 20mA (blue line) with schematic resonance peaks (black lines) as in (b). The blue solid
line corresponds to measured values of the RSOA gain, whereas the blue dashed line is an estimated
extrapolation towards higher frequencies. The solid black lines indicate the strong main reflection
peak at the target frequency fo, which, for the depicted case, corresponds to the center frequency
(fe = 193.2 THz; A\c = 1550 nm) of the gain spectrum, along with the most prominent side peaks
that are most prone to unwanted lasing. The dotted black lines indicate the corresponding peaks after
adetuning by Af > A finin/2 where A finin =~ [T] X FSRa2, indicated by green arrows.
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3.2 Results and discussion

Compared to the refractive-index change required to tune a single ring across one
FSR, this corresponds to a tuning enhancement factor [120, 121] of

_ FSR,
~ AFSR’

AFSR = FSR; — FSRy > 0. 3.1

The tuning enhancement factor 7" is at the same time closely related to the frequency
spacing between the main reflection peak and the most prominent side peaks that
arise from nearly-overlapping resonances of the individual rings. Assuming that
the main peak consists of two perfectly aligned resonances at the target frequency
fo. the next side peaks would appear at fo = A fiin, Afmin = [T] X FSRy ~
[T — 1] x FSR4, where [.] denotes a rounding operation to the nearest integer, see
Fig. 3.3(c) and Supplementary Section A.3 for details. To simplify the estimation
of the achievable tuning range, we assume a homogeneous gain spectrum in the
following that is broad enough and thereby does not directly limit A fy,,. If the
target frequency fy is identical or close to the center frequency f. of the gain
spectrum, lasing will occur at fy only, because the side peaks experience less
gain as well as higher reflection loss, see Fig. 3.3(c). If the target frequency is
tuned away from the center of the gain spectrum, lasing may also occur at the side
peaks. Assuming that the gain spectrum is approximately symmetric with respect
to its center frequency f. and that the side peaks have the same height as the main
peak, a shift by +A f,.;, /2 would position two resonance peaks of equal height
symmetrically to the center frequency of the gain spectrum and would hence lead
to lasing in the first side peak. Under these simplifying assumptions, the minimum
tuning range would be slightly less than +A f;,, /2.

In our device, the side peaks of the reflection spectrum at fo + A fi,i,/2 are
about 10 dB lower than the main peak. In comparison to this, the gain roll-off
at fo + Afumin/2 is around 3dB only. We hence find a bigger tuning range,
A feun > A fimin. This is illustrated in Fig. 3.3(c), where the dotted lines indicate
a reflection spectrum which is shifted by Af > A fy,in /2. We confirm this aspect
experimentally: From the passive characterization of our device, we find 7' = 13.4
and A fin ~ 4.4 THz, corresponding to A\,;, ~ 35nm at a wavelength of
1.55 pm, while our experiments exhibit a single longitudinal lasing mode over a
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tuning range between 191.7 THz (1565 nm) and 198.0 THz (1515 nm), i.e., over
A fiun = 6.33 THz (AXtun = 50 nm), see Section 3.2.4 below.

3.2.3 Module assembly

For assembly, the RSOA is glued to a copper heat sink using thermally conductive
silverfilled glue (EPO-TEK H20E). The copper heat sink and the silicon chip
are then coarsely aligned to each other and glued to a common metal submount.
The submount contains a step that has been designed such that the chip surface
on the RSOA side is approximately 60-80 pm above the chip surface on the Si
side, which turned out to allow for a convenient 3D routing of the PWB. An
SEM picture of the fabricated PWB is shown in Fig. 3.4. The PWB trajectory
accounts for the chip positions and the oblique emission from the angled RSOA
facet. At the interface to the InP RSOA, the PWB comprises a taper with an initial
cross-section of 4 pm x 4 pm, matched to the mode-field diameter on the InP
side. This cross section is then linearly tapered to that of the freeform section of
the bond (2.4 pm x 2.0 pm). At the SiP chip, a polymer-to-silicon double-taper
transition [33, 34] connects the PWB to a standard SiP strip waveguide with
500 nm width and 220 nm height. This double taper contains a down-tapered
silicon waveguide with a tip width of 180 nm. An additional attachment structure,
depicted in red, is added on the RSOA facet for mechanical stability.

Figure 3.1(c) shows a microscope image of the fully assembled ECL module. Note
that the refractive index of the cured resist (n, = 1.53) does not perfectly match
the refractive index for which the AR-coating of the RSOA is designed (n = 1.56),
but the influence is negligible. We estimate a PWB loss of (2.1 & 0.2) dB from
amplified spontaneous emission (ASE) measurements before and after module
assembly, see Supplementary Section A.1 for details. The estimated PWB loss is
slightly higher than previously published results [33, 34], but is still on par with
many results demonstrated with butt coupling and active alignment [106, 107, 122].
We attribute the additional loss mainly to a non-optimum design of the inverse
taper on the SiP chip and to the fact that the waveguide was operated in air rather
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Fig. 3.4: False-colored SEM picture of the fabricated PWB between the InP RSOA and the SiP external
feedback circuit. The fabricated cross-section in each part of the PWB is indicated. On the InP side,
a taper (blue) is used to transform the mode field on the RSOA facet to that of the freeform PWB
connection. At the SiP chip, a polymer-to-silicon double-taper transition [33, 34] is used for efficient
connections. The blue rectangles indicate the cross sections at the respective positions along the
PWB trajectory. An additional attachment structure (red) is added on the RSOA facet for mechanical
stability. Alignment markers on the SiP chip facilitate exact localization of the coupling interface.

than in a low-index cladding, which would render the curved freeform connection
single mode and thus decrease the insertion loss. Note also that the design of the
taper towards the facet of the InP chip is based on a mode-field measurement of the
RSOA, which was performed using an infrared microscope with an air objective.
In contrast to this, the device is finally operated with the facet in direct contact
to the polymerized resist of the PWB, having a refractive index of n, = 1.53.
Since the mode field is of the order of the vacuum wavelength, the emission from
the RSOA facet might depend on the refractive index of the adjacent medium,
and the microscope images captured in air might lead to an over-estimation of
the mode-field diameter that is effective when the facet is in contact with resist.
This effect might be taken into account in the next device generation, e.g., by
performing the mode-field measurement under immersion. Another source of
additional loss is the fact that the relative position of the reference points on the
surface of the InP chip and the emission spot at the facet might be subject to
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tolerances due to finite overlay accuracy of the lithography layers used during chip
fabrication. For a batch of RSOA from the same chip, which should all be subject
to the same offset, this effect might be measured and taken into account during
PWB fabrication.

3.2.4 Functional demonstration and characterization

For demonstrating the functionality of the device, we select the ECL wavelength
by tuning the two ring resonators to a common resonance and by optimizing
the cavity phase for maximum output power at GC 1, see Fig. 3.1(b). Once the
appropriate tuning parameters are found, they can be stored in a look-up table for
later use and for rapid tuning, see Supplementary Section A.4. In a first step, we
tune the ECL to a wavelength of 1550 nm and measure the P-I-characteristics,
Fig. 3.5(a), where [ is the pump current and where P refers to the on-chip output
power in the bus waveguide between R2 and GC 4, see Fig. 3.1(b). The P-I-curve
does not exhibit any kinks that are typical signs of mode hops, even when leaving
the cavity phase tuner unchanged while ramping up the current to its final value
of 100 mA. Note, however, that such kink-free P-I-curves require proper initial
adjustment of the cavity phase tuner. These findings are in line with the existing
literature, where some integrated ECL exhibit mode hops when not adjusting the
phase [19, 102], while others do not shown any signs of mode hops over a large
range of drive currents [102, 104]. We believe that the occurrence of mode hops
depends strongly on the specific design of the RSOA, in particular the device
length, and on the pump current. Note also that our device is operated only up
to a rather modest pump current of 100 mA, limited by imperfect thermal contact
of the RSOA and the metal submount. From the measurement in Fig. 3.5(a),
we find a threshold pump current of 30 mA and a slope efficiency of 35 mW/A.
Note that our current device features four outputs (GC 1-4), Fig. 3.1(b). Using an
appropriate design, the emission can be concentrated to a single dominant port,
thereby increasing the output power as well as the slope efficiency.
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Fig. 3.5: Device characterization results. (a) P-I-curve recorded for lasing operation at 1550 nm. A
threshold current of 30 mA and slope efficiency of roughly 35 mW/A are found from the measurement.
The output power P refers to the on-chip power in the bus waveguide between R2 and GC4, see
Fig. 3.1(b).  (b) Superimposed lasing spectra recorded in steps of 5 nm within the single-mode tuning
range between 1515 and 1565 nm, covering the complete telecommunication C-band. The RSOA bias
current was adjusted for each operating point to maintain a constant output power level of 3dBm. We
verify longitudinal single-mode operation by observing the full emission spectrum across the entire
RSOA gain bandwidth, finding an SMSR that is consistently better than 40dB. (c¢) Tuning map of
the laser emission, indicating the heater powers of the rings R1 and R2 (blue and red crosses) and of
the cavity phase tuner (CPT, grey circles) to reach a certain target wavelength. For better visibility, we
only plot a small part of the overall tuning range. The fitted ramps (dotted lines) for the ring heater
powers serve as a guide to the eye. The vertical offset of the fitted ramps corresponds to twice the
m-power Pr of the respective ring heater, which is independently measured to be Pr r1 = 24.4mW
for R1 and Pr r1 = 24.1mW for R2, see Supplementary Section A.4.
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In a second step, we then record lasing spectra within the available tuning range,
which covers a bandwidth of A\, = 50 nm between 1515 and 1565 nm and thus
comprises the complete optical telecommunication C-band, see Fig. 3.5(b) for a
superposition of all recorded spectra. For simplicity, we choose wavelength steps
of 5 nm, and we verify longitudinal single-mode operation for each wavelength by
recording the full spectrum across the RSOA gain bandwidth. From these spectra,
we also extract the SMSR, which exceed 40 dB. The RSOA pump current was
chosen to be approximately 100 mA and was then fine-tuned for each operating
point to maintain an equal on-chip power level of around 3 dBm in the waveguide
leading to GC 1. Figure 3.5(c) shows a tuning map of the laser emission, indicating
the heater powers for the rings R1 and R2 (blue and red crosses) and for the cavity
phase tuner (CPT, grey circles) to reach a certain target wavelength. The fitted
ramps (dotted lines) for the ring heater powers serve as a guide to the eye. The
vertical offset of the fitted ramps corresponds to twice the m-power P, of the
respective ring heater, which is independently measured to be Py r; = 24.4mW
for R1 and P g1 = 24.1 mW for R2, see Supplementary Section A.4. Exploiting
the fact that all phase tuners have the same cross section and hence the same tuning
efficiency, we estimate a single-pass m-power of approximately P cpt = 24 mW
for the cavity phase tuner. Note that the heater power for the cavity phase tuner
(grey circles) in Fig. 3.5(c) does not follow a systematic trend but appears rather
random. This is due to the fact that the different emission wavelengths measured
for recording the tuning map correspond to different longitudinal modes of the laser
cavity. Note also that, for tuning one of the cavity modes to the targeted emission
wavelength, it is sufficient to operate the cavity phase tuner in a single-pass phase
shift range between 0 and 7.

All experiments were performed at room temperature, with the metal submount of
the multi-chip assembly placed on a vacuum chuck. Since this vacuum chuck is
rather massive, it maintains a constant temperature during operation of the device,
even without additional temperature control. Note that photonic wire bonds
have been demonstrated to be resilient with respect to temperature changes [33].
Assuming that the temperature-dependence of the RSOA gain and of the operating
points of the ring resonators can be accounted for by closed-loop wavelength- and
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power-control algorithms in combination with on-chip wavelength monitors [123,
124], we believe that the hybrid ECL may eventually be operated without active
temperature control of the package. In our experiments, the thermal coupling
between the RSOA and the submount leaves room for further improvement. With
proper thermal coupling, the device can be operated with a maximum current of
200 mA rather than the 100 mA used in our experiment, which leaves room for
further increasing the output power.

We further measure the phase-noise characteristics of the emitted laser line. To
this end, we use a setup similar to the one described in [125], which relies on
a heterodyne measurement technique [126]. In this approach, the output of the
ECL is superimposed with a narrow-linewidth local oscillator (LO) tone in a
90° optical hybrid, and the superimposed signals are then detected by a set of
balanced photodetectors and digitized with an oscilloscope. The measurements
are carried out at a tuned ECL wavelength close to 1550 nm, where the exact
operating point has been fine-tuned for minimum linewidth. The result of the
FM-noise spectrum calculation [126] is shown as a red trace in Fig. 3.6. The
intrinsic (Lorentzian) linewidth is obtained by first fitting a model function of
the form Sp(f) = So + S1f ! to the measured FM-noise spectrum. This leads
to Sy = 3.3 x 10* Hz and to a Lorentzian linewidth of §f = 7Sy ~ 105 kHz,
indicated by a dashed blue line in Fig. 3.6. We also measure the phase-noise
characteristics of the LO laser (Keysight N7714A) in an independent experiment,
where we superimpose the tones of two nominally identical LO lasers and extract
the FM noise spectrum of each of them, see black trace in Fig. 3.6. The FM
noise level of the LO laser lines is at least an order of magnitude below that of
the ECL-LO beat note, thereby confirming that the extracted Lorentzian linewidth
of 0 f = mSy ~ 105 kHz can indeed be attributed to the phase noise of the ECL.
To benchmark our measurement, we have theoretically estimated the linewidth
that could be expected based on the characteristics of the RSOA and the external
feedback circuit, see Supplementary Section A.6. The theoretical prediction and
the actually measured intrinsic line width are in reasonable agreement.

As another figure of merit, we tried to measure the relative intensity noise (RIN)
spectrum of our ECL. The sensitivity of this measurement, however, was limited by
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Fig. 3.6: FM-noise spectrum and linewidth measurement. The FM-noise spectrum of the ECL is
obtained through heterodyne detection with a narrow-band reference LO laser (Keysight N7714A)
and subsequent digital signal processing (red trace). The sampled time-domain waveform comprises
9 x 105 points, recorded at a sampling rate of 256 GSa/s. The spectrum is first smoothed by taking
a moving average over 50 neighboring points, and then fitted by a model function of the form
Sr(f) = So + S1f£~! (solid blue line). An instantaneous linewidth of §f = 7Sy ~ 105kHz is
extracted from the spectrally white part of the FM noise spectrum (dashed blue line). In an independent
experiment, we also superimpose the tones of two nominally identical LO lasers and extract the FM
noise spectrum for each of these lasers (black trace). This measurement confirms that the FM noise
level of the LO laser line is at least one order of magnitude below that of the ECL-LO beat note,
thereby supporting the assumption that the extracted Lorentzian linewidth of 105 kHz can indeed be
attributed to the phase noise of the ECL for the frequency range considered here.

the fact that the fiber-coupled output power of the device is rather low. Specifically,
as indicated in Fig. 3.1(a), our chip contains unnecessary 2x2 MMI before the
grating coupler outputs, which themselves feature coupling losses of at least 5 dB.
In addition, we used a fiber-coupled circulator with an additional loss of 1.5 dB to
avoid back-reflection of light from our measurement setup into the laser. These
additional losses limit the sensitivity of the RIN measurement to approximately
—140 dBc/Hz, dictated by the noise floor of our electrical spectrum analyzer
(Agilent N9030A). In our measured RIN spectrum, we do not find any peaks in the
RIN spectrum that exceed this limit and that could be an indication of reflections
from within or outside the laser cavity. Our findings are consistent with published
results on hybrid ECL [19, 109, 127], in which RIN levels below —140 dBc/Hz
have been regularly obtained.
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Note that the coupling losses between the InP gain chip and the SiP chip [34] as
well as the losses in the external-cavity circuit may be further reduced, thereby
leaving room for improving the emission power and the linewidth of the ECL. Still,
the performance of our current devices is already on par with that of previously
demonstrated hybrid ECL that combine standard SiP feedback circuits with InP
gain elements through active alignment [104, 106, 107]. Specifically, these
devices exhibit linewidths between 37 kHz and 27 MHz along with tuning ranges
between 35 and 95 nm and output powers between 0 and 13 dBm. Generally, the
performance of ECL can be improved by optimizing the external feedback circuit.
When it comes to linewidth, decreasing the propagation losses and thus increasing
the cavity Q-factors is key. On the silicon photonic platform, this can be achieved
by using, e.g., lowloss rib waveguides, which are obtained by partial etching of
rather thick silicon-on-insulator (SOI) device layers and which allow to reduce the
propagation losses down to 0.2 dB/cm. Since optical guidance in rib waveguides
is weaker than in the strip waveguides used in our device, the rings usually become
larger and the FSR reduces accordingly, which may be compensated by a third
ring to maintain wide-band tunability [102]. Using low-loss SiP rib waveguides in
combination with three-ring external cavity circuits, heterogeneously integrated
ECL with linewidth down to 220 Hz have been demonstrated [102], along with
tuning ranges of 110 nm. Even smaller linewidths down to 40 Hz can be achieved by
using ultra-low-loss silicon nitride (SiN) waveguides for the feedback circuit [109].
Exploiting the flexibility of the photonic wire bonding approach, the distinct
strengths of advanced SiP or SiN external-cavity circuits may be readily leveraged
without re-design of on-chip coupling interfaces.

When it comes to maximizing the output power, external feedback circuits based
on silicon photonic (SiP) waveguides face the problem of nonlinear loss due to
two-photon absorption (TPA) and subsequent free-carrier absorption (FCA), which
eventually limits the intra-cavity power and thereby the overall output power. In
fact, the power levels found in our device are already in a regime where nonlinear
losses such as TPA and TPA-induced FCA in the rings play a role, see Supple-
mentary Section A.5 for a more detailed analysis. This problem can be overcome
by using SiN-based feedback circuits, which have led to hybrid ECL that exploit
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two intra-cavity gain elements to offer record-high output powers [19] of more
than 100 mW along with a tuning range of 100 nm and linewidths around 320 Hz.
Another approach to achieve high output powers is to boost the laser emission by
an external SOA [105]. In this concept, the photonic wire bonding technique may
again offer the advantage of efficient heat sinking, which is particularly crucial for
high-power booster SOA.

3.3 Summary

We demonstrated a novel approach to hybrid integrated ECL that exploits 3D-
printed photonic wire bonds (PWB) to efficiently connect an InP gain chip to a
silicon photonic (SiP) external feedback circuit. Our concept avoids high-precision
active alignment of the dies with respect to each other and allows to flexibly leverage
the distinct strengths of advanced SiP or SiN-based external-cavity circuits. In a
proof-of concept, we demonstrated a first-generation hybrid ECL with a tuning
range of more than 50 nm, a side mode suppression ratio (SMSR) above 40 dB,
and an intrinsic linewidth of 105 kHz. To the best of our knowledge, our work
represents the first demonstration of a chip-scale laser that relies on a 3D-printed
coupling element within the cavity. The process of photonic wire bonding can be
efficiently automated, thereby paving a path towards efficient mass production of
ECL.

3.4 Methods

RSOA mode-field size and location. Prior to module assembly, the mode-field
size of the RSOA as well as the location of the emission spot with respect to a
reference point on the RSOA chip were measured to ensure correct dimensioning
and placement of the PWB on the chip facet. To this end, we operate the RSOA at
large injection currents and investigate its amplified spontaneous emission (ASE)
without external resonator. We then assume that the ASE in the high-current limit
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reliably indicates the mode field and the emission spot that the RSOA will exhibit
under lasing conditions in the cavity. In our experiments, the intensity distribution
of the mode field at the device facet is captured by an infra-red microscope and
processed further to extract size and position of the emitted mode field.

Fabrication. Fabrication is done in-situ by a two-photon lithography step in a
negative-tone photoresist (Vanguard Automation GmbH). We used a self-built
lithography system, equipped with a 63 x microscope objective lens (numerical
aperture 1.4) and galvanometer mirrors for rapid lateral beam movement. A
fs-laser (C-Fiber 780 HP, Menlo) with a pulse length of 58 fs and a repetition rate
of 100 MHz serves as lithography light source. Details of the fully automated
fabrication are also found in previous publications [33]. The start and the end
point and the corresponding local directions of the PWB trajectory are found by
scanning and imaging the object with the focused writing beam at low intensity.
Upon exposure, the fabricated structure is developed in propylene-glycol-methyl-
ether-acetate (PGMEA), flushed with isopropanol, and subsequently blow-dried.

[End of paper [J1]]
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4 Optical packaging using
3D-printed facet-attached
microlenses

This chapter reports on advances in multi-connection alignment tolerant optical as-
sembly techniques using facet-attached microlenses (FaML). It has been published
in Light: Advanced Manufacturing [J2]. The material from the publication has
been adapted to comply with the layout and the structure of this thesis. Associated
supplementary information can be found in Supplementary Section B.

The approaches and experiments were conceived by Pascal Maier, Mareike Trap-
pen, Pilipp-Immanuel Dietrich, Matthias Blaicher, Christian Koos, and the author.
Matthias Blaicher and the author developed the advanced microlens design tools
and the lithography tools required for the precise fabrication of microlenses at de-
vice facets. The author designed the microlenses. The demonstrators were built by
the author with the help of Pascal Maier. Philipp-Immanuel Dietrich developed the
photoresist used in the experiments. Achim Weber and Colin Dankwart designed
and implemented the assembly machine. Pascal Maier, Mareike Trappen, Torben
Kind, and the author developed the assembly processes. The author performed the
experimental characterization of the various assemblies with the help of Pascal
Maier, and analyzed the measurement data. Rokas Jutas assisted with the process
development for lenses at the facets of SiP chips. Padraic Morrissey and Kamil
Gradkowski contributed to the LEGO demonstrator. Jens Stephan and Andreas
Stephan contributed the InP photodiodes, and Brian Kelly the InP lasers. The
layout of the SiP chip was done by Amin Abbasi. All authors discussed the data.
The project was supervised by Wolfgang Freude, Peter O’Brien, and Christian
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Koos. The author wrote the manuscript with support by Wolfgang Freude and
Christian Koos.

[Beginning of paper [J2]. This article is licensed under a Creative Commons
Attribution 4.0 International License.]
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Wafer-level mass production of photonic integrated circuits (PIC) has become a
technological mainstay in the field of optics and photonics, enabling many novel
and disrupting a wide range of existing applications. However, scalable photonic
packaging and system assembly still represents a major challenge that often
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4.1 Introduction

hinders commercial adoption of PIC-based solutions. Specifically, chip-to-chip
and fiber-to-chip connections often rely on so-called active alignment techniques,
where the coupling efficiency is continuously measured and optimized during
the assembly process. This unavoidably leads to technically complex assembly
processes and high cost, thereby eliminating most of the inherent scalability
advantages of PIC-based solutions. In this paper, we demonstrate that 3D-printed
facet-attached microlenses (FaML) can overcome this problem by opening an
attractive path towards highly scalable photonic system assembly, relying entirely
on passive assembly techniques based on industry-standard machine vision and/or
simple mechanical stops. FaAML can be printed with high precision to the facets of
optical components using multi-photon lithography, thereby offering the possibility
to shape the emitted beams by freely designed refractive or reflective surfaces.
Specifically, the emitted beams can be collimated to a comparatively large diameter
that is independent of the device-specific mode fields, thereby relaxing both axial
and lateral alignment tolerances. Moreover, the FaML concept allows to insert
discrete optical elements such as optical isolators into the free-space beam paths
between PIC facets. We show the viability and the versatility of the scheme in a
series of selected experiments of high technical relevance, comprising pluggable
fiber-chip interfaces, the combination of PIC with discrete micro-optical elements
such as polarization beam splitters, as well as coupling with ultra-low back-
reflection based on non-planar beam paths that only comprise tilted optical surfaces.
Based on our results, we believe that the FaML concept opens an attractive path
towards novel PIC-based system architectures that combine the distinct advantages
of different photonic integration platforms.

4.1 Introduction

Photonic integrated circuits (PIC) are about to disrupt a variety of applications,
ranging from high-speed data transmission [128] and ultra-broadband signal pro-
cessing [129, 130] to distance metrology and light detection and ranging [10,
131-133] (LiDAR) and further to chemical sensing and medical diagnostics [11,
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134-137]. This success largely relies on advanced wafer-level fabrication of minia-
turized photonic devices that combine outstanding functionality and robustness
with unprecedented performance and scalability. However, while cost-efficient
mass production of PIC has become widely available through dedicated foundry
services [138, 139], scalable photonic packaging and system assembly still repre-
sents a major challenge and an obstacle towards accelerated commercial uptake.
Specifically, package-level optical chip-to-chip and fiber-to-chip connections of-
ten rely on so-called butt coupling, where device facets are brought in close
proximity or even in direct physical contact to each other. This approach often
requires high-precision active alignment with sub-micrometer accuracy, thereby
complicating assembly processes. Moreover, matching of the mode fields can
represent a challenge, in particular when connecting waveguides with vastly dif-
ferent refractive-index contrasts. This challenge may be overcome by coupling of
devices via intermediate discrete optical components such as ball lenses [140] or
graded-index (GRIN) structures [141-143]. While this approach increases the
design flexibility and opens a path towards integrating free-space optical elements
such as polarization beam splitters or optical isolators [144] into the beam paths
between optical chips, it renders the assembly process even more complex by
increasing the number of components that have to be aligned. There is hence
a strong need for scalable and flexible packaging concepts that can complement
wafer-level mass fabrication of the underlying PIC.

In this paper, we show that 3D-printed facet-attached microlenses (FaML) offer
an attractive option for advanced photonic system assembly. FaML can be printed
with high precision to the facets of optical components [2] using multi-photon
lithography, thereby offering the possibility to shape the emitted beams by freely
designed refractive or reflective surfaces. Specifically, the emitted beams can be
collimated to a comparatively large diameter that is independent of the device-
specific mode fields. This relaxes both axial and lateral alignment tolerances to
the extent that costly active alignment becomes obsolete and can be replaced by
passive [140, 145] assembly techniques based on machine vision and/or simple
mechanical stops. Moreover, in contrast to direct butt coupling, the FaML concept
opens the possibility to insert discrete optical elements such as optical isolators
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into the free-space beam paths between PIC facets. Building upon our previous
work [2], we show the viability and the versatility of the scheme in a series of
selected demonstrations of high technical relevance. In a first set of experiments,
we couple fiber arrays to arrays of edge-coupled silicon photonic (SiP) chips,
reaching insertion losses of 1.4 dB per interface with a translational lateral 1 dB
alignment tolerance of £6 pm. To the best of our knowledge, this is the lowest loss
so far demonstrated for an edge-emitting SiP waveguide interface with micron-
scale alignment tolerances. We also demonstrate that the outstanding alignment
tolerance of our scheme allows for contactless pluggable fiber-chip interfaces
using conventional injection-molded parts such as a LEGO brick for detachable
mechanical connections. In a second set of experiments, we demonstrate free-
space transmission over distances in the mm-range, using standard machine-vision
techniques for alignment. In this experiment, we further insert a discrete optical
polarization beam splitter into the beam path between a single-mode fiber (SMF)
array and array of edge-coupled indium-phosphide (InP) photodetectors. A third
set of experiments is dedicated to interfaces between InP lasers and SMF arrays. In
this context, we demonstrate coupling with ultra-low back-reflection by connecting
planar devices through non-planar beam paths that only comprise tilted optical
surfaces. We estimate only —44 dB of spurious back-reflection, comparable to
the levels achieved via advanced lensed fibers with anti-reflection (AR) coating.
Based on these exemplary demonstrations of the outstanding versatility of FaML-
based assembly concept, we believe that the concept opens an attractive path
towards advanced photonic system assembly that may overcome most of the
current challenges.

4.2 Concept and approach

The concept of using facet-attached microlenses (FaML) for assembly of integrated
optical systems is illustrated in Fig. 4.1, which shows an exemplary case for an
optical transmitter consisting of an array of InP lasers with angled facets, an
optical isolator block, and an array of modulators on a silicon-photonic (SiP)
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chip. The output of the SiP chip is connected to a pluggable array of single-
mode fibers (SMF) in a mechanical transfer (MT) ferrule, which is positioned by
mechanical alignment pins. The Insets (i), (ii), and (iii) show magnified views
of different free-form FaML, which can be designed to collimate the free-space
beams to diameters of up to 60 pm, thereby greatly relaxing translational alignment
tolerances. Inset (i) shows the schematic of a FAML assembly printed to the facet
of an angled edge-emitting InP laser. The FaML assembly consists of a free-form
lens and a prism, which jointly expand, collimate and redirect the beam. The
angled plane surfaces and the strongly curved lens surface reduce unwanted back-
reflections into the laser cavity. Insets (ii) and (iii) show schematics of other FaML,
which are printed to the facet of an edge-coupled SiP chip and to the facets of
SMF, respectively.

The concept shown in Fig. 4.1 illustrates four key functionalities that are generic
for advanced optical assemblies: Redirection of beams emitted by arrays of angled-
facet lasers, which is key to efficient coupling of such lasers to device arrays with
standard facet-normal emission, optical coupling over mm-scale distances, which
allows for insertion of discrete micro-optical elements such as isolators into the
free-space beam paths, low-loss coupling to arrays of edge-emitting SiP chips
with relaxed alignment tolerances, as well as assembly by passive positioning and
pluggable optical connections, that allow for reproducible low-loss coupling to
PIC facets based on mechanical alignment structures. In the following sections, we
describe a series of proof-of-concept experiments that demonstrate these generic
functionalities using FaML in different settings involving SiP chips, active and
passive InP dies, as well as single-mode fiber arrays.
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Alignment hole

Alignment pin

InP laser

Fig. 4.1: Tllustration of an optical assembly based on 3D-printed facet-attached microlenses (FaML).
The assembly consists of an array of angled-facet InP lasers, an optical isolator block, and a silicon
photonic (SiP) chip with an array of modulators. The output of the SiP chip is connected to an
array of single-mode fibers (SMF) in a mechanical transfer (MT) ferrule. The ferrule is part of a
pluggable connector (green arrow) and is positioned by mechanical alignment pins. Free-form FaML
on each facet, Insets (i), (ii), and (iii), expand and match the mode fields of the different components,
and enable low-loss coupling with relaxed alignment tolerances. Inset (i): Schematic of a FaML
assembly printed to the facet of an angled edge-emitting InP laser. An assembly with a free-form
lens and a prism expands, collimates and redirects the beam. The angled plane surfaces and the
strongly curved lens keep parasitic back-reflections into the laser cavity minimal. Insets (ii) and (iii):
Schematic of free-form FaML, printed to the facet of an edge-coupled SiP chip and to the facet of a
SMEF, respectively. These FaML can be designed to collimate the free-space beams to diameters of up
to 60 pm, thereby greatly relaxing translational alignment tolerances and enabling highly reproducible
pluggable connections.
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4.3 Facet-attached microlens on an SiP chip

In our first set of experiments we demonstrate low-loss coupling to edge-emitting
SiP chips as well as pluggable optical connections based on simple mechanical
alignment structures. To this end, we print an array of FaML to the edge of a
SiP chip and investigate the coupling efficiency to an array of lensed single-mode
fibers (SMF) along with the associated alignment tolerances. We further highlight
the benefit of relaxed alignment tolerances by demonstrating pluggable fiber-chip
connections based on a pair of off-the-shelf injection-molded LEGO® bricks.
For our experiments, we use standard SMF arrays and SiP chips, which contain
inverse-tapered edge couplers (EC), arranged in a loopback-configuration with a
pitch of 127 nm, see Fig. 4.2. Details on the SiP chips can be found in the Materials
and Methods, Section 4.8. Using multi-photon lithography, we 3D-print FaML
directly to the facets of the SiP chip and the fiber array (FA), see Insets (i) and (ii)
of Fig. 4.2, targeting an expanded mode-field diameter (MFD) of 25 pm. In this
work, the MFD is defined as diameter of the contour line at which the intensity
profile has decayed to 1/e? (13.5%) of the value of its maximum. We measure
the spots generated by the FaML using an IR microscope, see Supplementary
Section B.1 for details. When coupling 1550 nm-light to the SMF, the lenses
produce round spots with a consistent MFD of 25 nm at a distance of 150 pm from
the lens apex, as expected. For the FaML attached to the SiP chip, the measured
spots turn out to be slightly elliptical with a size of 25 pm x 20 pm at a distance
of 280 pm away from the lens apex, i.e., the extension in the vertical direction is
slightly smaller than designed.

To characterize the performance of the FaAML-based interfaces we conduct coupling
experiments with the chip fixed in place and the FA mounted on a six-axis
positioning stage. First, light at a wavelength of 1550 nm is coupled into the fiber
of Channel 1, and the output power is recorded at the loopback Channel 8, see
Fig. 4.2. In this step, we use quasi-TE polarization, having a dominant electric
field component parallel to the substrate of the SiP chip. We optimize all six
degrees of freedom of the stage to achieve maximum received power after the
Loopback (1,8). We then keep the position and measure the signals through
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the other Loopbacks (2,7), (3,4) and (5,6). Assuming that both fiber-chip
interfaces in each loopback have the same performance, we estimate the coupling
losses per interface, each comprising a pair of FAML and a waveguide-based edge
coupler (EC) on the SiP chip. The results for the four loopbacks are very uniform
with an average value of 1.44 dB, see Table 4.1, which represents a significant
improvement to our previous results [9] of 4 dB. The numbers given are obtained
after correction for on-chip losses, see Materials and Methods (Section 4.8). Using
3D-printed microlenses without anti-reflection coating, we cannot avoid Fresnel
reflection at the two lens surfaces, which amount to a total of approximately 0.4 dB,
estimated for perpendicular incidence and a refractive index of the lens material
(VanCore A, Vanguard Automation GmbH) of n = 1.53. The remaining loss of
approximately 1.0 dB is attributed to transition losses within the EC and to mode
mismatch. We also repeated the same measurement for quasi-TM polarization,
having a dominant magnetic field component parallel to the substrate. Note that
the Loopbacks (1, 8) and (2, 7) contain two waveguide crossings each, indicated
by white circles in Fig. 4.2, which were designed only for TE polarization and thus
prevent a measurement of these loopbacks in TM polarization. For the remaining
loopbacks (3,4) and (5,6), we find a loss of 2.2dB per fiber-chip interface in
TM polarization. This value is slightly larger than for TE polarization due to
polarization-dependent loss (PDL) of the edge-coupler transition as specified in
the Process Design Kit of the associated foundry, see Materials and Methods
(Section 4.8).

Besides low coupling losses, the translational and rotational alignment tolerances
are of key importance for highly scalable packaging processes. To investigate
this aspect, we switch back to quasi-TE polarization and first extract the transla-
tional lateral alignment tolerance by moving the fiber array in the (z,y)-plane
perpendicular to the fiber axis, see Fig. 4.2, while recording the output power of
Loopback (1, 8). In this experiment, the angular orientation of the fiber is kept as
previously optimized. Figure 4.3(a) shows the excess coupling loss per fiber-chip
interface as a function of the lateral misalignment. The dashed-dotted red circle
with radius of 6 pm indicates the theoretical 1 dB coupling tolerance for a Gaus-
sian beam with an MFD of 25 pm, see Supplementary Section B.2.5, which is in
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excellent agreement with measured data. Note that the slightly asymmetric spot
generated by the FAML on the SiP side results in a hardly noticeable asymmetry
of the measured 1 dB contour line.

Table 4.1: Losses for simultaneous coupling of 8 channels from a fiber array to a SiP-chip after active
alignment.

TE loopback path (1,8) (2,7) (3,4) (5,6) avg.

Loss per fiber-chip interface [dB] 146 143 145 140 1.44

For measuring the angular alignment tolerances, Fig. 4.3(b), the fiber array is
rotated, followed by a pivot-point correction of rotation-induced translation and
a measurement of the transmission through Loopback (1,8). We record data
points for a rotation in the (z, z)-plane of Fig. 4.2) (in-plane rotation, circles
in Fig. 4.3(b)), as well as a for a rotation in the (y, z)-plane (out-of-plane tilt,
squares in Fig. 4.3(b)). The solid lines in Fig. 4.3(b) show fits of the rotational
coupling tolerance based on a Gaussian beam model according to Supplementary
Section B.2.2. In case of the in-plane rotation, the fit corresponds to a beam
waist diameter of 25 pm, well in line with the lens design. For the out-of-plane
tilt, the fit corresponds to a slightly smaller beam waist diameter of only 23 pm,
which is consistent with the fact the spot generated by the lens on the SiP side was
indeed slightly smaller in the vertical direction than in the horizontal direction. In
summary, we find a translational 1 dB alignment tolerance of 6 pm in the radial
direction and a rotational alignment tolerance of 1.1°. Note that translational and
rotational tolerances are subject to a fundamental trade-off, see Supplementary
Section B.2, in particular Supplementary Fig. B.3. Note also that translational
misalignment in the axial direction, see Supplementary Section B.2.3, is usually
not crucial if beam-expanding FaML pairs are used, with typical 1 dB-alignment
tolerances of hundreds [2] of micrometers or even more.

For coupling of waveguide and fiber arrays, one would expect a slight deviation
of the optimum coupling positions for the various channels. To investigate this
aspect, we return to the previous optimum fiber-array position and orientation for
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Fig. 4.3: Relative power loss for translational lateral and for rotational misalignment of the FaML-based
coupling interface between the SMF-array and the SiP chip shown in Fig. 4.2. The depicted values refer
to the loss per coupling interface in Loopback (1, 8), where each interface comprises an FaML pair
and an EC, see Fig. 4.2. The optimum position corresponds to a coupling loss of 1.46 dB, see Table 4.1.
(a) Translational lateral alignment tolerances in the (x,y)- plane of Fig. 4.2. The 1dB tolerance
amounts 6 pm in the radial direction and corresponds to the predicted contour line for a Gaussian beam
with a MFD of 25 pm (red dash-dotted circle), see Supplementary Section B.2.5. (b) Rotational
(angular) tolerances measured for an in-plane rotation (circles, rotation in the (z, z)-plane of Fig. 4.2)
and for an out-of-plane tilt (squares, rotation in the (y, z)- plane of Fig. 4.2). The solid lines represent
a fit based on a Gaussian-beam model, leading to a beam waist diameter of 25 pm and 23 pm for the
in-plane and the out-of-plane data, respectively. The model function can be found in Supplementary
Section B.2.2.

92



4.3 Facet-attached microlens on an SiP chip

Loopback (1,8) and move the fiber array laterally while measuring the power
transmission through the various loopbacks. In this measurement, we keep the
angular alignment of the fiber array fixed. We find that the optimum positions
for the various loopbacks deviate by less than 1 um, mainly in the horizontal x-
direction. This confirms the high precision of the fabricated FaML, given the fact
that the spacing of the fibers within the array is specified by the manufacturer with
an accuracy of +£0.3 pnm [J5, 146]. Note that the excess loss associated with sub-
1 pm transverse misalignments is negligible for a MFD of 25 pm, translating into an
excess loss of less than 0.05 dB per FaML pair, see Supplementary Section B.2.5.

Finally, we investigate the uniformity of the emission direction of the various
FaML. To this end, we individually maximize the transmission of each of the
Loopbacks (2,7), (3,4), and (5, 6) by optimizing the position and the orientation
of the fiber array in all six degrees of freedom. In the respective optimum positions
and orientations, we then compare the fiber axis rotation angles IR, , . to the ones
previously found when optimizing the signal to the Loopback (1,8). We find
that the individual optimum angles are highly consistent, making it impossible to
measure any deviations within the measurement accuracy of +0.05° of our six-axis
stage. This highly reproducible emission direction of the individual FaML is of
utmost importance when aligning waveguide and fiber arrays, in particular when
bigger distances in the millimeter-scale need to be bridged to allow for inserting of
discrete micro-optical elements, see Fig. 4.1. In this context, automated fabrication
of FaML with high alignment precision to on-chip structures is key to achieve the
necessary reproducibility, see Materials and Methods (Section 4.8) for details.

The alignment tolerances of FaML-based optical coupling interfaces, Fig. 4.3,
can be met by high-precision of injection-molded plastic parts that can be mass-
produced at low cost. We demonstrate this by building a pluggable connection
based on off-the-shelf LEGO bricks — in analogy to [147], where a similar
fiber-to-chip connection has been built for surface coupling using a combination
of grating couplers and discrete fused-silica microlenses. Figure 4.4(a) shows
a schematic view of our assembly. The LEGO connection consists of a fixed
(yellow) brick and a removable (dark transparent) brick with an attached plane
aluminum cover plate (grey). The SiP chip is glued on the submount first, and
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the FA is subsequently aligned actively and glued onto the cover plate on the
right-hand side, while the LEGO bricks are stuck together. No significant drift
is observed while curing the UV glue, see Materials and Methods (Section 4.8).
Finally, the insertion loss is measured after disassembling and re-establishing
the LEGO connection for a total of N = 50 times. The mean transmission per
connection amounts to 77 = 0.65 with a standard deviation of o, = 0.08. The
interval 7] & 0, corresponds to losses between 1.41 dB and 2.46 dB, with a mean
loss of 1.9dB, see Fig. 4.4(c). This is approximately 0.5 dB higher than the value
initially found with active alignment, see Table 4.1, but still lower than the mean
losses of the pluggable connection demonstrated in [147], which additionally
required separate active alignment of the fused-silica lenses with respect to the
fiber array and with respect to the on-chip grating couplers.

We furthermore measure the spectral bandwidth of our FaML-based fiber-chip
interfaces, see Fig. 4.5. The depicted transmission again refers to one coupling
interface, comprising an FaML pair as well as an EC, see Fig. 4.2. The waveguide
loss specified by the foundry for a wavelength of 1550 nm was subtracted. We
find a noticeable wavelength-dependence and clear differences between TE and
TM polarization, which we attribute to the transmission characteristics of the EC
rather than to the FaML. We confirm this notion by simulating the wavelength
dependence of the FaML, which would lead to variations of the coupling efficiency
well below 0.1 dB within the wavelength range used in our measurements. The 1 dB
bandwidth significantly exceeds the 150 nm tuning range of our laser sources both
for TE and TM polarization. Independently of the polarization, the transmission
is virtually flat (0.1 dB) within the C-band (1530 nm to 1570 nm, blue shaded
region in Fig. 4.5).
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Fig. 4.5: Measured wavelength-dependent transmission per fiber-chip interface, each including a FaML
pair and an EC, see Fig. 4.2. We attribute the noticeable wavelength dependence and the differences
between TE and TM polarization to the transmission characteristics of the tapered edge coupler (EC) —
the wavelength dependence of the FaML would lead to variations of the coupling efficiency well below
0.1 dB within the wavelength range used in our measurements. Still, the 1 dB bandwidth significantly
exceeds the 150 nm tuning range of our laser sources.

4.4 Passive positioning, large-distance optical
coupling, and combination with discrete
micro-optical elements

In the previous section, the FaML were designed to produce a beam-waist diam-
eter of 25 pm, presenting a good trade-off between translational and rotational
alignment tolerances, see Supplementary Section B.2.7 for details. Clearly, the
structures can be designed to produce even larger beam diameters, thereby reduc-
ing the beam divergence. This allows for large, e.g., mm-scale distances between
the FaML of the associated coupling interface, such that discrete micro-optical
components such as optical isolators can be inserted in the beam paths between
optical chips, see 4.1. At the same time, larger beam diameters further relax
the translational alignment tolerances at the expense of their rotational counter-
parts. In the following, we describe our proof-of-concept demonstrations related
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4 Optical packaging using 3D-printed facet-attached microlenses

to large-distance optical coupling with and without intermediate micro-optical
elements.

For our experiments, we use standard SMF arrays and edge-coupled InP photodiode
arrays (PDA, Finisar / II-VI Inc.). We 3D-print FaML to the fiber array (FA),
Inset (i) of Fig. 4.6, and to the PDA chip, Inset (ii) of Fig. 4.6. With these
components, we demonstrate a passive SMF-array-to-chip assembly with a free-
space coupling distance as large as 3.3 mm. The lenses on the FA transform the
SMF mode field diameters of 10 um to a free-space Gaussian beam having a waist
of 60 pm diameter at a distance of 1.65 mm from the FaML apex, i.e., in the center
of the free-space beam path. The PDA chip was designed for butt-coupling to
SMEF, containing an on-chip tapered spot-size converter that produces a MFD of
10 pm at the chip facet. We print lenses to the chip having the same optical design
as those printed to the FA, transforming an incoming Gaussian beam with a waist
diameter of 60 pm to a Gaussian spot with a 10 pm diameter at the PDA chip facet.

The lens design for the FA is shown in Fig. 4.7. The FA end-faces are flush
with the embedding glass block. The body of the lens sits on four posts with a
small air gap between the waveguide end-face and the first refractive surface of
the lens. This lens surface is concave (L1, highlighted in blue) and increases the
divergence of the beam. The second lens surface (L2) is convex and collimates
the beam. Both surfaces form a Galilean telescope which enlarges the incoming
beam diameter at the shortest possible axial distance. The PDA lens follows the
same design.

In the assembly process, we first glue the lensed PDA chip to an aluminum sub-
mount and then align the lensed FA passively with a custom assembly machine
(ficonTEC Service GmbH, see Materials and Methods (Section 4.8), and Supple-
mentary Section B.3 for details). The aligned FA is fixed with glue. The three
waveguides leading to the photodiodes PD#1, #2, #3 on the PDA chip are spaced
by 500 pm, while the FA has a pitch of 250 pm. We therefore print a lens on every
second fiber of the FA only, while the remaining fiber facets are used for printing
alignment markers for the passive assembly process, see Inset (i) of Fig. 4.6 and
Supplementary Section B.3 for details.
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Fig. 4.7: Design drawing of the FaML on the FA side of Fig. 4.6. The FA end-faces are flush with
the embedding glass block. The body of the lens sits on four posts with a small air gap between
the waveguide end-face and the first refractive surface of the lens, see cross section along the line
A-A’ sketched on the right. This lens surface is concave (L1, highlighted in blue) and increases
the divergence of the beam. The second lens surface (L2) is convex and collimates the beam. Both
surfaces form a Galilean telescope, which enlarges the SMF mode field diameter (MFD) of 10 pm to
a beam waist diameter of 60 pm over the shortest possible axial distance. The choice of the expanded
beam diameter considers tolerances of the 3D-printing and of the passive assembly processes. The
original PDA chip is designed for butt-coupling using SMF with a MFD of 10 pm. We therefore use
the same optical lens design as for the FA.

The choice of the expanded beam diameter of 60 pm is a compromise and considers
the tolerances of the passive assembly process. In particular, the measurement of
the orientation of the FA and the PDA relies on detecting the edges of these objects
by machine vision and is thus subject to measurement errors, which could lead to
misalignment in the assembly process. The resulting beam-pointing error leads to
a coupling loss which is the smaller the larger the mode field diameter becomes.
However, too large a mode field diameter leads to a low tolerance with respect
to an angular misalignment. These considerations specific to passive alignment
are elaborated in Supplementary Section B.2.8. The measured excess loss for a
translational lateral shift of the FA with respect to the optimum position is shown
in Fig. 4.8(a). The 1 dB tolerance amounts to 14.4 ym in the radial direction and
corresponds to the predicted contour line for a Gaussian beam with a MFD of
60 pm, indicated by a red dash-dotted circle in Fig. 4.8(a), see Supplementary
Section B.2.5 for the underlying model. The measured excess loss for an in-plane
rotation in the (z, z)-plane of Fig. 4.6 is given by the black circles in Fig. 4.8(b).
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Fig. 4.8: Measured relative loss for a misalignment of the FA in Fig. 4.6 with respect to the optimum
position.  (a) For a translational lateral shift, the 1 dB tolerance amounts to 14.4 pm in radial direction
and corresponds fairly well to the predicted contour line for a coupling loss of 1 dB calculated for a
Gaussian beam with a MFD of 60 pm (red dash-dotted circle), see Supplementary Section B.2.5 for the
underlying model.  (b) Excess loss for an in-plane rotation in the (z, z)-plane of the FA with respect
to the PDA. The rotational 1 dB tolerance amounts to 0.48° only and corresponds to the predicted
coupling loss for a Gaussian beam with a MFD of 57 pm (blue line), see Supplementary Section B.2.2
for the underlying model.
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The rotational 1 dB tolerance amounts to 0.48° only and corresponds to the
predicted coupling loss for a Gaussian beam with a MFD of 57 pm (blue line), see
Supplementary Section B.2.2 for the corresponding model.

To quantify the absolute losses of the coupling interface, we measure the photocur-
rents i = S x (nP) at different stages of the assembly process while varying the
input power into the associated SMF, see Fig. 4.9 for results obtained from PD#1
in TE polarization. In a first stage, we butt-couple an SMF to the PDA chip facet

0.61 O SMF butt-coupling, slope nputtS

'<_E| O Act. aligned w/ FaML, slope nactS

e O Pass. aligned assy w/ FaML, slope NpassS

= 0.4

et

()

=

=]

o

S 0.2

o

£ PD #1, TE
0.0 apass: -10 |Og10(npass /nbutt ) =0.77 dB

0.0 0.2 0.4 0.6 0.8

Input power P [mW]

Fig. 4.9: Power dependent photocurrent ¢ = S x (nP) of PD#I in TE polarization in different
stages of the assembly experiment as shown in Fig. 4.6: Blue circles refer to a measurement prior to
printing the FaML using SMF butt-coupling with coupling efficiency n¢¢, black open squares give
the results for active alignment after printing the FaML (no glue, coupling efficiency 7act), and red
squares refer to passive alignment using the automated assembly machine (FA fixed with glue, coupling
efficiency 7)pass). The measurements confirm that FaML allow for low-loss coupling via passive
alignment without any performance penalty compared to active alignment. The excess alignment loss
apass = —1010g o (Npass/Mbutt) amounts to only 0.77 dB.

and measure the photocurrents of PD#1, #2, #3 — the results for TE-polarized
light (dominant electric field components parallel to the substrate plane) coupled
to PD#1 are indicated by blue circles in Fig. 4.9. This measurement and the
associated coupling efficiency 7yt 1S used as a baseline for the subsequent exper-
iments. We then print the lenses both on the FA and the PDA, adjust the alignment
for PD#1, #2, #3 actively, and again record the photocurrents, black squares,
leading to the coupling efficiency 7,.¢. In the third stage, we use an automated
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procedure to passively align height, lateral position, and tilt of the FA, which is
then fixed with glue applied to the edges of the glass block. The measurement
results are indicated by red squares in Fig. 4.9, leading to the coupling efficiency
Tpass- Within the measurement uncertainty of +3%, the coupling efficiencies
Nact and 7pass do not differ. This is the consequence of the high position and
angular orientation accuracy of the passive alignment. Starting from the passive
alignment (prior to gluing), an additional lateral active alignment corrected the
position by only 2 pm. An angular correction was not required within the angular
accuracy of £0.1°. The optical excess loss for the passive alignment is found by
comparing to butt coupling. With the ratio of the respective photocurrents, we
find apass = —1010g1((Mpass/Mbutt ). For better accuracy we fit straight lines to
the recorded photocurrents in Fig. 4.9 and extract the respective slopes 77 x S to
estimate apass. We find apass = 0.77 dB. We repeat the same experiment for TM
polarization, finding very similar behavior as for TE, see Table 4.2.

Table 4.2: Slopes nS = i/ P measured from graphs as in Fig. 4.9. Three cases are compared: SMF
butt-coupling without FaML (7y¢.5), coupling via FaML with active alignment but without glue
(MactS), and coupling via FaML with passive alignment and fixed with glue (1passS). The assembly
losses apass = —101logqq ((T]pass S)/ (MbuttS )) are calculated from the ratio of measured slopes of
the photocurrent ¢ as a function of optical input power P.

Photodiode number #1 #2 #3

and polarization type TE T™M TE TM TE TM
SMF butt-coupling: nputtS [A/W] 0.67 0.54 0.68 0.55 0.66 0.55
Active alignment w/ FaML, 0.58 0.47 0.58 0.48 0.58 0.47

no glue applied: 7,45 [A/W]

Passively aligned assembly w/ FaML, 0.56 0.48 0.59 0.49 0.57 0.45
fixed with glue: 7passS [A/W]

Assembly 108S apassS [dB] 0.77 0.59 0.61 0.50 0.67 0.86

Using the same type of lensed FA and lensed PDA chips, we additionally demon-
strate that discrete optical components can be inserted into the collimated free-
space beam path. In our proof-of-principle assembly, we use a polarization beam
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splitter (PBS), see Fig. 4.10, which consists of two right-angle glass prisms and
a dielectric polarization-sensitive reflecting surface Sy, in between. The beam
paths in Fig. 4.10 and Inset (iii) are shown as dashed lines. The input fields at points
A and B are arbitrarily polarized, i.e., the linearly polarized constituents could
have different amplitudes and phases. For coupling to a polarization-sensitive
PIC, it would be desirable that all output beams A |, AH, and B, (beam BH is
lost) are identically polarized. To this end, the PBS is equipped with a half-wave
plate (\/2) that rotates the "vertical" linear polarizations (blue, yellow) into the
orientation of the "horizontal" linear polarization. Such an assembly could be used
as a dual-polarization coherent receiver with the signal supplied by FA1 and the
local oscillator by FA2, when replacing the rather simple PDA by a chip carrying
a pair of 90° optical hybrids, each followed by a pair of balanced photodiodes.
In our experiments, we use a simple PDA chip to simplify the characterization
of the various coupling losses. To this end, we subsequently feed the assembly
with optical power through FA1 and FA2 and subsequently maximize the pho-
tocurrents of PD#1, #2, #3 using fiber-based polarization controllers (PC). The
resulting photocurrents are again compared to those obtained by directly feeding
horizontally polarized light to the PDA chip via butt-coupled SMF. The losses are
calculated using the procedure described in the context of Table 4.2. We find an
excess loss compared to butt coupling of 0.95 dB for coupling from FA1 to PD#1
(path A-PD#1, red), of 1.44 dB for coupling from FA1 to PD#3 (path A—PD#3,
yellow), and of 2.18 dB for coupling from FA2 to PD#2 (path B-PD#2, blue). The
free-space beam in the connection B-PD#2 has an optical path length of 8.3 mm,
which is 5 mm longer than the free-space path in connection A—PD#1. However,
because we wanted to use one single lens design for all paths, the longer optical
path length widens the beam and leads to higher losses. A free-space coupling
distance of 3.3 mm would have been optimum.

For the assembly, we first glue the PDA chip to the aluminum submount, see
Fig. 4.10, followed by passive alignment and gluing of the PBS. In a second step,
we align FA1 and FA2 passively with respect to the PDA chip and again compare
our passive alignment to an active alignment. This time, we find considerable
lateral (x-axis) offsets between passive and active alignment of the FA. Most
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prominently, the optimum positions of FA1 for paths A—PD#1 and A-PD#3 differ
by 9 pm. For our proof-of-principle demonstration, we therefore manually fix FA1
in the middle between the optimized positions for PD#1 and #3. These deviations
between passive and active alignment are in sharp contrast to our results from the
assembly experiments without PBS, see Figs. 4.6 and 4.9. In those experiments,
the free-space path length was also 3.3 mm as in the connection A-PD#1, but
the optimum position of the FA could directly be found by passive alignment
techniques, relying on machine vision only. We attribute the deviations in the
experiment shown in Fig. 4.10 to the manufacturing tolerances of the PBS, which
are specified to £25nm for all length dimensions and £0.2° for all cut angles.
This is significantly worse than the 2 um translational and sub-0.1° rotational
deviations that we have estimated for our FaML-assisted assembly process in the
context of Fig. 4.6. This demonstrates that the level of precision that can be
achieved with FaML-based optical microsystems is on par with or even exceeds
the accuracy levels offered by standard discrete micro-optical components.

4.5 Coupling to device arrays with angled
facets

Finally, in our third set of experiments, we consider FAML assemblies printed
to angled chip facets, see Inset (i) of Fig. 4.1, which are commonly used for
semiconductor lasers and amplifiers, where unwanted back-reflections need to
be effectively suppressed. In our experiments, we couple an InAlGaAs-based
discrete-mode [148] distributed-feedback (DFB) laser array to a single-mode
fiber array (FA) using dedicated FaML both on the active chip and the fiber
side. Figure 4.11(a) shows a single connection of the assembly. The FaML
are specifically designed to produce a non-planar beam path between the two
facets, that contains only tilted or strongly curved optical surfaces S1, S2, S3,
and S4, thereby greatly reducing back-reflections into the DFB chip. Note that
the non-planar beam path is designed such that the top-view projection of the
free-space section between the FaML is perpendicular to the chip and the FA edge,
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Prism

FaML assembly
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Fig. 4.11: Demonstration of an assembly consisting of an angled DFB laser array coupled to a single-
mode fiber array (FA) through dedicated FaML both on the laser and the fiber facets. (a) Artist’s view
of a single connection of the assembly. The FAML are designed to produce a non-planar beam path
between the two facets that contains only tilted or strongly curved optical surfaces S1, S2, S3, and S4
and thereby avoids unwanted back-reflection into the laser. On the DFB side (left), a combination of a
free-form lens and a prism expands, collimates, and redirects the beam. Mechanical support structures
are omitted for better visibility. The strongly curved lens surface S1 collimates the beam to a diameter
of 25 pm. The beam is then bent to the right with respect to the beam propagation direction by the
first prism surface S2. Inside the prism, the light propagates parallel to the surface-normal of the DFB
facet (z-axis). The second prism surface S3 then deflects the beam downwards in the (y, z)-plane
by ¢ = 7° with respect to the z-axis. The FA features an end-face, which is polished at an angle of
8° from the (z, y)-plane, and which is equipped with a corresponding 3D-printed off-axis free-form
lens (lens surface S4) that receives the beam. This arrangement shows minimal back-reflections and a
coupling loss of about 2 dB, see Table 4.3. (b) Top-view image of the assembly. An array of four
angled InP lasers is coupled to four fibers of an FA. Inset (i) shows an SEM picture of the FaML
assembly on the laser side including mechanical support structures that hold the prism in place.
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see Fig. 4.11(b). This greatly simplifies alignment of the devices in assembly
processes that are based on top-view camera vision in combination with linear
translation parallel to the chip edges.

The laser and fiber arrays used in the experiment feature a pitch of 250 pm. At
the DFB side, a combination of a free-form lens and a prism expands, collimates,
and redirects the beam. The strongly curved lens surface S1 collimates the beam
to a diameter of 25 pm. The beam is then bent to the right with respect to the
propagation direction by the first prism surface S2. Inside the prism, the light
propagates parallel to the surface-normal of the DFB facet (z-axis). The second
prism surface S3 then deflects the beam downwards in the (y, z)-plane by ¢ = 7°
with respect to the z-axis, Fig. 4.11(a). The FA features an end-face, which is
polished at an angle of 8° from the (z,y)-plane and which is equipped with a
corresponding 3D-printed off-axis free-form lens that receives the beam.

For proper evaluation of the coupling efficiency in the assembly process, we first
measured the laser output power vs. the injection current (P-I-curve) of each
DFB laser prior to printing the FaAML, see blue curve Fig. 4.12. We then fabricate
the FaML and actively align the FA to the DFB chip. In this step, the DFB chip is
fixed in place, while the FA is positioned such that the light of DFB#1 and #4 is
optimally coupled to the respective fiber, see Fig. 4.11(b) for the corresponding
numbering. We again measure the P-I-curve of each laser through the fibers, see
black trace in Fig. 4.12 for DFB#4. In a next step, we fix the FA with an UV
glue, see Materials and Methods (Section 4.8), and measure the P-I-curves again,
see red trace in Fig. 4.12 for DFB#4. Comparing the P-I-curves before and after
assembly, we find identical threshold currents and no indication of mode-hopping.
Table 4.3 indicates the measured coupling losses before and after gluing the FA
for all four DFB. Prior to gluing the FA, the coupling losses are very consistent
with an average of 1.92 dB. For DFB#4, this value remains essentially unchanged
after gluing the FA, whereas a small deviation is visible for DFB#1 ...3. This
is attributed to the fact that the glue used for fixing the FA in our experiment
was slightly thicker than designed. Specifically, the experiment relied on a milled
aluminum submount containing a step to account for the different thicknesses of
the DFB chip and the FA. This step came out slightly larger than designed, which
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Fig. 4.12: Coupling losses for the laser-to-SMF assembly with angled facets, see Fig. 4.11. We measure
the laser output power vs. injection current (P-I-curves) for DFB#4 in different stages of the assembly
experiment: The blue trace (pre-charaterization) refers to the bare DFB, measured using an integrating
sphere. The black trace (aligned w/ FaML) and the red trace (assembled w/ FaML) give the results
for active alignment after printing the FaML and before, respectively after applying the UV glue. The
threshold current remains unchanged, and we find an assembly loss of 2.0 dB.

Table 4.3: Coupling losses for simultaneous coupling of a bar of 4 angled InP lasers to a fiber array.

Laser number 1 2 3 4 avg.
Loss per FaML pair 1.9 1.9 2.0 1.9 1.92
(actively aligned) [dB]
Loss per FaML pair 2.3 2.5 2.3 2.0 2.28

(glued assembly) [dB]

had to be compensated by an approximately 400 pm-thick layer of glue, which is
subject to shrinkage during the curing process. More precise fabrication of the
submount step-height should alleviate this problem, see description of our first
set of experiments in Section 4.3. Still, the average loss per FAML pair amounts
to 2.28 dB only, which is only 0.36 dB higher than the losses found for optimum
alignment, see Table 4.3. We also investigated the relative loss for a translational
lateral and for a rotational misalignment with respect to the optimum position
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prior to gluing the FA, see Fig. 4.13(a) and (b), respectively. We find a slight
deviation from an ideal rotationally symmetric characteristic, while the tolerances
are similar to the ones observed in our first set of experiments in Section 4.3.
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Fig. 4.13: Alignment tolerances for the laser-to-SMF assembly with angled facets, Fig. 4.11.  (a) Ex-
cess loss for lateral misalignment in the (z,y)-plane of Fig. 4.11. The red dash-dotted circle indicates
the expected radial 1 dB tolerance for a Gaussian beam with a MFD of 25 um, see Supplementary
Section B.2.5  (b) Excess loss for rotational misalignment both in the substrate plane (circles, in-plane)
and vertically to the substrate plane (squares, out-of-plane). The solid lines indicate Gaussian fits,
which yield a waist diameter of 27.4 pm and 26.3 pm in the vertical and the horizontal directions.
These values are reasonably close to their designed counterparts of 25 pm.
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4.5 Coupling to device arrays with angled facets

We furthermore compare the spectra for one angled laser with and without the
coupling arrangement of Fig. 4.11. For the spectra of the bare laser as a function
of the operating current, see upper plot in Fig. 4.14, we pick up the light with
a fiber placed deliberately at large distance for avoiding back-reflections. For

0 1Bare laser

Normalized spectrum [dB]

Wavelength [nm]

Fig. 4.14: Comparison of current-dependent emission spectra (resolution bandwidth 0.01 nm) of
DFB#2 with and without the coupling arrangement shown in Fig. 4.11. For measuring the spectra of
the bare laser, we pick up the light with a fiber placed deliberately at a large distance from the emitting
facet (upper plot) to avoid back-reflections. The emission spectra remain essentially unchanged when
packaging the device (lower plot) using the arrangement of Fig. 4.11. We only observe a small spectral
shift, which we attribute to slight temperature differences. We conclude that our coupling scheme can
reduce back-reflections to a level where they do not spoil the laser spectrum. The measurement and
the influence of back-reflections is discussed in detail in Supplementary Section B.4.

the measurement of the packaged laser, lower plot in Fig. 4.14, we use a dual
stage fiber optic in-line isolator (approximately 60 dB isolation), since the input
to the optical spectrum analyzer (OSA) uses a mating sleeve for an open-ended
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4 Optical packaging using 3D-printed facet-attached microlenses

fiber FC/PC connector without angle-polish. The spectra of the packaged device
remain essentially unchanged, besides a small spectral shift, which we attribute
to the commonly rather high thermally induced frequency shifts of InP-based
DFB lasers (22 GHz/K) in combination with the fact that the temperature of the
submount was not stabilized. From the results shown in Fig. 4.14, we conclude
that the back-reflections of our FaML assembly do not spoil the laser spectrum,
even for highly sensitive DFB devices. In our experiments, we also observed
that leaving out the fiber-optic in-line isolator in the connection to the OSA lead
to significantly broadened and distorted spectra due to reflections from the open
fiber end. We further investigate the influence of back-reflections by conducting
a separate experiment, in which we replace the isolator by a variable optical
attenuator with angled physical contact (APC) connectors, see Supplementary
Section B.4. From this experiment, we estimate the spurious back-reflections
from our FaML to be below —44 dB, see Supplementary Section B.4 for details.
The estimated amount of back-reflections is comparable to the levels achieved via
advanced lensed fibers with anti-reflection (AR) coating [149].

4.6 Discussion

3D-printed facet-attached microlenses open a path towards efficient assembly
of advanced photonic systems that may combine chip-based photonic integrated
circuits (PIC) with free-space micro-optical elements. The concept offers an
attractive alternative to currently used approaches for optical chip-chip and fiber-
chip connections that mainly rely on grating couplers (GC) or edge couplers (EC).
Grating couplers are mainly used in high index-contrast integration platforms such
as SiP and suffer from strong polarization sensitivity [150] and narrow spectral
bandwidth [151]. Moreover, sophisticated designs such as bottom reflectors [152]
are required to achieve low insertion loss, and package geometries with "out-of-
plane" fibers connected to the top of the chip are often unfavorable. Using EC,
it is possible to achieve very low insertion loss, large spectral bandwidth, and
low sensitivity to polarization [153]. However, EC require very tight alignment
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tolerances, often on the sub-micrometer level such that active alignment is un-
avoidable. This leads to technically complex assembly processes, in particular
when simultaneous coupling of multiple channels is required. Specifically, active
alignment necessarily requires an optical test signal to be generated during the
assembly process, which is often associated with operating parts of the optical
system via suitable electrical probes, thus further complicating the workflow.
Moreover, tight lateral tolerances render assembly processes particularly sensitive
with respect mechanical misalignment by practically unavoidable shrinkage of
glue during curing. In addition, proper matching of mode fields may represent a
challenge, especially when connecting waveguides with vastly different refractive-
index-contrasts. Recently, a highly scalable passive edge-coupling approach was
demonstrated, which couples light from a ribbon fiber to a SiP chip using meta-
material suspended-membrane tapers [154, 155] and etched V-grooves, offering
insertion losses of 0.9... 1.5 dB. However, additional process steps are required
for the metamaterial under-etch, which are not generally available. Furthermore,
the proposed method requires tapers of around 1 mm and V-grooves of around
300 pm length, thereby consuming precious design space on the PIC. Photonic
wirebonding [33, 34] represents another alternative that circumvents the need for
active alignment. However, the method is only suited for bridging comparatively
short distances (typically < 400 pm) between devices and requires good accessi-
bility of the facets upon fixing the chips, thereby restricting the design freedom
for the assembly architectures.

Our work demonstrates that FaML can overcome these problems, enabling low-
loss edge coupling with relaxed alignment tolerances over mm-scale distances.
These prospects were partly mentioned as a theoretical possibility in our earlier
publication [2], however without proving the practical feasibility under real techni-
cal constraints related, e.g., to limited angular and translational alignment accuracy
of assembly machines, to shrinkage of glues during curing, or to fabrication inaccu-
racies of the FaML, which may lead to pointing errors of the emitted beams. The
work presented here provides this proof and additionally covers highly relevant
use cases for FaML, comprising pluggable fiber-chip connections, coupling with
ultra-low reflection based on angled interfaces, as well as free-space coupling
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4 Optical packaging using 3D-printed facet-attached microlenses

over large distances with intermediate micro-optical elements. On a quantitative
level, we demonstrate low-loss FaML-based coupling interfaces for edge emitting
SiP chips, featuring insertion losses of 1.4 dB per interface along with transverse
1 dB-alignment tolerances of 6 pm. This corresponds to the lowest loss so far
obtained for edge-emitting silicon photonic waveguide interface with micrometer-
scale alignment tolerances. The results are highly reproducible, which is confirmed
by the low variances of the losses obtained in our array coupling experiments, see
Table 4.1, 4.2, and 4.3. The high degree of reproducibility is a direct consequence
of the relaxed alignment tolerances —we quantify this aspect and support it by
Monte Carlo simulations in Supplementary Section B.2.9. For properly designed
FaML, the accuracy of the machine used in our experiments should, in most cases,
not lead to any measurable excess loss due to passive alignment.

The relaxed alignment tolerances open a path towards passive assembly techniques
exploiting machine vision and/or simple mechanical stops and even permit re-
pluggable fiber-to-chip connectors based on mass-producible injection-molded
plastic parts. In comparison to the aforementioned metamaterial-based suspended-
membrane tapers [154, 155], our method provides similar coupling performance
while being much more flexible. Facet-attached microlenses are compatible with
all photonic integration platforms and can be applied to vastly different multi-
chip and fiber-chip assemblies —without any need for technologically demanding
under-etching at the chip facet. Our approach further allows to insert discrete
micro-optical components into the collimated beams between chip-based PIC, and
the design of FaML based micro-optical coupling elements can be easily adapted
for angled facets with low-back-reflection. We further believe that our approach
is highly scalable from a fabrication point of view. Printing on facets of FA and
cleaved bars of InP devices can be efficiently accomplished by working with device
stacks that can be processed from the surface-normal direction of the facets. In
case of chips with deep-etched optical facets, FAML can be printed on a wafer
level from a direction normal to the wafer surface, see Materials and Methods
(Section 4.8). With respect to fabrication throughput, the writing time for the
FaML is clearly an important aspect and probably the main scalability bottleneck
of today’s lithography systems. In general, the writing time of a given FaML
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depends on many parameters such as the volume, the required printing resolution,
as well as the size, the curvature, and the required quality of the optically relevant
surfaces. While small lenses typically require writing times of the order of a
minute, the writing times for bigger lenses as needed for large beam diameters can
currently still exceed ten minutes. In the future, these writing times may be reduced
by orders of magnitude, using, e.g., novel multi-photon printing techniques such
as light-sheet 3D microprinting [156] or projection printing with spatio-temporal
focusing [157], rendering the FaML-approach even more attractive. Exploiting
fully automated direct-write 3D laser lithography might hence open a path towards
highly scalable and robust assembly processes of advanced photonic integrated
systems.

4.7 Summary

We demonstrate the potential of 3D-printed facet-attached microlenses (FaML) for
advanced photonic system assembly. FaML can be printed with high precision to
the facets of optical components using multi-photon lithography, thereby offering
the possibility to shape the emitted beams by freely designed refractive surfaces.
The beams can be collimated to comparatively large diameters that are independent
of the device-specific mode fields, thereby relaxing both axial and lateral alignment
tolerances. This renders costly active alignment obsolete and opens the possibility
to insert discrete optical elements such as optical isolators into the free-space beam
paths between PIC facets. We show the viability and the versatility of the concept
in a series of selected demonstrations. In a first set of experiments, we couple
fiber arrays (FA) to arrays of edge-coupled silicon photonic (SiP) chips, reaching
insertion losses of 1.4 dB per interface with a translational lateral 1 dB alignment
tolerance of =6 pm and a rotational 1 dB alignment tolerance of 1.1°. To the best
of our knowledge, this is the lowest loss so far demonstrated for an edge-emitting
SiP waveguide interface with micronscale alignment tolerances. We also show
that the outstanding alignment tolerance of our scheme allows for reproducible
coupling using a simple LEGO brick for detachable mechanical connection. In a
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second set of experiments, we further demonstrate free-space transmission over
distances in the millimeter-range, using standard machine-vision techniques for
alignment of the respective devices. In this experiment, we insert a discrete
micro-optical polarization beam splitter prism into the beam path between a
single-mode fiber (SMF) array and array of edge-coupled indium-phosphide (InP)
photodetectors. A third set of experiments is dedicated to interfaces between
angled DFB lasers and SMF arrays. In this context, we demonstrate coupling
with ultra-low back-reflection by connecting planar devices through non-planar
beam paths that only comprise tilted optical surfaces. We achieve coupling losses
of approximately 2 dB and estimate —44 dB of spurious back-reflection. Based
on these exemplary demonstrations of the outstanding versatility of the FaML
concept, we believe that the approach opens an attractive path towards advanced
photonic system assembly that may overcome most of the current limitations.

4.8 Materials and Methods

Silicon photonic (SiP) chips: The SiP chips used in our experiments were
fabricated at IMEC, Belgium, using the ISIPPS0G platform. The test chips
contain edge couplers (EC) with so-called inverse tapers, which are arranged in a
loopback-configuration with a pitch of 127 nm, see Fig. 4.2. By observation with
an IR microscope objective (Olympus LMPlan IR 100X /0.80) with a numerical
aperture (NA) of 0.8, the mode-field diameter (MFD) was measured to be 2.5 pm
at the chip facet. For calculating coupling losses, we assume a waveguide loss of
0.17 dB/mm and 0.08 dB/mm for TE and TM polarization, respectively. For the
Loopbacks (1, 8) and (2, 7), see Fig.4.2, we further account for a loss of 0.3 dB per
waveguide crossing. The polarization-dependent loss (PDL) of the EC amounts
to 0.5 dB. These numbers are specified by IMEC’s Process Design Kit (PDK).

Multi-photon lithography: The 3D-printed microlenses were fabricated from
negative-tone photoresist (VanCore A, Vanguard Automation GmbH, Karlsruhe,
Germany; refractive index n = 1.53 at 1550 nm) using an in-house-built lithogra-
phy system with a 63 x /1.4 objective (Zeiss Plan-Apochromat 63 /1.4 Oil DIC
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M27), galvanometer-actuated mirrors, and a 780 nm femtosecond laser (Menlo
C-Fiber 780 HP, pulse width 58 fs). We use automated procedures for detection
of the height and tilt of chips and FA. For the SiP chips, we reach a lateral and
vertical alignment precision [33] of the order of 100 nm. Further information
on the resist material and on the stability of printed FaML structures is given in
Supplementary Section B.6.

Lenses are printed to the fiber arrays (FA) with the axis of the lithography beam
perpendicular to the fiber facets, while the fiber cores are back-illuminated for
easier detection. Similarly, the lenses on the InP components are printed "from
the front", with the axis of the lithography laser beam perpendicular to the chip
facets, and the geometry of the ridge waveguide structure is detected for position
referencing. In contrast to this, we print the SiP lenses "from top" with the axis
of the lithography perpendicular to the top surface of the chip. This allows for
precise detection of marker structures on the chip surface and opens a path towards
wafer-level printing of FaAML to deep-etched device facets prior to chip separation.
When printing to vertical device facets "from top", the opaque chip edge blocks
part of the lithography beam, thus reducing the power in the focus. This is
compensated by using a position-depend dose adaptation close to the device facet.

Passive alignment and assembly process: For passive alignment and assembly
we use a custom assembly machine (ficonTEC Service GmbH) that relies on
industry-standard machine vision techniques, see Supplementary Section B.3 for
details. The alignment is based on data from a top-view and a bottom-view camera,
as well as on high-precision distance measurements using a sensor that exploits
a chromatic confocal measurement principle [158]. To aid the detection of fiber
arrays, we use 3D-printed markers, see Inset (i) of Fig. 4.6 and Supplementary
Section B.3 for details. Once aligned, the components are fixed in place using UV
glue (Optocast 3410 Gen 2, EMI Inc.). This glue contains silica filling material
and features low shrinkage to permit gluing gaps of variable widths up to at least
200 pm without notable displacement of the devices during curing.

Microlens simulation: For the numerical optimization of microlens surfaces, we
use an in-house simulation software written in Python and running on a graphic
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processing unit (GPU). The software relies on the scalar wide-angle unidirectional
wave-propagation method proposed in [36]. This allows for fast and reliable
wave-optical modeling of micro-optical components beyond the thin-element
approximation and for wave-optical assessment of alignment and fabrication
tolerances both in the lithography and the assembly processes. Various simulated
field plots are found in Supplementary Fig. B.10.

[End of paper [J2]]
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5 Superconducting nanowire
single-photon detector with
3D-printed free-form microlenses

This chapter reports on superconducting nanowire single-photon detectors (SNSPD)
which are supplemented by free-form microlenses, resulting in a significant in-
crease of the effective light-receiving area. It has been published in Optics
Express [J3]. The material from the publication was adapted to comply with the
layout and the structure of this thesis. Further supplementary information can be
found in Appendix C.

The experiments were conceived by Artem Kuzmin, Konstantin Ilin, Michael
Siegel, Christian Koos and the author. The author developed the advanced
simulation and lithography tools required for precise fabrication of microlenses
to the SNSPD, building upon earlier work by Matthias Blaicher. The author
further performed the analytical calculations in conjunction with the optimum
lens shape, with advice from Christian Koos. The layout of the SNSPD chip
was done by Artem Kuzmin, supported by discussions with the author. Artem
Kuzmin fabricated the SNSPD chip, based on processes developed by Konstantin
Ilin in earlier work. The microlenses were designed and fabricated by the author.
Philipp-Immanuel Dietrich provided the photoresist used in the experiment. The
cryogenic photon count rate experiments were performed at the Institute of Micro-
and Nanoelectronic Systems (IMS, KIT) by Artem Kuzmin and Emanuel Knehr.
Artem Kuzmin analyzed the experimental data. All authors discussed the data.
The author wrote the manuscript with support by Artem Kuzmin, Wolfgang Freude
and Christian Koos.
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[Beginning of paper [J3]. This article is reprinted under the terms of OSA’s
"Copyright Transfer and Open Access Publishing Agreement". ]

Superconducting nanowire single-photon detector with 3D-printed free-form
microlenses

Optics Express, Volume 29, Issue 17, pp. 267708-27731 16426 (2021)
https://doi.org/10.1364/0E.427639

Yilin Xu'?, Artem Kuzmin?, Emanuel Knehr?, Matthias Blaicher!-2, Konstantin
Ilin3, Philipp-Immanuel Dietrich!?>*, Wolfgang Freude', Michael Siegel®, and

Christian Koos!2#

Hnstitute of Photonics and Quantum Electronics (IPQ), Karlsruhe Institute of Technology (KIT),
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3Institute of Micro- and Nanoelectronic Systems (IMS), KIT, 76187 Karlsruhe, Germany.
4Vanguard Automation GmbH, 76185 Karlsruhe, Germany.

We present an approach to increase the effective light-receiving area of super-
conducting nanowire single-photon detectors (SNSPD) by free-form microlenses.
These lenses are printed in sifu on top of the sensitive detector areas using high-
resolution multi-photon lithography. We demonstrate a detector based on niobium-
nitride (NbN) nanowires with a 4.5 pm x 4.5 pm sensitive area, supplemented
with a lens of 60-pm-diameter. For a plane-wave-like free-space illumination at
a wavelength of 1550 nm, the lensed sensor has a 100-fold increased effective
collection area, which leads to a strongly enhanced system detection efficiency
without the need for long nanowires. Our approach can be readily applied to a
wide range of sensor types. It effectively overcomes the inherent design conflict
between high count rate, high timing accuracy, and high fabrication yield on the
one hand and high collection efficiency through a large effective detection area on
the other hand.
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5.1 Introduction

5.1 Introduction

Superconducting nanowire detectors [159] are key to many applications that
require single-photon detection in the optical and near-infrared spectral region.
Superconducting nanowire single-photon detectors (SNSPD) are fabricated from
a thin superconducting film patterned to a stripe (nanowire), which is biased close
to the critical current where superconductivity disappears. If any extra energy,
e.g., from a photon, is absorbed by the nanowire, a so-called hot spot appears, i.e.,
a region with suppressed superconductivity. The nanowire then switches to the
normal conducting state, and a voltage pulse from this event can be detected in an
external circuit [160]. Despite the requirement of cryogenic operating temperatures,
SNSPD are attractive due to their ability to cover a broad spectral range from
ultra-violet (UV) to mid-infrared with a quantum efficiency of up to 98% [161].
Picosecond timing jitter [162], gigahertz photon count rates (PCR) [163], and sub-
1 Hz dark count rates (DCR) are further advantages. Promising results with SNSPD
were already obtained in laser ranging (LiDAR) [164, 165], spectroscopy [166—
168], quantum key distribution [169, 170], as well as in particle and nuclear
physics [171]. Further application fields are deep-space communications [172]
and integrated quantum photonics [173].

In most cases, SNSPD consist of meander-like nanowires with typical widths
of the order of 100 nm that are fabricated on a plane substrate and illuminated
from a direction normal to the substrate plane to avoid technically complex and
lossy coupling of photons into integrated optical waveguides. This leads to design
conflicts regarding the nanowire length: While high PCR, low DCR, and low timing
jitter require a short nanowire, the system detection efficiency (SDE) crucially
depends on the covered area and thus calls for a long nanowire. In addition,
large-area SNSPD with long nanowires are prone to random fabrication defects,
thereby reducing the process yield. SNSPD based on niobium nitride (NbN) are
widely used due to rather high operating temperatures up to 5 K, and have been
demonstrated with active areas of, e.g., 26 pm x 290 pm = 7540 pm? and area
fill factors of up to 0.28 [174]. In these devices, however, the PCR is typically
limited to less than 10 MHz due to the high kinetic inductance of the underlying
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20-mm-long nanowire. In addition, the timing accuracy of such devices degrades
with increasing detector length due to the so-called geometrical jitter [175], a
random delay of an electrical pulse propagating from different absorption sites
along the nanowire. On the other hand, maximum PCR of 2 GHz have been
shown in SNSPD with 500 pm-long nanowires, but the active area of these devices
is usually less than 100 um? [176], which leads to rather low SDE in typical
applications.

In this paper we show that this design conflict can be overcome by exploiting
advanced 3D laser lithography for in situ fabrication of large-area light-collection
lenses on top of compact SNSPD with short nanowires. In our proof-of-concept
experiments, we show 3D-printed free-form lenses on top of high-PCR SNSPD
made from a 100-nm-wide NbN stripe. The 3D-printed lenses focus the incident
light to the associated SNSPD with a lateral precision better than 100 nm and offer
effective collection areas of more than 2000 1m?, while keeping the nanowire
length as short as 100 pm. This leads to short reset times of less than 2 ns, thereby
enabling peak PCR of hundreds of MHz, which might be further increased to a few
GHz. Our approach is general and can be transferred to extended SNSPD arrays
that combine high detection efficiency with high peak PCR and high fabrication
yield.

5.2 Improving detection efficiency of SNSPD
by 3D-printed microlenses

The concept of 3D-printed microlenses on top of an SNSPD is illustrated in
Fig. 5.1. Figure 5.1(a) shows a schematic view of a 16-pixel SNSPD array with
hexagonal arrangement. The SNSPD array is combined with an associated array
of 3D-printed microlenses, each of which collects incoming light from an effective
collection area A and focuses it to a spot within the active area Ap of the
corresponding SNSPD. The inset of Fig. 5.1(a) shows a magnified view of a single
SNSPD, which, in our case, has an active detection area of Ap = 4.5 x 4.5 1m?
into which a circle with radius rp can be inscribed. Figure. 5.1(b) shows a
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schematic cross-section through an individual lens with apex height hy having a
rotationally symmetric lens surface that is described in cylindrical coordinates by
the function A (r). The lens geometry is characterized by a physical aperture with
radius r o, which denotes the distance from the optical axis at which the lens profile
is clipped. Note that the radius r¢ of the effective collection area Ac = 7ré may
be additionally limited by strong Fresnel reflection at the increasingly steep lens
surface in the regions that are further away from the optical axis, i.e., rc < ra.
The effective collection area of a certain lens is defined as the area oriented
perpendicular to the direction of an incoming plane wave, which would collect the
same optical power as the lens itself (see Section C.1.1 for details).

To quantify the performance of our 3D-printed lenses, we first introduce a quantita-
tive description of the system detection efficiency (SDE), which may be improved
by the increased collection area A¢ of the 3D-printed microlenses. In the fol-
lowing, R; denotes the rate of photons which are incident on an input aperture of
the detection system. This input aperture may be defined by the end-face of an
optical fiber or, in case of free-space illumination, by an optical window in the
cryostat. The SDE is defined as the ratio of the average photon count rate PCR
captured by the SNSPD and the photon rate R; incident on the input aperture,
SDE = PCR/R;. We further introduce the rate R, of photons received by the
active detector area Ap and the rate R, of photons absorbed by the detector. The
system detection efficiency can then be represented as a product of the optical
coupling efficiency OCE = R,/R;, the absorption efficiency ABS = R,/R,,
and the intrinsic detection efficiency IDE = PCR/ R,, where IDE represents the
fraction of absorbed photons that lead to hot spots and therefore cause observable
detector pulses. The system detection efficiency can thus be written as

SDE = OCE x ABS x IDE, (5.1a)
PCR R R PCR
= = —r A = J I == .
SDE o OCE B BS no DE=—p—. (b

where all the efficiencies SDE, OCE, ABS, and IDE depend on the photon energy.
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Fig. 5.1: Concept of 3D-printed microlenses on top of SNSPD. (a) Schematic of a 16-pixel SNSPD
array with a corresponding microlens array in hexagonal arrangement. Each microlens collects

incoming light from an effective collection area Ac (hatched area) and focuses it to a spot within
the active area Ap of the respective SNSPD, into which a circle with radius rp can be inscribed.
(b) Schematic cross-section through an individual lens with apex height hg. Plane-wave-like light
incident along the surface normal of the SNSPD substrate is focused to a spot with a radius smaller than
D, where rp describes the radial extension of the SNSPD. The rotationally-symmetric lens surface
is described in cylindrical coordinates by the function h(r), where r denotes the radial coordinate.
The lens surface is clipped at the radius 7, thereby defining the lens aperture. The radius ¢ of the
effective collection area Ac = wr% may be additionally limited by strong Fresnel reflection at the
increasingly steep lens surface in the regions that are further away from the optical axis, i.e., rc < 7a,

see Section C.1.1 for a quantitative description.
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For a plane-wave-like illumination, the microlenses improve the system detection
efficiency SDE foremost by effectively enlarging the detector area from Ap to
Ac. Photons are thus extracted from a larger portion of the input aperture, i.e.,
the optical coupling efficiency OCE is improved. In the following, we compare a
single lensed detector (subscript "lens") to an identical reference detector without
lens (subscript "ref"). The improvement of the optical coupling efficiency OCE
is then described by the effective lens gain Gp = OCEjeps/OCE,of = Ac/Ap.
Assuming further that both detectors have equal absorption and intrinsic detection
efficiencies, ABSjens/ABS,ef and IDEje,,s /IDE, ¢, we find according to Eq. (5.1)
that Gp also describes the increase of PCR and the improvement in SDE,

DEens P ens i Eens A 2
S 1 CR] ‘/Riocl :GD, GD:—C:@_ (5-2)

SDEref B PCRref/Ri B OCEref

Note that fabrication defects and thermal fluctuations deteriorate the IDE in
SNSPD with long nanowires [177]. Hence, the SDE of a lensed detector with
collection area A¢ should be higher than the one of a long-nanowire SNSPD that
covers the same equivalent area — in addition to the improved timing accuracy
and detector speed [176]. Note also that, in practical applications, the propagation
direction of the incident light might be misaligned with respect the optical axis
of the 3D-printed lens by an angle v and that the improvement of the OCE by
microlenses is subject to a fundamental tradeoff between the collection area Ac
and the maximum tolerable angular misalignment ~,,.. This aspect is discussed
in more detail in the following section.

5.3 Design of 3D-printed microlenses

As a first step of the design procedure, we consider a plane-wave illumination and
use a simple ray-optics model to design a lens surface that focusses the incoming
light to a single point in the center of the SNSPD. Based on this lens design,
we then use a wave-optics model to estimate the achievable spot size on the
SNSPD, and we derive analytical expressions to quantify the dependence of the
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effective lens gain Gp and the maximum tolerable angular misalignment y,ax
of the illumination on the lens size. These considerations are followed by more
detailed numerical simulations.

5.3.1 Analytic considerations

For the ray-optics lens design, we consider incident rays parallel to the optical axis
of a rotationally symmetric lens, which is surrounded by vacuum (refractive index
Nyac = 1), Fig. 5.2. We use cylindrical coordinates to describe the lens shape by
the dependence of the height /(r) on the radial coordinate . We consider a ray
impinging on the lens surface at an angle v, With respect to the local lens surface
normal, see Fig. 5.2, and we denote the corresponding angle inside the lens with
QUens, Which is connected to vy, by Snell’s law, njens SIN Qens = Nyac SIN Qyac-
We can then express the propagation angle 6 = aiyae — Qens Of the internal ray
with respect to the optical axis,

. n .
0 = tyae — arcsin (Vac sin avac) < Omax 5.3)
Nlens
where the maximum ray angle 0,,,,, inside the bulk of the lens is limited by the

refractive index of the lens, since cv,. cannot exceed 7/2,

Omax = T_ arcsin (w) . 5.4
2 Niens
Note that the maximum ray angle corresponds to the case of total internal reflection
at the lens surface when considering a ray with reversed propagation direction
from the inside of the lens to the outside. The optimum lens shape within this
approximation of geometric optics is a spheroid, i.e., an ellipsoid that is rotationally
symmetric with respect to the optical axis [178, 179]. The two foci S1 and S2 of
the spheroid are stacked vertically on the optical axis with the SNSPD placed in
the lower one, see Fig. 5.2. The ratio £ between the major (vertical) half-axis b
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plane wave
illumination

Fig. 5.2: Cross section of the idealized spheroidal lens shape, which can be derived from ray-optical
considerations [178, 179]. The two foci S1 and S2 of the spheroid are stacked vertically. The SNSPD
with area Ap is located in the lower focus S1, and the ratio & = b/a between the half-axes b and
a is fixed by the refractive index of the lens material, see Eq. (5.5). The apex height equals the
material-sided focal distance f and is given by Eq. (5.8). An exemplary ray (blue) impinges on the lens
surface at a radial position r with an angle avyac(r) against the local surface normal and is refracted
to an angle ayens () within the lens. The associated angle to the optical axis is denoted as 6(r). The
maximum possible aperture angle fmax corresponds to the case of total internal reflection at the lens
surface when considering a ray with reversed propagation direction from the inside of the lens to the
outside, see Eq. (5.3).

and the minor (horizontal) half-axis a of the spheroid is related to the refractive
index of the lens [178],

b nens
5:7:217. (5.5)

_ 2
a Mens Nyac

The distance d between the center of the spheroid and any of the two foci is also
referred to as the linear eccentricity

: (5.6)
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which depends on the eccentricity

e=1\/1—(a/b)’ = V1—1/€2. (5.7)

The material-sided focal distance f of the spheroid lens equals the apex height h,
see Fig. 5.2, and scales with the size of the half axes as

f=ho=b+d=(1+e)xb=¢1+e€)xa. (5.8)

For such an spheroidal lens, we thus find that both the effective collection radius
r¢ (see Section C.1.1 for details), and the focal distance f are proportional to the
horizontal half-axis a. By linear scaling of the lens, an arbitrarily high collection
radius r¢ and thus an arbitrarily high lens gain Gp can be achieved, see Eq. (5.2),
provided that light is incident only along the major axis of the spheroid. In many
practical applications, however, propagation direction of the incident light might
be misaligned with respect the optical axis of the 3D-printed lens by an angle ~,
which translates into a lateral displacement Ar. For small incidence angles -,
we find Ar & f7/Nens, i.€., the displacement Ar increases in proportion to the
focal distance f, which in turn is proportional to the collection radius rc. The
maximum tolerable lateral displacement A7,y is dictated by the finite detector
size quantified by rp and by the focal spot size, e.g., quantified as second-moment-
radius wy = 20 of a spot with an approximately Gaussian intensity distribution.
In summary, we find

Armax Armax Armax

Ymax =~ Nlens f X a X \/A/TC )

Thus, increasing the effective collection radius r¢ by scaling the lens size comes

ATmax & p — W - 5.9

at the price of lowering the maximum tolerable angular misalignment yax. In
practice, lenses should hence be designed as big as the required angular alignment
tolerance permits. In cryogenic systems, the achievable angular alignment toler-
ances might typically range from 0.2° to 2°, depending on the exact optomechanical
implementation.
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With these considerations, we can now outline a design procedure, which takes
all limitations and trade-offs into account, see Fig. 5.3 and Section C.1 for details.
For a given refractive index n, we first consider the achievable spot size wy, see

% 084 | 0.70 - n=3.5
<074 \
0-6 ! T T T T T T T T T 0.65 T T T T
15 20 25 30 35 40 0.6 0.7 0.8 0.9

n ra/a

Fig. 5.3: Design procedure for a lensed SNSPD. Both the effective collection radius r¢ (see Sec-
tion C.1.1 for details), and the focal distance f are proportional to a. The size of the lens should thus
be chosen as large as the required angular alignment tolerance permits, see Eq. (5.9). (a) Achievable
second-moment-radius wo = 20 of a spot with an approximately Gaussian intensity distribution vs.
refractive index n of the lens material (see Section C.1.2 for details). The vertical dashed line indicates
the typical available refractive index of njens ~ 1.5 for 3D-printed polymer lenses. (b) Ratio of
focal length f and minor half axis a vs. refractive index n. For highest possible lens gain, Eq. (5.2),
the half-axis a should be chosen as large as possible while still respecting the upper limit for the
focal distance f, which can be estimated through Eq. (5.9) based on the known spot size wo, see
Subfigure (a), the known detector size rp, and the desired angular alignment tolerance. (c) Ratio of
the effective collection area m% and the geometrical cross-section a2 of the lens vs. refractive index
n. The ratio decreases with increasing refractive index due to strong Fresnel reflections at the lens
surface. (d) Effect of clipping the lenses, e.g., when integrated into a two-dimensional lens pattern.
For simplicity, we assume that the pitch of the detectors can essentially be chosen freely and that the
lenses are clipped circularly at an aperture radius Ao < a. The clipping removes the outer strongly
inclined regions of the lens surfaces, which are subject to higher Fresnel reflections, such that strong
clipping leads to an increased effective collection efficiency of the overall lens array. We find that the
value of (rc/ra)? does not increase significantly with decreasing 74 as soon as 7o < 0.7 X a, i.e.,
clipping the lens surfaces to even smaller aperture radii does not pay out any more. This estimate helps
to determine the number of detectors that are needed to realize a high-fill-factor array.
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Fig. 5.3(a), where the vertical dashed line indicates the typical available refractive
index of njens ~ 1.5[180, 181], which is a typical number for polymer photoresists
at wavelengths in the visible and near-infrared spectral range. This spot size is
dictated by the maximum ray angle of 6,5 = 48° according to Eq. (5.4) and by
the fact that the Fresnel reflection at the lens surface increases with increasing
distance from the optical axis. Figure 5.3(a) is based on Eq. (C.14) of Section C.1.2,
which gives a more detailed description on how the spot size is extracted from
the vectorial point-spread function and the associated distribution of the Poynting
vector in the focal plane of the lens. Note that the consideration in Fig. 5.3(a) is
independent of the absolute size of the lens. In a next step, we choose the minor
half-axis a of the lens as large as possible, given the limited angular alignment
tolerance. To this end, we consider the ratio of the focal distance f and the minor
half-axis a, which is solely dictated by the refractive index n, see Fig. 5.3(b). The
upper limit for the focal distance can be estimated through Eq. (5.8) based on the
known spot size wy, see Fig. 5.3(a), the known detector size rp, and the required
angular alignment tolerance as dictated by the application of the lens-equipped
SNSPD. The lens gain Gp, is finally quantified by the effective collection radius
ra, see Eq. (5.2), which increases in proportion to the minor half axis a of the
lens and which, in addition, depends on the Fresnel reflection at the lens surface
as dictated by refractive index njens, see Fig. 5.3(c). Figure 5.3(c) is based on
Egs. (C.1) and (C.2) in Section C.1.1, which account for the position-dependent
Fresnel reflection at the lens surface to calculate the effective collection area Ac
and the associated radius r¢.

Finally, we consider the case of an array of lensed detectors. For simplicity, we
assume that the pitch of the detectors can essentially be chosen freely, thereby
clipping the spheroidal lens surfaces along the perpendicular bisectors of the lines
connecting the center points of neighboring detectors. This clipping removes
the outer strongly inclined regions of the lens surfaces, which are subject to
higher Fresnel reflections, such that strong clipping leads to an increased effective
collection efficiency of the overall lens array. For a simplified calculation, we
consider the case where the lens is clipped along a circular contour of radius 74,
centered about the optical axis, and we calculate the squared ratio of the effective
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collection radius r¢ and the geometrical contour radius r for different refractive
indices, see Fig. 5.3(d). For 75 — a, the value of (r¢ /7 )? corresponds to the one
calculated in Fig. 5.3(c), whereas for 74 — 0, it approaches the Fresnel-limited
power transmission in the case of normal incidence on a plane surface. We find
that the value of (rc/ra)? does not increase significantly with decreasing 74 as
soon as rp < 0.7 X a, i.e., clipping the lens surfaces to even smaller contour
radii 5 does not lead to significant additional gain in the collection efficiency of
the overall array. This estimate helps to determine the number of detectors and
lenses that are needed or realize a high-fill-factor array with power transmission
close to the Fresnel-limited value for the case of normal incidence on a plane
surface. Note that typical photoresists used for multi-photon polymerization
exhibit absorption of the order 1 dB/cm. For typical lens heights A of less than
100 um, this leads to absorption losses of less than 0.2%, which can be neglected
for most cases of practical interest. Note also that extended arrays of clipped
lenses might also be efficiently produced by high-volume replication techniques
such as nano-imprinting or hot embossing.

5.3.2 Numerical simulations

The spheroidal lens shape has been obtained in Section 5.3.1 based on simplified
ray-optics considerations. For the clipped lens, however, additional side lobes of
the point-spread function might occur, such that a wave-optical optimization could
result in a slightly different optimum lens shape. In addition, the case of a slightly
tilted illumination can only be analyzed in full using a wave-optical simulation.
We therefore complement our design considerations by a numerical simulation of
a specific lens design for a lensed SNSPD array. In the following, we consider a
vacuum wavelength of A = 1550 nm, a refractive index of nje,s = 1.53 and an
SNSPD size of Ap = 4.5 x 4.5 um?, which is consistent with the devices used for
the experimental demonstration described in Section 5.4. We choose lenses with
an apex height hog = f = 70 pm. For a spheroidal lens surface, Fig. 5.2, the minor
half axis of the spheroid is & = 32.0 um, the effective collection radius amounts to
rc = 30.0 pm, and the effective lens gain is Gp = 140 for the unclipped lens, see
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Egs. (5.2) and (5.8) and Figs. 5.3(b) and 5.3(c). We further estimate an achievable
spot size radius of wy = 0.80 um, see Fig. 5.3(a). This leads to a maximum
allowed lateral displacement of Ary,. = 1.45um for a detector size of radius
rp = 2.25um, corresponding to a maximum illumination tilt of Y. = 1.8°,
see Eq. (5.9), which can be well achieved in a fixed cryogenic setup without any
means for further adjustment during the experiment.

Based on this design, we then investigate the behavior of densely packed lenses
as part of an array. Naturally, arranging lenses in a gapless array requires some
kind of clipping, depending on the structure of the underlying lattice. For the
clipped lens, additional side lobes of the point-spread function might occur, and
the spheroidal refracting surface of the lenses might not any more lead to the
maximum possible concentration of incident optical power into the active area
of a commonly rectangular SNSPD. To investigate this effect, we numerically
optimize the refracting surfaces of clipped lenses and compare the resulting shapes
and collection efficiencies to the ones of spheroidal surfaces. For the numerical
optimization, we use an in-house simulation software written in Python and
running on a graphic processing unit (GPU). The software uses the scalar wide-
angle unidirectional wave-propagation method for step-index structures proposed
in [36]. This allows for fast and realistic wave-optical modeling of micro-optical
components beyond the thin-element approximation. For this method, exceptional
consistency with rigorous finite-difference time-domain (FDTD) solutions of
Maxwell’s equations has been shown in terms of focal intensity distributions [36],
while the underlying calculations are considerably faster than those associated with
various wide-angle beam-propagation-methods. Note that the field computation
could be further accelerated by exploiting the rotational symmetry of the problem
in case the incident plane wave propagates along the optical axis [182].

For a simple implementation of the design procedure, we assume a rotationally
symmetric lens with a fixed apex height of hy = 70 pum, see Fig. 5.1(b), and
parametrize the height of the refracting surface by a polynomial h(r) = hg +
cor? + cqr* + ... as a function of the lens radius r. In a first step, we further
assume clipping along a circular contour 74 = 22.4pum, corresponding to a
clipping ratio of r5/a = 70% for the spheroidal lens shape. According to
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Fig. 5.3(d), this choice of the clipping radius should allow for a lens array with
an overall collection efficiency that is close to its theoretical optimum dictated by
Fresnel losses at normal incidence. For the optimization, we consider a single
free-standing lens, which is illuminated by a plane wave incident along the optical
axis of the lens, and we optimize the polynomial coefficients ¢; for maximum
power in the detector area Ap = 4.5 x 4.5 pm>. We find that, when using only two
free coefficients co and c4, the numerical optimization of the clipped lens surface
leads to a rather marginal improvement of 0.1% with respect to the reference case
of a clipped spheroid — the numerical values of the coefficients are specified in
the third row of Table 5.1 below (clipped polynomial, optimized as single lens
with rpo = 22.4pm). For 3 free coefficients ca, ¢4, and cg, this improvement
increases to 0.3%. We may hence conclude that lens arrays on top of SNSPD may
indeed be designed by merging simple spheroids, without the need for further
numerical optimization.

In a second step, we extend the simulation to an entire hexagonal array of lens-
equipped SNSPD with spacing 2rp, see inset of Fig. 5.4. For this array, we
chose again r5 /a = 70%. The white line in Fig. 5.4 indicates the shape of the
underlying unclipped spheroid, and the green line refers to the contour of the
previously numerically optimized lens surfaces with only two free coefficients
co and c4. The two shapes hardly differ, which is consistent with the fact that
they result in essentially the same performance. The colors in Fig. 5.4 refer
to the electric-field magnitude which is depicted in the (x, z)-plane. The blue
dashed rectangle in the inset refers to the computational area, for which we use
periodic boundary conditions to mimic an infinitely extended lens array. From the
simulation, we also extract the intensity distribution along the x-axis in the focal
plane, both for normal and for slightly angled incidence, see Fig. 5.5(a). The solid
black line refers to the simulated intensity profile obtained for the clipped lens
array, and the blue line gives the profile obtained for the full unclipped spheroid,
both for normal incidence. As expected, the clipping leads to a broadening of the
intensity profile — the second-moment-radius of the intensity distribution of the
clipped lens amounts to wg . = 20, = 1.1 um, whereas a second-moment-radius
of wg.ne = 20y, = 0.7nm is found for the non-clipped spheroid lens. The
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simulated value for the non-clipped lens is in reasonable agreement with the value
wo = 0.8 pm estimated based on Fig. 5.3(a) and Section C.1.2. We attribute the
slight differences mainly to the approximations related to the position-dependent
Fresnel losses in both techniques. Note that even for the clipped lens, side lobes
of the intensity distribution do not play a significant role. The area shaded in blue
in Fig. 5.5(a) indicates the actual width of the SNSPD. We further simulate the
intensity distributions for a direction of incidence that deviates from the optical
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Fig. 5.4: Simulation of an arrangement of densely packed pillar-shaped microlenses with hexagonal
cross-section using the wave-propagation-method [36]. Each SNSPD has a detector area of Ap =
4.5 x 4.5pm?, and the apex height of the lenses is fixed to hg = 70pm. The arrangement is
illuminated by a plane wave from the top. For designing the surface shape, we first consider individual
free-standing lenses with circular cross-section (clipping radius 75 = 22.4 pm), which could be
inscribed into the hexagonal pillars, see inset. We numerically optimize the lens shape such that
maximum power is collected by the detector. The figure shows a cross section through the hexagonal
microlens array with spacing 2r 5 . The green contour lines show an optimized polynomial lens surface
with two free coefficients c2 and c4. For comparison, the white line shows the spheroidal surface
contour with the same height (minor half-axis of ellipsoid a, r4 /a = 70%, Fig. 5.3(d)). The colors
refer to the electric-field magnitude. The asymptotic divergence angle 5 = 0.37 (corresponding
to 21°) inside the lens is given by nsin 8 = NA, leading to a (one-sided) depth of field of
zpor = (1.77/2)(A/n)/(NA/n)? = 7pm according to [64, 65]. The blue dashed rectangle in
the inset designates the computational region. We use periodic boundary conditions to mimic an
infinitely extended lens array.
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Fig. 5.5: Focal intensity distribution and expected effective lens gain for the simulation in Fig. 5.4.
(a) Intensity distribution along the z-axis on the chip surface, both for normal (solid lines) and for
slightly angled incidence (dotted lines). The solid black line refers to the normalized intensity profile
obtained for the hexagonal lens array with optimized polynomial surface, and the solid blue line
gives the intensity profile for a free-standing unclipped spheroid, both for normal incidence of a plane
wave. The blue shaded area indicates the width of the SNSPD. The dotted curves are the normalized
intensity distributions for a plane wave incident with tilt angles « of 3°, 6°, and 9° measured towards
the surface normal of the substrate. The dashed vertical lines correspond to the associated lateral
offsets Ar & fv/njens of the focal spot as estimated by geometrical optics using a focal length of
f =ho =T0pm. (b)Expected effective lens gain G as a function of the tilt angle. The dashed
line indicates the 1 dB decay, which occurs at an illumination tilt angle « of approximately 2.5°.

axis by tilt angles v of 3°, 6°, and 9°, see dotted curves in Fig. 5.5(a). The dashed
vertical lines correspond to the associated lateral offsets Ar of these intensity
distributions, obtained by assuming a focal length of f = hy = 70 pm and a linear
relationship Ar & f+/njens. Note that this linear relationship is only valid in the
limit of small angular deviations 7 < 5° and that the maximum of the intensity
distribution clearly deviates from the respective dashed line for tilt angles ~ of 6°,
and 9°.

We further numerically calculate the effective gain G of an individual clipped
lens as a function of the tilt angle, see Fig. 5.5(b). To this end, we integrate the
intensity in the focal plane of the lens over the active area Ap = 4.5 x 4.5 um? of
the SNSPD, which leads to an almost constant lens gain Gp ~ 77 for tilt angles
v < 1.5° with a 1 dB decay at y1qp = 2.5°. This result is in reasonable agreement
with maximum illumination tilt of v, = 1.8° estimated for the corresponding
ideal un-clipped lens. Note that the lateral extension of the dashed intensity
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distributions in Fig. 5.5(b) does not change strongly with tilt angle . The lens
array can hence be deliberately designed for reception of light from directions
that slightly deviate from normal incidence by simply introducing a lateral offset
between the SNSPD and the optical axis of the corresponding lens. Similarly, a
single lens may be combined with multiple SNSPD that are directly adjacent to
each other to increase the maximum tolerable angular misalignment or to enable
angle-resolved reception of incoming signals. We finally calculate the effective
fill factor 7 of the hexagonally arranged lensed detectors. Each lens covers a
hexagonal cross-section area of Ay, = 2V/3 x ri. Thus we find

- Ac - Ac AD AD AD

=Gp 2 aTTx —2 ~89%. (5.10)

n=25C_4c4D
'TAL T Ap A A, 2v/3 x 13

This is more than two times higher than the best effective fill factor of n = 36%
that was previously reported for an SNSPD array consisting of 1024 individual
detectors that cover an area of 1.6 mm x 1.6 mm [183]. Note that a single detector
of this array has a size of 30 pm x 30 pm and a nanowire length larger than 3 mm
— much larger than the 100 pm used for the SNSPD in our experiment.

To provide an overview and a comparison of the different aspherical lens surfaces
considered in this section, we summarize them in Table 5.1 together with the
respective lens gain Gp and spot-size radius wy, that can be expected from a
lens arranged into a hexagonal array with spacing 2ry = 2 x 22.41m, see inset
of Fig. 5.4. As a reference, we consider a spheroid surface that is clipped to
the hexagonal contour dictated by the array, second row in Table 5.1 ("Clipped
spheroid"). As a very simple alternative, we consider a spherical surface that
is clipped to the same contour, third row ("Clipped sphere"). The radius of
curvature of this surface is chosen to provide maximum lens gain for a clipping
along a circular contour with radius 74 = 22.4um. These shapes are then
benchmarked against a clipped polynomial surface with two free coefficients ¢,
and ¢4, again optimized for best coupling under circular clipping with radius
ra = 22.41m, fourth row. For comparison, we also specify the coefficients co
and c4 of a polynomial surface that leads to the smallest sum of squared deviations
from the spheroidal and the spherical surface within a circular aperture of radius
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ra = 22.4pm, indicated in parentheses in the third and the fourth columns of
Table 5.1. We further validate the designs by comparison to a clipped polynomial
surface, again with two free coefficients co and c4, which has been optimized for
highest lens gain within the entire hexagonal array, fifth row. Interestingly, the
resulting lens gain of Gp = 76.3 is even slightly worse than the gain Gp = 76.5
obtained for the simple spheroidal shape. We attribute this to the limitations of
the two-coefficient polynomial in representing the ideal surface, which becomes
more apparent for larger apertures. For practically relevant use cases, however,
these deviations are insignificant. In the fifth column, we specify the maximum
deviation of the respective surface to the ideal spheroid shape, measured parallel to
the optical axis. We find that the spherical shape shows the largest deviation to the
ideal spheroid shape, which ranges up to 0.45 pm. For the other considered lens
shapes, the deviations are smaller, and the values for the lens gain G, as well as
the achievable spot sizes wy differ from the optimum spheroid only insignificantly.

5.4 Experimental demonstration

5.4.1 Device fabrication

To prove the practical viability of our approach, we fabricated a pair of SNSPD
from a magnetronsputtered, 5-nm-thick niobium nitride (NbN) film on a sapphire
substrate, see [177, 184] for details of the fabrication process. For the experi-
ment, two identical 4.5 pm x 4.5 pm detectors, designed for DC operation, were
structured 150 pm apart from each other in the center of a 3mm x 3 mm chip,
see Fig. 5.6(a). One detector of the pair is used with a 3D-printed microlens
("lensed detector™), while the other is left blank ("reference detector"). The me-
andered nanowires in both detectors are 110 nm wide, 105 pm long, and cover
the detector area with a fill factor of about 50%. Insets 1 and 2 of Fig. 5.6(a)
show scanning electron microscope (SEM) images of the lens and the meandered
SNSPD, respectively. For passivation, the nanowires are covered with a 20-nm-
thick aluminum-nitride (AIN) layer to prevent oxidation, see Inset 3 of Fig. 5.6(a).

138



5.4 Experimental demonstration

The critical temperature of the samples is 7, = 12K, achieved by tuning the
stoichiometry of the NbN film. Together with the patterning technique used [177],
this leads to comparatively high values of the so-called switching currents Iy,
at which the devices switch from superconducting to normal state. For the two
SNSPD used in our experiment, we find a switching current Ig,, of 51 pA for
the lensed device and of 55 A for the device without lens. The 3D-printed
microlenses were fabricated from negative-tone photoresist (VanCoreA, Vanguard
Automation GmbH, n = 1.53 at 1550 nm) by multi-photon lithography [2, 33,
178] using an in-house-built lithography system with a 63 /1.4 objective (Zeiss
Plan-Apochromat 63x/1.4 Oil DIC M27), galvanometer-actuated mirrors and
a 780nm femtosecond laser (Menlo C-Fiber 780 HP, pulse width 58fs). We
use a numerically optimized lens design based on a fourth-order polynomial
h(r) = hO + cor? + c47* which very well approximates a theoretically optimum
spheroidal shape with a minor half axis of ¢ = 32.0 um and a focal length of
f = T70pum (see Section 5.3.2 for details of the design). Since our experimental
validation is limited to a free-standing lens, we chose a slightly larger clipping
radius of rpo = 30 um, for which we expect a lens gain G = 117 along with a
1 dB decay at a tilt angle of y14p = 2.9°.

For fully automated 3D lithography, we use markers in the direct vicinity of each
detector along with techniques for detection of the chip height and tilt. This leads
to a lateral and vertical alignment precision of the order of 100 nm [33]. Our
lithography process produces approximately spheroidal voxels with axes of about
0.5um x 0.5pm x 1.6 pm, where the longest dimension is oriented along the
illuminating beam axis of the lithography system. In addition, the photoresist
features an isotropic linear shrinkage of less than 1%. These effects are known
and can be compensated in the design, leading to an overall precision of the
total structure height and consequently of the axial position of the refracting
surface significantly better than 1 um. Besides that, the lens surface might be
subject to shape deviations that we measure by white-light interferometry. We
find that the typical deviation of actually printed surfaces from their respective
theoretical shape is below 100 nm over the entire aperture and that the typical
root-mean-square (RMS) surface roughness is of the order of 40 nm [2]. For
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Fig. 5.6: Experimental demonstration using a pair of SNSPD on the same chip. One detector is
equipped with a 3D-printed lens ("lensed detector") while the other is left blank ("reference detector").
(a) Optical microscope image of the dual-detector SNSPD chip. The nanowires are patterned into
a 5-nm-thick NbN layer on a sapphire substrate and passivated with a 20-nm-thick layer of AIN.
Detectors are biased and read out using coplanar waveguide transmission line with ground (G) and
signal (S) electrodes patterned in the same NbN layer. The scanning electron microscope (SEM)
images in Insets 1 and 2 show the lens and the meandered SNSPD (4.5 pm X 4.5 um), respectively.
Inset 3 shows a schematic cross section of a lensed detector. To avoid degradation of the nanowire
during lens fabrication by multi-photon polymerization (MPP), a small cylindrical volume ("no MPP",
dark grey) is left unexposed during the lithography. The material in this region is then solidified by
UV flood exposure after development of the structure. (b) Experimental setup for characterizing the
dual-detector SNSPD chip. The chip is mounted in a dipstick tube, and both detectors are connected
to individual coaxial cables, which are used for biasing through a pair of bias tees and for reading
out the electrical pulses from the SNSPD. The pulses are amplified and fed to a counter and a real-
time oscilloscope. The optical test signal is derived from a fs-laser with an emission wavelength
of 1550 nm, which is coupled to a subsequent variable optical attenuator (VOA). The SNSPD are
front-side illuminated by the open end of a single-mode (SM) fiber that is approximately 40 mm away
from the chip surface. This leads to an approximately equal plane-wave-like illumination of both
devices. The backside can be illuminated via a multimode (MM) fiber with a continuous-wave laser
source having a wavelength of 850 nm or with the 1550 nm femtosecond laser, see dotted line. The
facet of the MM fiber is fixed 3 mm from the chip’s backside. The dipstick is gradually cooled down
to 4.2 K in liquid helium.
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estimating the impact of these inaccuracies on the lens performance, we first
separate the influence of the shape of the refracting surface from the influence
of its axial position, directly linked to the lens height. The one-sided depth of
field zpor = (1.77/2)(A/n) /(NA/n)? [64, 65] of the focused beam inside the
polymer lens is zpor = 7pm for A = 1.55um, n = 1.53, and NA/n = 0.37,
see horizontal dotted line in Fig. 5.4. Assuming a maximum height deviation
of 1pm, we estimate a deterioration of the coupling efficiency to the SNSPD
by approximately 0.2%, which is of no practical relevance. The tolerable shape
deviation from the optimum spheroidal lens surface cannot be estimated as easily,
because the impact on the coupling efficiency depends on the exact type of
the associated aberration. For an order-of-magnitude estimate, we compare the
expected shape deviations to those that occur between the ideal spheroidal surface
and its spherical approximation as specified in the second and the third row of
Table 5.1. For the circular aperture radius of ro = 22.4 pm considered in Table 5.1,
the maximum deviation between spheroidal surface and its spherical approximation
amounts to 450 nm, while the lens gain deteriorates only slightly — from an initial
value of G'p spheroid = 76.5 of the ideal spheroid to G'p sphere = 72.1 for
the spherical approximation, corresponding to a reduction of approximately 6%.
Since the systematic shape deviations due to fabrication tolerances amount to only
100 nm, the impact on the lens gain should be much smaller. Similarly, surface
roughness with a root-mean-square deviation of 40 nm can be expected to have no
significant influence on the overall detector performance. The lenses were written
with conservative writing parameters, without any special acceleration techniques,
leading to rather high printing times of approximately 20 min per lens. We expect
that this time can be greatly reduced by optimized writing techniques. We found
the printing processes to be very reliable, once the correct printing parameters
have been found. In the course of our experiments, we printed multiple chips with
the same set of parameters, comprising more than 30 lenses overall, which were
all fully functional.

The microlenses can be operated over a broad wavelength range. For the currently
used resist materials, absorption is typically negligible down to wavelengths of
approximately 500nm [181]. The transparency range can be extended further
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down to 300 nm by using suitable photo initiators [185]. The slightly higher
refractive index njens = 1.58 at 300 nm does not have any significant effect on
the effective lens gain according to our simulations. Note that the SNSPD might
experience significant degradation when directly exposed to the focused laser light
of the lithography system. In such cases, we observed that the room-temperature
resistance of the device increases by a factor of more than three. At the same
time, the critical temperature of the superconducting transition in the nanowire
is found to be reduced to (6...7) K, and the critical currents fall below 10 pA.
To avoid this degradation we use a technique similar to the one reported in [178],
leaving a small cylindrical volume with diameter of 12 pm and height of 3 um
unexposed during lithography, see Inset 1 of Fig. 5.6(a). The fabricated structures
are developed in propylene-glycol-methyl-ether-acetate (PGMEA), flushed with
isopropanol, and subsequently blow-dried. A post-exposure with UV light (EFOS
Novacure N2000, 500 mW/cm? for 40 s) [178] solidifies the liquid resist, which is
encapsulated in the vicinity of the meandered nanowire. Note that this UV dose
is rather low in comparison to those reported in [181]. This might be attributed to
the rather small volumes of the 3D-printed microlenses (maximum apex height of
ho < 100 pm) in comparison to the 2-mm-thick layers investigated in [181] and
to the fact that small curing-induced changes of the refractive index as observed
in [181] are not crucial for the functionality of our structures.

5.4.2 Experimental setup

The experimental setup for characterizing the fabricated pair of SNSPD is shown
in Fig. 5.6(b). The detectors are directly connected to individual 50 €2 coplanar
on-chip transmission lines for readout and biasing, see Fig. 5.6(a). For introducing
the sample into the cryostat, the chip is attached to a submount comprising an
adapter plate for two coaxial cables. The assembly is inserted into a vacuum-tight
dipstick tube with helium (He) contact gas at a pressure of 10 mbar at 300 K. The
dipstick is gradually immersed in a liquid-*He transport dewar and reaches 4.2 K
within approximately 30 min. Similar to [178, 186, 187], the printed lenses proved
to be stable during repeated cool down/warm-up cycles in a temperature range from
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300K down to 4.2 K — we performed around 10 cycles without observing any
lens detachment or peeling-off. For testing, light is supplied to the device by a pair
of fibers inside the dipstick tube and emitted towards the front and the back surface
of the chip, see Fig. 5.6(b). For front-side illumination, we use a standard single-
mode (SM) fiber (Thorlabs SMF-28-J9, Hytrel jacket with 900-pm-diameter),
which is fed by a pulsed femtosecond laser emitting at a wavelength of 1550 nm
with a repetition rate f.., = 100 MHz and a pulse duration of approximately
150fs. The fiber ends about 40 mm above the center of the chip, which leads
to an approximately equal plane-wave-like illumination of both SNSPD that are
spaced by only 150 pm with a lens of 60 pm diameter on top of one of the devices.
The backside of the chip can be illuminated via a multimode (MM) fiber using
either the 1550 nm femtosecond laser, see dotted purple line in Fig. 5.6(b), or
a continuous-wave laser with an emission wavelength of 850 nm, solid red line.
The facet of the MM fiber is fixed 3 mm from the chip’s backside. A DC bias is
applied to the SNSPD through coaxial cables using a pair of bias-tees. Voltage
pulses from the detectors are transmitted through the RF branches of the bias-tees,
amplified by room-temperature amplifiers (MITEQ AFS4), and finally detected
by a real-time oscilloscope (Keysight Infiniium, 33 GHz acquisition bandwidth)
and a pulse counter (SRS SR620). Using the real-time oscilloscope, a reset time
of both detectors of t..s ~ 2ns is measured from the 90% to 10% fall times. In
this measurement, we evaluated 10 000 pulses and averaged the individual fall
times. The reset time is smaller than the repetition period of the fs-laser, such that
no detrimental impact on the pulse counting rate is to be expected.

5.4.3 Count-rate measurements

We measure the photon count rates PCRj¢,s and PCR,¢f of the lensed and the
reference detector at several average incident optical powers of the femtosecond
laser. To extract the lens gain G, we need to assume equal absorption efficiencies
ABS and intrinsic detection efficiencies IDE for both detectors, see prerequisites
of Eq. (5.2). Because the detectors are made from the same film, have the same
geometry and orientation of the nanowires, and are placed close to each other, it is
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safe to assume equal ABS. Regarding intrinsic detection efficiency IDE, we have
to account for its dependence IDE(\, I,/ Iy, ) on both the wavelength \ and the
relative bias current Iy, / Iy, (see Appendix C.2 for an exemplary behavior of similar
detectors). To experimentally adjust for similar intrinsic detection efficiencies
IDE, we first measure the dependencies of the pulse count rate CR(]},/Isw) on
the relative bias current for both detectors under pulsed back-side illumination
with a wavelength of 1550 nm, see Fig. 5.7(a). We find that both devices exhibit
nearly the same behavior such that operating them at the same relative bias current
Iy, /Iy, leads to the same IDE. In our measurement, we found similar absolute
values of the count rates CR, which means that both devices are subject to the
same flux of incoming photons and should hence feature the same rate R, of
absorbed photons. We collectively fit the measured data points of both detectors
with a theoretical model function that is adapted from Eqgs. (8) and (9) in [188],

PCR(Ip/Isw) = Ra X IDE(Iy,/Isyw) = &erfc q (1 — Ib/Isw) . (5.11)
2 Ios/Isw

In this relation, erfc denotes the complementary error function, and R, is the rate
of absorbed photons. [ 5 refers to the so-called inflection current at which the IDE
amounts to 50%, and ¢ is a dimensionless parameter. Assuming identical rates
R, of absorbed photons and identical parameters I 5, I, and ¢ for both devices,
the best fit of the measured PCR is obtained for ¢ = 10.5, Iy 5/Isw = 1.063 and
R, = 2.16 x 10° s~!. From the plot in Fig. 5.7(a), we find that the PCR does not
reach a plateau within the range of usable bias currents I}, < Igy,. This indicates
that the device is operated in its non-saturated regime [113] with IDE < 1, as
expected for NbN SNSPD at 4 K [189]. To further support the notion that identical
relative bias currents I, /I, lead to similar IDE for both detectors, we illuminate
the devices from the backside with alternating wavelengths A; = 850 nm and
A2 = 1550 nm and compare the associated PCR (see Appendix C.2 for details).

For the lens gain measurement with frontside illumination, Fig. 5.7b, we operate
the detectors at a fixed relative bias I}, / s, > 0.95 and sweep the incident optical
power. Sweeping the optical power rather than the bias current allows to isolate
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the effect of the lens from potential distortions of the measurement results due to
bias-dependent non-uniformities of the detection efficiency along the tightly bent
meandered nanowires, which may be subject to current-crowding effects at low
bias currents [190]. The relative biases Iy, /Is, > 0.95 were chosen to ensure
stable operation without excessive impairments by dark counts.

To determine the incoming photon flux in the frontside illumination experiment, we
first measure the optical power in the SMF at the input to the dipstick. Accounting
for the optical losses of the subsequent fiber assembly, we can then estimate the
optical power radiated towards the detector chip and the optical intensity on the
chip surface. To this end, we assume a diverging Gaussian beam having its waist
at the output facet of the illuminating SMF, 40 mm away from the chip surface.
This intensity is then translated into the incident photon flux, see horizontal axis
at the bottom of Fig. 5.7(b). We also calculate the rate of photons that are incident
on the 4.5 um x 4.5 pm area of the reference detector, see upper horizontal axis
of Fig. 5.7(b). Note that we did not directly measure the photon flux associated
with the backside illumination experiment in Fig. 5.7(a), since the losses of the
underlying multi-mode fiber (MMF) assembly were not exactly known. We may,
however, estimate the flux associated with Fig. 5.7(a) from the data shown in
Fig. 5.7(b). Specifically, we find a measured pulse count rate CR of 1.3 x 10%s~!
at a bias of [;, = 0.95 I, in the back-side illumination experiment, Fig. 5.7(a).
According to Fig. 5.7(b), this pulse count rate can be associated with a photon rate
of 4.8 x 10° photons per second, incident on the 4.511m x 4.5 pm area of the
reference detector.

To evaluate the lens gain, we need to check whether the detectors operate in
the single-photon regime. At the input aperture of the detection system, the
laser pulses have an average power Py, corresponding to an average number
of m = P,y /(frepfuw) photons per impulse, where % is the reduced Planck’s
constant and w is the angular frequency of the light. For each laser pulse, the
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probability to observe a voltage pulse originating from n absorbed photons can be
estimated from Mandel’s formula [192] for light with Poisson statistics,

(SDE x m)ncstEXm

, (5.12)
n.

pm(n) =
The total photon detection probability p,;, (ot i.€, the probability to detect at least
one photon per impulse, can then be expressed and approximated for the case of
very high and very low average photon numbers m,

= SDE x m &~ p,;,(1) for SDE x m < 1
Pt = »_ pm(n) & . (5.13)
el 1 for SDE x m > 1

For small average detected photon numbers SDE x m < 1, the detection prob-
ability p, ot is approximately equal to the probability p,, (1) to detect exactly
one photon and approximately equal to the detected average number of photons
per impulse. In this case, the photon count rate (PCR) is approximately equal to
the observed count rate (CR) of voltage pulses. For large detected average photon
numbers, the detection probability approaches unity, and the CR of the voltage
pulses approaches the repetition rate fr., of the laser. The measured average
count rate of voltage pulses depends on the detection probability p,, ot and on
the repetition frequency of the laser pulses,

CR = pm,totfrep . (514)

Figure 5.7(b) shows the measured average CR as a function of the incident photon
rate for both the lensed (M) and for the reference detector (@). Obviously, the
average count rate CR of voltage pulses cannot exceed the laser repetition rate
frep, indicated by a horizontal dashed line. Except for the case of the lensed
detector and the highest optical powers, even CR < f;¢p holds, and thus the case
SDE x m < 1 in Eq. (5.13) applies. In this case, the linear relation between
Dm.tot and m from Eq. (5.13) is indeed seen in Fig. 5.7(b) as a linear dependence
of CR on the incident photon rate, indicated by a line with unity slope in the
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double-logarithmic plot over most of the measurement range. For the chosen
relative biases of I,/Is, ~ 0.95 we find a dark count rate for both detectors
of DCR ~ 5s~!. This leads to the deviation from the linear dependence at
low incident photon rates. For the lensed detector, a super-linear dependence is
observed at high incident photon rates, before the pulse count rate (CR) finally
approaches the repetition rate f,, of the laser. We attribute this behavior to the
multi-photon bolometric regime (MBR) [191], which is caused by simultaneous
absorption of multiple photons within a region comparable to the mean hot-spot
size of the nanowire. These multi-photon-generated hot-spots have a much higher
probability of switching the SNSPD from the superconducting to the normal
state than their single-photon-generated counterparts, thereby leading to a higher
intrinsic detection efficiency IDE and thus a higher SDE in Eq. (5.12). As expected,
multi-photon bolometric events are more likely to happen for the lensed device
because of the increased optical intensity, whereas they are not observed for the
reference detector. In addition, we display the ratio CRjepns/CRyef in Fig. 5.7(b),
see axis on the right-hand side. In the single-photon regime, i.e., for medium
optical input powers, where neither the DCR nor the MBR plays a role, this
ratio exhibits a plateau, which corresponds to the effective lens gain Gp. The
obtained value G'p =~ 100 is in reasonable agreement with the simulated value of
Gp = 117.

5.5 Discussion

We have demonstrated that SNSPD with 3D-printed light-collection lenses can
overcome the design conflict between large collection area and short nanowire
length. This applies not only to illumination through free-space plane waves,
but also to coupling of SNSPD to optical fibers. Specifically, 3D-printed lenses
allow to reduce the spot size of the focused light to a second-moment spot radius
of wy ~ 0.5\. At a wavelength of A\ = 1.55 pm, it is hence possible to reduce
the detector area to approximately 2 um x 2 um, when disregarding any angular
alignment tolerance. This area could be covered with a fill factor of FF = 50%
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by using a nanowire with a typical width of 0.1 pm and a length of only 20 pm.
This is much shorter than the nanowire length of 1.7mm used in a previous
demonstration of a fiber-coupled SNSPD [193] in which the detector area was
15 pm x 15 pm, slightly bigger than the size of a SMF core with a typical diameter
of 10 pm. Nanowires as short as 20 pm allow for even shorter reset times than
experimentally demonstrated in this work, enabling maximum photon count rates
in the GHz range [163]. Our lens design considerations show that, in case of
illumination by free-space plane waves, numerically optimized surfaces do not
offer a significant advantage over idealized spheroid surfaces, even for clipped
lenses that arrange in densely packed hexagonal arrays. The shape of the refracting
surfaces can be simply derived from an analytic representation of a spheroid.

Moreover, when it comes to using SNSPD as part of an optical assembly, 3D-
printed lenses can greatly relax the associated alignment accuracy requirements,
which is particularly important for cryogenic systems, where mechanical stress
during cool-down can lead to significant misalignment. In particular, 3D-printed
lenses can help to greatly simplify the coupling of SNSPD to single-mode
fibers (SMF), as used in many experiments. To this end, lenses printed both on
the SNSPD and on the fiber facets allow to enlarge the diameter of the free-space
beam and thus to increase the resilience with respect to translational movements
of the components [2, 186, 187]. Lenses printed to the facets of SMF to facilitate
coupling have previously been demonstrated in a series of experiments [2, 45,
J5, 186, 187, 194, 195]. Regarding multi-channel detectors, 3D-printed lenses
further offer the possibility to interface on-chip SNSPD arrays to arrays of optical
fibers, which are commercially available with standard pitches of, e.g., 127 um or
250 pm. This leads to greatly improved detector performance and to simplified
assembly processes compared to conventional approaches that rely on mounting
of optical fibers by means of dedicated micromachined alignment structures [196,
197]. Note that 3D-printed structures can also be used for efficient coupling of
light into on-chip waveguides [2, 33, 34, 79], which can then be equipped with
SNSPD [163, 198-200].
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5.6 Summary

We have demonstrated a new approach that exploits 3D-printed microlenses to
increase the effective collection area of superconducting nanowire single-photon
detectors (SNSPD) while keeping the nanowire short, thereby overcoming a fun-
damental design conflict of such devices. In a proof-of-concept experiment, we
show that, for a plane-wave-like illumination at a wavelength of 1550 nm, a lens of
60 pm diameter can provide a 100-fold increase of the effective area of a niobium
nitrate (NbN) SNSPD with physical area of 4.5 x 4.5um?. Since the length
of the nanowire can remain small, its maximum achievable count rate is high
and its geometrical jitter stays low. In addition, under the constraints of realisti-
cally achievable film homogeneity and defect density, SNSPD with small active
detection areas offer higher fabrication yield. Our approach enables simplified
fabrication of extended SNSPD arrays that feature unprecedented effective fill
factors while offering high detection efficiency, high photon count rate (PCR), and
high fabrication yield.

[End of paper [J3]]
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Scalable optical packaging and assembly of photonic integrated systems still rep-
resents a substantial obstacle to the widspread use of powerful photonic integrated
circuits (PIC) in a broad range of applications. Within this thesis, this technology
gap is addressed by demonstrating hybrid multi-chip assemblies and fiber-chip
connections that exploit 3D-printed coupling structures such as photonic wire
bonds (PWB) and facet-attached microlenses (FaML). A detailed summary and
outlook is given for each individual topic and application that is addressed within
this thesis.

Hybrid external-cavity lasers

A new class of hybrid external-cavity laser (ECL) is demonstrated that relies on a
PWB to connect an InP gain element to an external feedback circuit on a silicon
photonic (SiP) chip. A proof-of-concept device offers a tuning range of more
than 50 nm, a side mode suppression ratio (SMSR) above 40 dB, and an intrinsic
linewidth of 105 kHz.

Future devices may utilize external feedback circuits on a silicon nitride platform
to obtain even better performance. This particularly simple and powerful laser
integration technology may open a series of novel applications that rely on highly
frequency-agile chip-scale light sources. At the time of writing, swept-source
optical coherence tomography (OCT) using an integrated ECL is being studied as
a potential application in preliminary experiments [C2]. Another currently studied
potential application uses an ECL as pump source for Kerr frequency combs [C3].
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Optical packaging using 3D-printed facet-attached microlenses

Using FaML, an array of eight single-mode fibers (SMF) is connected to a SiP chip
with an average loss of 1.44 dB per connection. A 1dB tolerance of 6 pm and 1.1°
is achieved for radial and angular misalignment, respectively. To the best of our
knowledge, this is the lowest loss demonstrated for an edge-emitting SiP waveguide
interface with micron-scale alignment tolerances. Based on these lenses, we further
demonstrate the first pluggable connection between an SMF and an edge-coupled
SiP waveguide, leading to coupling losses of only (1.9 4 0.5) dB. Machine vision
assisted passive alignment requires that FAML-equipped chips emit precisely and
consistently into the direction expected from the chip geometry and measurement
of the chip orientation within the assembly machine. To this end, the underlying
processes for printing of FaAML are thoroughly optimized. Automated alignment
procedures are developed on an assembly machine similar to ones used by industrial
manufacturers. A passively aligned assembly demonstrates that no excess losses
occur compared to active alignment, within a measurement uncertainty of +3%.
The microlens-based free-space coupling distance is extended into the millimeter
range, allowing the insertion of an additional discrete optical component into
the path of the collimated free-space beam. An exemplary assembly including a
polarization beam splitter prism is presented. Alignment tolerant coupling of arrays
of back-reflection-sensitive angled-facet semiconductor lasers is demonstrated
using a novel FaML arrangement. The concept is demonstrated by a fiber-coupled
laser module, within which a bar of angled-facet InP distributed feedback (DFB)
lasers is connected to an SMF array. The novel facet-attached 3D-printed coupling
element consists of a special combination of microlenses and prisms and offers
average coupling losses of 2 dB along with a return loss of 44 dB. The performance
is comparable to advanced lensed fibers with anti-reflection (AR) coating, while
offering much larger alignment tolerances. The printed structures are found to
neither spoil the laser spectrum, nor to modify the threshold current.

Facet-attached microlenses (FaML) have been proven to be very potent for optical
packaging. Depending on the package requirements, multiple lens surfaces might
be required. However, no compatible anti-reflective (AR) coating technology has
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been found. Future research should therefore specifically target this important
aspect. One intriguing idea is the possibility of realizing 3D-printed AR-coatings
by cascaded printing steps with photoresists of different refractive index. Further-
more, large-scale industrial usage of FAML would ideally require printing times
which are orders of magnitudes faster than current processes, while not sacrificing
the high level of alignment accuracy and shape fidelity. Despite the evolving
printing technologies, this remains a significant challenge. A combination of 3D-
printed refractive and diffractive elements in conjunction with novel optimization
methods might further reduce the net volume of printed coupling structures.

3D-printed coupling structures for novel quantum applications

The concept of 3D-printed coupling structures has been successfully extended to
cryogenic applications. Free-form microlenses are printed on top of the sensitive
areas of superconducting nanowire single-photon detectors (SNSPD) to increase
the effective light-receiving area. Operation is demonstrated at a temperature of 4 K.
Using a detector with 4.5 nmx4.5 jim sensitive area and a lens of 60 pm diameter,
a 100-fold increased effective collection area is achieved for a plane-wave-like
free-space illumination. This represents the first demonstration of 3D-printed
microlenses that supplement SNSPD.

Compact multi-chip modules with low thermal mass are of particular interest
for the emerging field of integrated quantum optics, and the viability of PWB
under cryogenic conditions is therefore an interesting topic for further studies.
A preliminary demonstration of fiber-coupled SNSPD has already been made in
the framework of this thesis [C4, 201]. However, the assembly uses thick and
mechanically stable but strongly multimoded PWB. A suitable cladding technique
which enables single-mode operation under cryogenic conditions still needs to be
developed.
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Mode-field characterization techniques

Finally, another topic for future research is the improvement of microscopy-based
mode-field characterization techniques. A fast and reliable process chain is envi-
sioned, where printed microlenses would meet the design goals after the very first
design and printing iteration. Within this thesis, the scalar micro-optical design
tools based on the wave propagation method has therefore been supplemented
with the idea of a phase-resolved mode field measurement technique. The proof-
of-principle study, however, only analyzed comparably big mode fields so far, with
a size in the order of the mode-field diameter (MFD) of a single-mode fiber. For
extending the method to MFD below 3 pm, various additional aspects need to
be considered. At a distance larger than a few wavelengths, the MFD is related
to longitudinally propagating waves inside the medium into which the device
facet is embedded. The approximative impact of such an effect together with a
limited numerical aperture (NA) of the observing microscope objective has been
analyzed within this thesis. This analysis can be used for an estimation of relevant
MED from observed values. However, a proper inclusion of the impact of the
microscope within the phase-resolved mode field measurement technique requires
further studies. For observation of laser emission, a coherent image is formed
based on the convolution of the microscope’s amplitude point-spread function
with the mode field. The correct coherent deconvolution requires knowledge of
the phase distribution of the mode field under observation. However, a phase
retrieval algorithm based on observed intensities is inherently inaccurate, if no
deconvolution technique is applied beforehand. Phase retrieval and deconvolution
must therefore be considered in a joint algorithm and cannot be separated. Typical
semiconductor laser emission is furthermore polarized. The polarization depen-
dent shape of the PSF of a high numerical aperture objective [62] thus needs to
be considered. Finally, diffraction of linearly polarized light from a tiny circular
aperture does not lead to an isotropic radiation when considering the vectorial
nature of light [99]. A correct modeling of the last aspect is obviously beyond the
capabilities of fast scalar methods, but it might be nevertheless possible to find
computationally inexpensive corrections for corresponding lens designs.
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This chapter has been published as Supplementary Information of [J1]. The
material from the publication has been adapted to comply with the layout and the
structure of this thesis.

[Beginning of Supplementary Information of [J1]]

A.1 Experimental methods for RSOA
characterization and bond loss estimation

To measure the small-signal gain and the saturation output power of the RSOA,
we launch light to the device and measure the amplified signal using an AR-coated
lensed single-mode fiber (SMF), see Inset of Fig. 3.2(a) of the main manuscript.
To determine the coupling loss between the on-chip RSOA waveguide and the
lensed SMF, we perform a two-step reference measurement: First, we operate the
RSOA without the fiber coupled to it and use an integrating sphere (IS) to measure
the overall emitted ASE power as a function of injection current, see Fig. A.1(a).
Next, the RSOA is coupled to the lensed SMF, and the position of the lensed
SMF is left untouched for the remainder of the measurements. The fiber-coupled
ASE power is measured with the same integrating sphere, Fig. A.1(b). From
this measurement, we extract the current-dependent ratio of the power Pasg sMmr
captured by the lensed SMF and the overall ASE power Pasg, ot emitted by
the RSOA and measured by the integrating sphere, see Fig. A.1(c). At low
currents, this ratio is extremely low, since spontaneous emission occurs into many
transverse modes, which are all captured by the IS, whereas only the fundamental
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Fig. A.1: Experimental setups for RSOA characterization. Abbreviations: SBMT — Submount;
CIRC - Optical circulator; IS — Integrating sphere, SMF — Single-mode fiber, TLS — Tunable laser
source (Ando AQ4321D), VOA — Variable optical attenuator, OSA — Optical spectrum analyzer
(Ando AQ6317B). (a) Reference measurement of the overall ASE power PAsg ot as function
of the drive current. The ASE is captured by an integrating sphere (IS). (b) Measurement of the
current-dependent ASE power Pasg,sMr coupled to a lensed single-mode fiber (SMF).  (c) Current-
dependent ratio PAsg, smF/ PASE, tot Of the power captured by the lensed SMF and the overall ASE
power emitted by the RSOA. In the high-current limit, this ratio converges to the coupling loss between
the fundamental quasi-TE mode of the RSOA waveguide and the horizontally polarized fundamental
mode of the lensed SMF. (d) Measurement setup for small-signal gain, saturation output power and
ASE spectrum. A tunable laser source (TLS) and an optical circulator are used to launch test signals
to the RSOA and to extract the amplified output signals.
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A.1 Experimental methods for RSOA characterization and bond loss estimation

quasi-TE and quasi-TM mode is captured by the lensed SMF. With increasing
current, the fundamental quasi-TE mode of the RSOA waveguide will experience
stronger amplification and thus increasingly dominate the overall emitted ASE
power. The ratio Pasg smr/PasE tot thus converges asymptotically to the power-
transmission factor nrsoa,smr for coupling of light between the fundamental
quasi-TE mode of the RSOA and the horizontally polarized fundamental mode
of the lensed SMF. In our experiment, this fiber-chip coupling loss amounts to
—10log¢ 7rsoa,smr = 7.4 dB. Note that this rather high loss is caused by the
fact that we intentionally operated the SMF with a working distance larger than
the specified one to reduce unwanted spurious back-reflections into the RSOA.
Note also that for drive currents of / = 5 mA or higher, most of the ASE emitted
by the bare RSOA is horizontally polarized and the measured ASE power can
hence be attributed to the TE-polarized waveguide modes, see Fig. A.2(a).

With the coupling loss at hand, we can now determine the RSOA gain. To
this end, we launch a test signal through the SMF, extract the output signal via a
circulator (CIRC), and estimate the incoming and the outgoing on-chip power in the
quasi-TE mode of the RSOA, see Fig. A.1(d) for the corresponding measurement
setup. From our measurements, we find a small-signal on-chip gain of 23 dB
along with an on-chip saturation output power of 12.5dBm for a wavelength of
A = 1550 nm and a drive current of 100 mA, see Fig. 3.2 of the main manuscript.

To estimate the insertion loss of the photonic wire bond, we again use the fiber-
coupled ASE power Pagp smr and compare it to the ASE power Pasg gip in
the on-chip silicon photonic waveguide that is directly connected to the photonic
wire bond. To extract the ASE power Pasg sip in the on-chip waveguide, we
operate the assembled module, see Fig.3.1(b) in the main manuscript, with the
rings R1 and R2 detuned to one another to avoid feedback into the RSOA. We then
measure the ASE spectra through GC 4 and calculate the corresponding power
levels Pasg,sip in the SiP waveguide directly connected to the PWB by taking
into account the wavelength-dependent loss of GC 4 and of the MMI as well as the
0.5 dB of wavelength-independent on-chip propagation loss in the 2.5 mm-long
waveguide between the PWB and the MMI. For this analysis, we only consider the
ASE power emitted into an approximately 0.8 nm-wide band centered at 1550 nm,
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Fig. A.2: Amplified spontaneous emission (ASE) of the RSOA and bond loss estimation.
(a) Polarization-filtered ASE power emitted by the bare RSOA, measured with an infrared microscope
and a linear polarizer in the camera path. The abscissa indicates the orientation of the polarizer,
where 0° corresponds to maximum transmission for horizontally-polarized light. For drive currents
of I = 5mA or higher, most of the emitted ASE is polarized along this direction and may hence be
attributed to quasi-TE modes of the on-chip RSOA waveguide. (b) ASE power spectra measured
through the SMF that is directly coupled to the RSOA, see Fig. A.1(d). The ASE power levels used
for estimating the PWB insertion loss are extracted from a 0.8 nm-wide wavelength band centered
at 1550 nm (indicated by a vertical line), i.e., close to the long-wavelength edge of the ASE. In this
region, the power spectral density of the ASE saturates for large pump currents, thereby reducing
the uncertainty of the measurement technique. (¢) PWB coupling loss of —10log;g nrsoA siP
extracted from ASE spectra at different pump currents. From these measurements, we estimate losses
of (2.1 +0.2)dB.
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which does not contain any resonance of R2. The position of the 0.8 nm-wide
band is illustrated by a dashed line in Fig. A.2(b). With the power levels PasEk sip
and Pagsp svr as well as the power transmission nrsoa,smr between the SMF
and the fundamental TE mode of the RSOA at hand, we can then extract the power
transmission factor nrsoa sip between the fundamental quasi-TE mode of the
RSOA and the fundamental quasi-TE mode of the SiP waveguide,

PasE sip

TIRSOA,SiP = TIRSOA,SMF - (A.1)

Pasg,smr
We repeated this procedure for various pump currents, see Fig. A.2(c), finding an
insertion loss of the PWB of —101log;, 7rsoa,sip ~ (2.1 £ 0.2) dB. Note that a
small part of the ASE power Pasg svr measured in the fiber should even originate
from quasi-TM modes of the RSOA, which cannot be extracted through the highly
polarization-sensitive grating coupler (GC4). To take this effect into account,
the measured value of Pasg .smr would have to be reduced to only represent
the portion coming from quasi-TE modes of the RSOA. This would increase the
coupling efficiency according to Eq. (A.1) and hence reduce the coupling loss,
such that the number specified above may be considered a conservative estimate of
the PWB loss. Note also that the ASE power is extracted around 1550 nm, close to
the long-wavelength edge of the ASE spectrum, see Fig. A.2(b). In this region, the
power spectral density of the ASE saturates for large pump currents, Fig. A.2(b),
thereby reducing the uncertainty of the measurement technique and eliminating
the impact of spurious lasing lines that might occur at short wavelengths during
measurement of the ASE spectrum through the SiP chip.

A.2 Characterization and modelling of
add-drop ring resonators

In Section 3.2.2 ("Component characterization") of the main manuscript, we
describe our ring resonators based on a simple model illustrated in Fig. A.3(a) [202,
203]. In this representation, the complex amplitudes of the electric mode fields at
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the input, the drop, the through, and the add ports are denoted as E;, E,, E,, and
FE,, respectively. Due to the bidirectional operation of the ring filter, the coupling
zones between the bus waveguides and the ring are designed symmetrically.
Assuming for simplicity that the coupling zones are lossless, the device can be
described by real-valued amplitude transmission and coupling coefficients 7 and
& , where k% 4+ 72 = 1. The round-trip loss of the waveguide is quantified by a
real amplitude transmission factor a = exp(—aL/2), where « denotes the power
loss coefficient of the ring waveguide and where L is the circumference of the
ring. In our analysis, we use a positive time dependence, i.e., exp(j(wt — S(w)z))
for a wave propagating at angular frequency w along the positive z-direction
with a propagation constant 3(w). We further introduce the round-trip phase
O(w) = —p(w)L. The propagation constant can be approximated by a Taylor
series up to the first derivative of [ at a center frequency w.. We define the
effective index ne sip = [/ ko with the free-space propagation constant kg = w/c,
where c denotes the vacuum speed of light. The effective group refractive index
iS Neg 8iP = Ne,siP + Wdnesip /dw. The complex through-port amplitude
transmission E, /F; is then given by [203]

E(w) 71— arelfw)

= - A2
E(w) 1-—ar2eifw)’ (A2)
where I
O(w) = —B(w)L = Oy — Neg,sip (W — wc); , (A.3)
L
0o = Me,SiP - (A.4)

Note that by suitable choice of reference planes, we opted for real-valued quantities
% and 7, contrary to [203]. Similarly, by considering outcoupling after half a
perimeter, the complex drop port amplitude transmission E 4/ E; is given by [203]

Bylw)  —antel¥)2 .
Ei(w)  1—ar2if ° (&)
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A.2 Characterization and modelling of add-drop ring resonators

From this relation, we can derive the Q-factor of the coupled resonator (loaded Q
factor), see Eq. (22) in [204],

neg&pr \/ET
2¢ 1—ar?’

Q =~

(A.6)

We determine the parameters a, T, neg sip, and 0y from through-port power
transmission measurements via grating couplers GC 1 and GC 3, see Section 3.2.2
("Component characterization") and Fig. 3.1(b) in the main manuscript. The
power transmission measurement is corrected to eliminate the grating-coupler
insertion loss, that is independently measured using a dedicated test structure,
and Eq. (A.2) is then fitted to the extracted power spectrum | E./E, |2. To this
end, we directly extract neg sip from FSR = ¢/(Lneg sip) in a first step and use
this value to fit Eq. (A.2) to the shape of the individual resonances, assuming a
constant 7., sip. Since the measured data contains resonances of both rings, we
first cut out relevant data segments around each resonance and assign them to the
corresponding ring. Measurement data and fit curve are shown for one exemplary
resonance dip in Fig. A.3(b). The phase offset §y in Eq. (A.3) can be adjusted by
the thermal phase tuners and is responsible for the absolute frequency position of
the transmission spectra ] E (w)/E;(w) ‘2 and | Ey(w)/E;(w) ‘2 on the frequency
axis. For the plot in Fig. 3.3(a) of the main manuscript, 6y is adjusted such
that the calculated transmission resonances coincide at A = 1550 nm . Around
the wavelength of 1550 nm, we measure individual free spectral ranges and find
FSR of 368.2 GHz and 340.7 GHz for R1 and R2, respectively. This corresponds
t0 negsip ~ 4.18, in good agreement with platform specifications and with
simulations and measurements of waveguides with similar dimensions [205]. We
further find a =~ 0.994, 7 = 0.973, k ~ 0.23, leading to Q-factors of about 28 000
for each of the rings according to Eq. (A.6).
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Fig. A.3: Schematic of a symmetrically coupled add-drop ring resonator and measured through-port
resonance. (a) Complex amplitudes of the electrical mode field at input, drop, through and add
port are denoted by F;, Iy, E,, and I/, respectively. The coupling section is described by the
amplitude transmission 7 and the coupling coefficient « , which are both assumed to be real-valued
with k2 4+ 72 = 1 for a lossless coupling zone. The round-trip loss of the waveguide is quantified
by a real-valued amplitude transmission factor a = exp(—aL/2), where o denotes the power loss
coefficient of the ring waveguide and where L is the circumference of the ring.  (b) Measured through-
port power transmission | E./E; |2 (blue squares) and fit according to Eq. (A.2) (orange line), shown
for one exemplary ring resonance of R2.
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A.3 Vernier tuning range and tuning
enhancement factor

In many cases of practical interest, the tuning range of an ECL with a feedback
circuit of two cascaded rings is dictated by the frequency spacing between the
main reflection peak and the most prominent side peaks that arise from nearly-
overlapping ring resonances. To estimate this frequency spacing, we assume that
the two rings R1 and R2 are tuned to a common central resonance frequency fy
and we express all other resonance frequencies as fri,,» = fo +m x FSRy for
ring R1 and as fra,» = fo +m x FSRy for ring R2. The difference between the
FSR of the two rings is AFSR = FSR; — FSRy with FSR; > FSRs without
loss of generality, see Eq. (3.1) in the main manuscript. We denote the frequency
distance of the R2 resonance number m and the R1 resonance number (m — 1)
with d,,, and find

dp =m x FSRy — (m — 1) x FSR; = FSR; — m x AFSR, (A7)

AFSR = FSR; — FSRy > 0. (A.8)

If d,, = 0 the resonance frequencies would exactly coincide. This is only possible
if m = FSR; /AFSR is an integer, i.e., if I' = FSR; /AFSR in Eq. (3.1) of the
main manuscript happens to be an integer. Otherwise, the modulus|d,,, | of the line
spacing takes the smallest possible value min|d,,| < AFSR/2 when m takes the
value of the nearest integer to 7', m = [T']. This can be mathematically proven by
using the inequality 7" — % <m<T+ % in combination with Eq. (A.7), which
leads to

min|d,,| =|FSR; — [T] x AFSR| < AFSR/2. (A.9)

For a finite resonance linewidth 6 f, an imperfect overlap of two lines as in Eq. (A.9)
is therefore possible if AFSR/2 < ¢ f. In this case, we can calculate the index m
of the resonance of R2, that overlaps with the nearest resonance of index (m — 1)
of R1 and thus leads to the first pair of side peaks,

m = [T]. (A.10)
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The precise frequency of the side mode, that can occur due to the partially
overlapping resonances of R1 and R2, depends on the resonance line shapes
of the individual rings and lies in the interval limited by fy + m x FSRy and
fo+ (m — 1) x FSR;. The error when approximating the side mode frequency
with either interval limit is smaller than AFSR/2.

A.4 Tuning map

The ECL emission wavelength is selected by aligning the two ring resonators for a
common resonance and by optimizing the cavity phase for maximum output power.
Once the appropriate tuning parameters are found, they can be stored in a look-up
table for later use and for rapid tuning. A simple example of such a tuning map
is shown in Fig. A.4. When heating only one ring, the corresponding resonance
is detuned in proportion to the heating power, while the resonance of the other
ring stays nearly constant, indicating very low thermal crosstalk. The vertical
offset of the traces obtained from neighboring resonances corresponds to twice
the m-power Py of the respective ring heater, which amounts to P g1 = 24.4mW
for R1 and P ro = 24.1 mW for R2. To operate the laser at, e.g., 1549 nm, one
can choose the heating powers Pr; ~ 34.8mW and Pr; ~ 25.0 mW based on
the tuning map, see dashed lines in Fig. A.4. Due to residual thermal crosstalk,
the final operation point needs to be fine-tuned in an iterative approach.
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Fig. A.4: Tuning map for the ring resonators. The graphs show the wavelengths of the various ring
resonances (horizontal axes) for different heating powers (vertical axes) applied to R1 (blue) or R2
(red). The vertical offset of the traces obtained from neighboring resonances corresponds to twice
the m-power of the respective ring heater, which is found to be Pr g1 = 24.4mW for R1 and
Py r2 = 24.1mW for R2. To operate the laser at, e.g., A\o = 1549 nm (vertical dashed black lines),
one can choose the heating powers Pr; ~ 34.8 mW and Pr; ~ 25.0 mW (horizontal dashed black
lines). Note that the tuning range of each ring exceeds the corresponding FSR such that each emission
wavelength can be reached by different sets of tuning powers. (a) Resonance detuning when heating
only R1. The resonance of R1 (blue) is detuned in proportion to the heating power, while the resonance
of R2 (red) stays nearly constant, indicating low levels of thermal crosstalk. (b) Resonance detuning
when heating only R2. The resonance of R2 (red) is detuned in proportion to the heating power, while
the resonance of R1 (blue) stays almost constant.
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A.5 Two-photon absorption (TPA) and
TPA-induced free carrier absorption in the
external cavity circuit

The high optical power in the ring-resonator waveguides of the silicon pho-
tonic (SiP) external-cavity circuit might lead to detrimental nonlinear effects. To
quantify these effects at least approximately, we have performed further estima-
tions and measurements. The power enhancement in a ring resonator as compared
to the power in the corresponding bus waveguide can be described by the buildup
factor B, see Eq. (2.34) in [203],

l€2

B = (1—a72)2. (A.11)
For our ring resonators, we estimate a round-trip transmission factor of @ = 0.994
along with transmission and coupling factors 7 = 0.973 and x = 0.23 for the two
coupling zones, see Section A.2, which leads to a build-up factor of B = 15.2,
corresponding to 11.8 dB. We further consider the maximum emission power of
approximately 15 dBm that the RSOA reaches in the limit of high input powers -
slightly more than the saturation output power of 12.5 dBm, that was defined by the
3 dB gain compression point, see Fig. 3.2(a) in the main manuscript. Taking into
account the insertion loss of approximately 2.1 dB of the PWB, see Section A.1,
the on-chip insertion loss of approximately 3 dB of the 2x2 MMI, and a single-
pass loss of approximately 0.4 dB of the 2.2 mm long on-chip strip waveguide. We
hence estimate an on-chip power of approximately 9 dBm that is fed to each of the
rings through the bus waveguide connected to the MMI. Assuming an unperturbed
resonator in perfect resonance, the power propagating into a single direction within
the rings would then amount to more than 19.5dBm. The overall intra-cavity
power is even higher, since the rings are fed from both sides. To estimate the
impact of nonlinear losses, we have measured the power-dependent transmission
characteristics of a 2.25 mm-long straight silicon photonic waveguide with a cross
section of 500 nm x 220 nm that is identical to that of our ring resonator. The
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A.5 TPA and TPA-induced FCA in the external cavity circuit

results are shown in Fig. A.5, exhibiting signs of nonlinear losses such as TPA
and TPA-induced FCA for on-chip powers of approximately 19 dBm (80 mW).
We should hence expect that the rings of our silicon photonic feedback circuit are
affected by such effects as well.
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Fig. A.5: Reference transmission measurement of a 2.25-mm-long straight silicon photonic waveguide
with the same (500 nm x 220 nm) cross-section as used in the ECL external cavity circuit. P, refers
to the on-chip power level right after the input grating coupler, Poyt to the on-chip power before the
output grating coupler. The measured trace (blue) starts to deviate from the linear fit at low power
levels (black dashed line) at input powers around 80 mW (19 dBm).

We experimentally confirm this notion by conducting transmission measurements
between grating couplers GC 1 and GC 3 of our ECL chip at different optical power
levels. To avoid destroying the ECL during the experiment, we used a SiP chip that
is nominally identical to the one contained in the ECL and that was fed by a test
laser and an EDFA. We tune the laser to an emission wavelength slightly below a
resonance of ring R1 and then ramp the heater current of ring R1 up and down to
scan the resonance across the fixed laser wavelength while measuring the output
power. Figure A.6 shows the on-chip transmission through the bus waveguide of
the ring resonator, measured as a function of heater power for different optical
input power levels Pp,. For increasing laser power, we make three observations
similar to Fig. 20 of [204]: Starting from a power level Pg5 of 4 dBm, we first find
that the resonance peaks become increasingly skewed, see Fig. A.6(c). At around
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Fig. A.6: Transmission measurements through ring R1 between grating couplers GC 1 and GC 3 at
different optical input power levels Ppys in the bus waveguide. To avoid destroying the ECL during
the experiment, we used a SiP chip that is nominally identical to the one contained in the ECL and
that was fed by a test laser and an EDFA. We tune the laser to an emission wavelength slightly below a
resonance of ring R1 and then ramp the heater current of ring R1 up and down to scan the resonance
across the fixed laser wavelength while measuring the output power. This experiment is repeated at
different levels of the on-chip input power Ppys. Starting from a power level Pg,s of 4 dBm, we first
find that the resonance peaks become increasingly skewed, see Subfigure (c). At around 5dBm, we
further observe the onset of hysteresis and bi-stable behavior, which becomes more pronounced with
increasing power, Subfigures (d),(e),(f). At the same time, we find that the depth of the transmission
dip decreases, see Fig. A.7 for details. Heating of the ring due to linear absorption may explain skewing
and bi-stability [206], but the reduction of the depth of the resonance dips is a clear indication for
nonlinear losses such as TPA and TPA-induced FCA in the rings [207].
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A.5 TPA and TPA-induced FCA in the external cavity circuit

5dBm, we further observe the onset of hysteresis and bi-stable behavior, which
becomes more pronounced with increasing power, Fig. A.6(d,e,f). At the same
time we find that the depth of the transmission dip decreases, Fig. A.7 — an effect
that sets on already at power levels around 0 dBm in the bus waveguide. Heating
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Fig. A.7: Resonance depths for different optical power levels Pg,, in the bus waveguide, extracted
from transmission measurements between grating couplers GC 1 and GC 3, see Fig. A.6. The resonance
depths start to decrease already at power levels around 0 dBm in the bus waveguide. At around 5dBm,
we observe the onset of hysteresis and bi-stable behavior, which becomes more pronounced with
increasing power. The blue trace shows the resonance depths recorded when ramping the heating
power up ("forward") and the orange trace shows the ones when ramping the heating power down
("reverse").

of the ring due to linear absorption may explain skewing and bi-stability [206], but
the reduction of the depth of the resonance dips is a clear indication of nonlinear
losses such as TPA and TPA-induced FCA in the rings [207]. These experimental
findings are in reasonable agreement with the estimated build-up factor B of
11.8 dB and the fact that nonlinear losses in silicon nanowire waveguides start to
become relevant at power levels around 19 dBm, see Fig. A.5. Based on these
estimations, we should expect that operation of our device is not only subject to
heating of the rings due to linear optical intra-cavity losses, but also to TPA and
TPA-induced FCA in the ring — at least to some degree. In our experiments, we
did not encounter any detrimental effects such as hysteretic wavelength-tuning
behavior or unwanted pulsation of the laser emission. Still, implementing ECL
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with higher emission power might either require large-area SiP waveguides [102],
active removal of free carriers by reverse-biased p-i-n junctions integrated into the
ring waveguide [208, 209], or feedback circuits based on waveguides made from
large-bandgap silicon dioxide [112] or silicon nitride [19, 109].

A.6 Theoretical discussion of the ECL
linewidth

As areference for the experimentally measured phase-noise properties of our ECL,
we theoretically estimate the linewidth that could be expected based on the charac-
teristics of the RSOA and the external feedback circuit. To this end, we follow the
formalism described in [19, 102, 210], which is based on [211]. In this model, the
laser is simplified to an active section in between two reflecting facets. The back
facet has a frequency-independent amplitude reflection coefficient coefficient ry,,
while the front facet is represented by a frequency-dependent complex amplitude
reflection coefficient rg(w) = |rog(w)| e’ #(@) The entire external feedback
circuit is hence lumped into this frequency-dependent complex reflection factor.
The magnitude ‘ﬁeﬁ(w)’ of the amplitude reflection coefficient accounts for the
round-trip losses caused by the PWB and the SiP access waveguides, as well as for
the amplitude reflection | T mirror (W) ‘ of the on-chip Sagnac loop mirror, containing
the Vernier ring pair. Neglecting any imbalance of the associated 2x2 MMI, the
magnitude reff ‘feﬁ(wﬂ of the amplitude reflection coefficient can be written as

‘feﬁ(w)‘ = \/%\/ng?|fmirror(w)| = nPWBnSiP|Kmirror(w) ’ (A12)
)] | B @) | Earal@) (A13)
Lmirror Ei,RI (w) Ei,R2 (w) |

The quantities £ gy, E; g1, £q ro » L go refer to the complex amplitudes of
the electric fields at the input and the drop ports of the two rings, see Section A.2
for details. For the PWB, we find npwp = 61.6% (2.1 dB loss), see Section A.1.
The power transmission ng;p = 88.7% through the passive SiP waveguides is

172



A.6 Theoretical discussion of the ECL linewidth

calculated from a waveguide length of Lgip = 2.6 mm and a waveguide loss param-
eter of agip = 2dB/cm. The drop-port transmissions £y g1 (w)/E; gy (w) and
E 4 Ro(w)/E; go(w) are calculated for the individual rings according to Eq. (A.5).
The phase p(w) of the reflection coefficient accounts for the propagation through
the on-chip Si transport waveguides, as well as for the frequency-dependent phase
shift associated with the transmission through each of the rings,

2Lgip

SO(W) = Yo — neg,SiP(w - wc)

e d Bama@) | f Bapa() (A9
& Ei,Rl(w) & Ei,RZ(w) '

For simplicity, we have neglected the phase shift within the photonic wire bond,
which is only 200 pm long, and within the 2x2 MMI.

The frequency-dependent phase of the reflection factor reff r g (w) of the external
feedback circuit reduces the linewidth ¢ f compared to the linewidth §fy of
a Fabry-Pérot diode laser with mirror amplitude reflection factors of 7, and
‘ rog(w) ‘ This reduction can be quantified [211] by a factor F'2 = §f /§ fo, which
accounts for the local frequency dependence of the amplitude and the phase
of r.g(w) as well as for the Henry factor oy and the photon round-trip time
T0,RSOA = 2Neg RSOA LRs0a /¢ in the RSOA with the effective group refractive

index neg,RSOA»
F=1+A+B, (A.15)

where
1 de(w)

A=—
To,Rs0A dw

(A.16)

B__ og d1n|feff(w)|.

(A.17)
T0,RSOA dw

For simplicity, we assume that the resonance frequencies of both rings are tuned to
perfectly coincide at or near the lasing frequency, leading to a reflection spectrum
as shown in Fig. 3.3(b) of the main manuscript. Tuning of the intra-cavity phase
shifts the frequency of the lasing resonator mode with respect to the peak of
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Table A.1: Summary of parameters and values used for the theoretical calculation of the ECL linewidth.

Symbol

Description

Value / extracted from

hf
TPWB

Lsip

1sip

neg,SiP
Tleg, RSOA

Leg RSOA
H
P,

Nep
Qi

LA

Photon energy

Power transmission of the PWB

Length of passive waveguides on the

SiP chip

Power transmission of the SiP WG

Round-trip amplitude transmission

factor of ring R1 and R2

Amplitude transmission coefficient of
the coupling zones of ring R1 and R2
Ampltiude coupling coefficient of the
coupling zones of ring R1 and R2
Effective (modal) group refractive in-
dex of the on-chip SiP waveguides
Effective (modal) group refractive in-
dex of the active RSOA section

Length of the RSOA
Henry factor of the RSOA
Total output power

Population inversion factor
Internal loss of the RSOA

0.80 eV at a center frequency of
f=193.41 THz

58.9...64.6% (2.1dB =+
0.2 dB), see Section A.1

2.6mm (2.2mm transport WG
between the PWB and the MMI,
see Section 3.2.1; and 0.4 mm of
bus WG within the Sagnac loop)

88.7% (2.6 mm-long SiP WG
with propagation loss of 2 dB/cm,
according to foundry specifica-
tions)

0.994, see Section A.2
0.973, see Section A.2
0.23, see Section A.2
4.18, see Section A.2

3.422, from gain ripple fre-
quency spacing, see Fig. 3.2

600 pm, see Section 3.2.1
2...7, typical range [212]

10 dBm, assuming equal amount
of power from GC1-4

1.25...1.75, typical range [213]

14...20 cm™!, estimated range

RSOA back facet amplitude reflection v/90%, see Section 3.2.2

factor
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A.6 Theoretical discussion of the ECL linewidth

the reflection spectrum of the external feedback circuit, and the exact linewidth
depends on the detuning between the laser emission frequency and the peak of
the reflection spectrum.

The Fabry-Pérot linewidth 0 fy depends on the total output power P, the population
inversion factor ngp,, the internal loss ¢ of the RSOA (in units of cm™ 1), which
accounts for excess losses of the active waveguide without the contribution from
band-to-band transitions, and the distributed loss ar, that represents the partially
reflective mirrors,

in (1] (@)]) = = In (o ran@)]) - A18)

ar(w) =  2Lgrsoa

With these numbers at hand, we can use the estimation of Henry [214] for the
Fabry-Pérot linewidth,

2
1 e h S i ’
5fy = — (cnegson)” hfnsp(oi + om)on 1+ an)?, (A.19)
8w P,
which then leads to the estimated ECL linewidth
d fo

Equations (A.12)...(A.20) allow to estimate the linewidth of our ECL, using
numerical values for the various parameters as specified in Table A.1.

For the Henry factor, we consider a typical value range of oy = 2...7 for
InP/InGaAsP lasers at a wavelength of 1.5 pm, see [212]. For the population
inversion factor, we consider a typical range of ng, = 1.25...1.75, see p. 198
of [213]. The internal loss of the RSOA is estimated to be in the range of
a; = (14...20) cm L. Figure A.8 shows the calculated parameters A, B, and
F according to Egs. (A.15) — (A.17) and the corresponding linewidth according
to Egs. (A.19) and (A.20), all as a function of the detuning of the laser emission
from the resonance frequency of the two rings. To account for the uncertainties
of the various input parameters, we plot two traces for each B, F, and ¢f,
indicating the corresponding lower (subscript "lo") and the upper (subscript "up")
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Fig. A.8: Theoretically estimated linewidths of the ECL emission. (a) Calculated parameters A,
B, and F according to Eqs. (A.15) — (A.17). To account for the uncertainties of the various input
parameters listed in Table A.1, we plot two traces for B, F', and ¢ f, indicating the corresponding lower
(subscript "lo") and the upper (subscript "up") boundary. (b) Corresponding linewidth according
to Egs. (A.19) and (A.20). Assuming optimum detuning, we expect linewidths between 90 kHz and

460 kHz. This is in reasonable agreement with the experimentally measured linewidth of approximately
105 kHz.
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A.6 Theoretical discussion of the ECL linewidth

boundary. Assuming optimum detuning, we expect linewidths between 90 kHz
and 460 kHz. This is in reasonable agreement with the experimentally measured
linewidth of approximately 105kHz. Note, however, that the calculation model
does not account for any potential impact of nonlinear losses such as two-photon
absorption (TPA) and TPA-induced free-carrier absorption within the rings that
were found to potentially play a role in our devices, see Section A.S.

[End of Supplementary Information of [J1]]
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B Optical packaging using
3D-printed facet-attached
microlenses

This chapter has been published as Supplementary Information of [J2]. 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 [J2]]

B.1 Spot size measurement

To validate the design of the facet-attached microlenses (FaML), we first measure
the associated spot sizes using an infrared microscope. Figure B.1 shows the
results for FAML on a fiber array (FA) and on a silicon photonic (SiP) chip as
used in our first set of experiments, see Section 4.3 of the main manuscript. In
this case, the measurements were taken using a 100x /0.8 objective. The focal
position was determined by monitoring the brightness histogram of the image
pixels at different axial positions and by identifying the position which produces
maximum peak brightness. For the FaML on FA, we find a circular spot with a
mode-field diameter (MFD) of 25 pm, in excellent agreement with the design. For
the SiP chips, we fabricate an additional FaML on a separate channel (not shown
in Fig. 4.2 of the main manuscript), for which the on-chip edge coupler (EC) is
directly connected to a grating coupler (GC) to facilitate in-coupling of light. We
find a slightly elliptical spot, which is a bit smaller than designed in the vertical
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Fig. B.1: Measurement of the focal spots produced by FaML. The images were taken using an infrared
microscope equipped with a 100x /0.8 objective. The white lines show the contour for an 1/e?
intensity decay with respect to the maximum. (a) Focal spot generated by an FaML on a fiber
array (FA). The circular spot has a mode-field diameter (MFD) of 25 um, in excellent agreement with
the design. (b) Focal spot generated by an FaML on a silicon photonic (SiP) chip. The slightly
elliptical spot is slightly smaller than designed in the vertical direction with transverse dimensions of
25pm x 20 pm.
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B.2 Alignment of Gaussian beams

direction, with transverse dimensions of 25 um x 20 pm. Note that this slight
mode-field mismatch has only minor impact on the coupling efficiency and the
alignment tolerances, see Section 4.3 in the main manuscript.

B.2 Alignment of Gaussian beams

Usually, the facets of micro-optic components have small light-emitting or ac-
cepting areas and correspondingly big beam divergence angles. This allows a
large rotational misalignment, but a low translational offset only. Our experiments
demonstrate that assembly processes can benefit from reducing the divergence
and simultaneously expanding the transverse mode-field dimensions by means of
facet-attached microlenses (FaML). Our results shown in the main manuscript rely
on suitable FaML designs which consider practical limitations such as tolerances
of the fabrication and the assembly processes. These designs are based on quan-
titative models [215] for the translational lateral and for the rotational alignment
tolerances of Gaussian beams, which we explain in the following. These models
are also essential for benchmarking our experimental results.

As a model configuration, we consider a free-space connection from a single-
mode source to a single-mode sink. We assume Gaussian beams which implies
the limitations of paraxial approximation. For simplicity and according to the
practical situation, we assume rotationally symmetric beams. Note, however, that
the derivations can be extended to elliptic stigmatic beams [215]. Without loss of
generality, the principal beam-propagation direction is z with z = 0 in the beam
waist. We further use a "positive" time dependence of the form exp(j(wt — kz))
for a wave propagating at angular frequency w in positive z-direction with a
propagation constant k. The only remaining beam parameter is the waist radius
wp. In addition, the beam is characterized by the Rayleigh distance zr, the
z-dependent beam radius w(z) defined by a 1/e? decay of the intensity compared
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to it on-axis maximum, the asymptotic divergence angle 6y;,, the z-dependent
phase-front curvature £(z), and the Gouy phase ((z),

kw?
2R = 70 , (B.1)
2\ 2
w(z) = woy/1+ <> , (B.2)
ZR
2
Oaiv ~ tan by = —— (B.3)
]CU)O
z
z
¢(z) = arctan () . (B.5)
ZR

With these parameters, the complex amplitude ¥ (r, z) of the scalar field can be
written in cylindrical coordinates (r, z),

(r,z) = \/;w(z) e*TQ/WQ(Z) e*J’WQN(Z)/2 e*J(kZ*C(Z)) ) (B.6)

The normalization is chosen such that

27r/ysp(r, AP rdr=1. (B.7)
0

Our model configuration consists of two Gaussian beams, see Fig. B.2. The
beam ¥ (r, z) emitted from the source is described by Eq. (B.6) and Eq. (B.7),
having its waist located at the origin of the coordinate system, black contours in
Fig. S2(a). It is coupled to a second Gaussian beam ¥(7,%) accepted by the
sink, indicated by blue contours in Fig. B.2(a). This beam is described with
respect to a second coordinate system (7, Z) that may be rotated with respect to
the coordinate system (r, z) of the first beam by an angle 6, see Fig. B.2(c). The
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(b)

Fig. B.2: Schematic of a Gaussian beam emitted from the source (black contour) and a Gaussian
beam accepted by the sink (blue contour). Both beams are described in their respective coordinate
systems centered at their respective beam waists. All quantities relating to the sink beam are denoted
with an overbar, while all quantities relating to the source beam are denoted without overbar. The
two beams may have different waist diameters and be subject to various kinds of misalignment with
respect to each other, leading to excess loss. We specifically consider the following misalignment
cases: (a) Axial offset s only. (b) Axial offset s in combination with radial offset d. (¢) Axial
offset s in combination with axial tilt 6. For simplicity, we assume that both beam axes are aligned
within a common plane, i.e., we disregard the case of skewed rays. The pivot point is found at the
intersection of the two beam axes, denoted by the coordinates z = 2, and Z = Zp, respectively. To
quantify excess loss due to misalignment, an overlap integral is calculated on the reference plane Sy
(dashed yellow line, z = zp).
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second beam is also described by Eq. (B.6) and Eq. (B.7), where all quantities
but w and & carry an overbar. We choose an arbitrary reference plane S, in free
space, where the overlap integral is calculated. In addition to a mode-field radius
mismatch we specifically consider three types of misalignment, Fig. B.2: Axial
offset by a distance s, Fig. B.2(a), axial offset s in combination with radial offset
d, Fig. B.2(b), and axial offset s in combination with axial tilt 8, Fig. B.2(c). In
the following, we discuss the different cases and quantify the dependence of the
coupling loss on the respective parameters s, d, and 6. For simplicity, we first
analyze the case of combined axial offset and axial tilt, Fig. B.2(c), and use the
result to derive the relations of the other cases.

B.2.1 Axial offset and axial tilt

The combined axial and angular misalignment of the sink beam (blue) with respect
to the source beam (black), Fig. B.2(c), can be constructed in three steps: Starting
from a perfect alignment where the coordinate systems of both beams coincide,
the sink beam is first shifted by a distance z;, along the still collinear beam axes.
The sink beam is then rotated by a small angle # about its beam waist, followed
by another translation —%, in the rotated coordinate system. The pivot point of
combined translation and rotation mapping is finally found at the intersection of
the two beam axes, i.e., at a coordinate z = z;, in the coordinate system of the
source beam, and at a coordinate Z = 7z, in the coordinate system of the sink beam.
We further introduce the signed axial offset s = z, —Z, between the beam waists.
Note that both beam axes aligned along the z- and z-direction still lie within a
common plane, i.e., we disregard the case of skewed rays. Within this plane of
the rotation, we can hence formulate the transformation between the coordinate
systems of both beams and the associated approximations for small angles € as

Z=(2—zp)cos+rsind+z,~z—s+rb,
(B.8)
T=—(z—zp)sinf +rcosd =~ —(z—z,)0 +r.
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B.2 Alignment of Gaussian beams

As reference plane S,e¢ for performing the overlap integral that quantifies the
coupling efficiency, we choose the plane z = z, parallel to the (z,y)-plane,
yellow dashed line in Fig. B.2(c), which contains the pivot point of the rotation.
Note, however, that this choice is arbitrary — any other transverse reference plane
should lead to the same result. For small angles 6, this plane can be described in
the coordinate system of the sink beam by using Eq. (B.8),

ZR 2y — s+, TRT, (B.9)

where s = z, — Z,. We further assume a small divergence angle of the sink beam
such that the sink beam radius w(Z,) in plane Z = Z,, corresponds approximately
to the radius w(Z,,) cos § ~ w(Z,,) in plane z = Z,. The same argument holds
true for the zZ-dependent Gouy phase, which is approximated by Z(Ep) in the
relevant part of the reference plane z = Z,, independent of r. The complex field
of the sink beam in the reference plane can hence be approximated by

U(FrrZrE, +70) R (r,Z,)e i+, (B.10)

Under these assumptions, the overlap integral for the power transmission Tx in
the reference plane S..¢ can be written as

2

Tr = QW/W*(T’, 2 )W (1, Zp)e IR0 (B.11)
0

Using Egs. (B.1), (B.2), (B.4), and (B.6) leads, after some modifications [215],
to a simplified expression for the power transmission,
TR = 7'3(s)e_(9/(’7‘“‘)2 , $=2p—Zp, (B.12)

where 7, (s) describes the dependence of the excess loss on a pure axial offset s,

Ta(s) = . (B.13)
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and where 0, quantifies the 1/e? rotational alignment tolerance for a given axial
offset s and positions z;, and Zp,,

0o = 2v2 . (B.14)

ko (s)\/ W% (Zp) + w?(zp)

The local spot-size radii w(z,) and w(Z,) in Eq. (B.14) are given according to
Eq. (B.2). The1/e 2 rotational alignment tolerance 6, assumes its maximum [215]
value 6, if the relation

Zp Zp

=0, (B.15)

W(z) T (z)

V2y/1/w¢ + 1/w3 '

99 max — B.16
, h (B.16)

is fulfilled, where

Note that 0. max does not depend on the waist separation s, but the transmission
Tr < 1 according to Eq. (B.12) does and is maximum for s = 0, i.e., if the
positions z = 0 and Z = 0 coincide. In the following, we specialize the relations
Eq. (B.12) — (B.14) to axial tilt only (s = 0), and to axial offset only (6 = 0).

B.2.2 Axial tilt only

A simplified expression for T results when considering the case without any
mode-field mismatch (wy = wp) and without axial offset (s = 0). In this case, the
1/e? rotational alignment tolerance 6, = 2/(kwy) corresponds to the (common)
divergence angle of both beams, and the power transmission 7T simplifies to

2

T = o~ (0/0aiv)? , Ogiv = T B.17)
0
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B.2 Alignment of Gaussian beams

B.2.3 Axial offset only

The special case of an axial offset only, Fig. B.2(a), is described by setting 6 = 0
in Eq. (B.12). The power transmission 7, for an axial offset s is thus

Ta = 73(5) ’ (BIS)

where 7,(s) is given by Eq. (B.13). For perfect axial alignment (s = 0) and a
mode-field-diameter mismatch only, we find

2

(0 = Wo /wo + wo/Wo

(B.19)

If the mode-fields are matched, wy = W, an axial misalignment s # 0 leads to
B 1 B 2
VI8 /(Rug) A+ (s/zr)%

An axial shift of approximately one Rayleigh distance s = zg hence results in a

(B.20)

Ta(S) |wg:ﬁ0

misalignment loss of approximately 1 dB.

B.2.4 Combination of axial offset and lateral offset

Finally, we discuss the combination of an axial offset s and a lateral offset d,
Fig. (B.2)(b). The expression for the associated power transmission 77, is derived
from the previously discussed case of a combined axial offset and axial tilt,
Egs. (B.12)...(B.14). To this end and for the depicted case in Fig. B.2(c), we
consider the limit [215]

2p —r —00 Zp=2p— 85— —00. (B.21)

along with an infinitesimal rotation

h— L (B.22)

|ZP’
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According to Eq. (B.1) and (B.2) we then find

|ZP| _ 2|ZP|

2R kwg

2|zp — s| . 2‘zp|

w(zp) — wo , (Zp) — e E (B.23)

Wo

Inserting Eq. (B.22) and (B.23) into Eq. (B.12) and (B.14) leads to the expression
for the power transmission 77,

Ty, = 72(s)e (/) (B.24)

a

with

(B.25)

B.2.5 Lateral offset only

We further give the expression for the simplified case of a lateral offset only
(s = 0), without any mode-field mismatch (wy = wg). The power transmission
Ty, is then found using Eqs. (B.24) and (B.25),

Ty, = e~ (@/de)? (B.26)

From Eq. (B.26), we find that a lateral shift of

1
digg = || ——— ~ 0.48 x wy (B.27)
10log g €

leads to a misalignment excess loss of 1dB. This lateral shift is depicted by
red dashed circles in Figs. 4.3(a), 4.8(a) and 4.13(a) of the main manuscript, in
excellent agreement with experimentally measured data for Figs. 4.3(a) and 4.8(a),
and in reasonable agreement with experimentally measured data for the much
more complex FaML assembly in Fig. 4.13(a). The smallest MFD used in our
experiments amounts to 25 pm (wy = 12.5um). In this case, a lateral shift of
d = 1pm, e.g. due to irregularities in the spacing of the fibers within the fiber
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array (FA), only leads to an excess loss of 0.03 dB according to Eq. (B.26), which
is fully negligible.

B.2.6 Measurement of angular tolerances

When experimentally measuring the angular alignment tolerance, the pivot point of
the rotation is usually not precisely known. As a consequence, any rotation of the
positioning stage has to be followed by a set of translations that compensate for the
unwanted movement of the point z = z;, or Z = 7, that is assumed to be the center
of the rotation considered in Sections B.2.1 and B.2.2. These translations are
performed as to maximize the coupling between the two beams without changing
their angular orientation, thus leading to a configuration in which the center points
of the two beam waists, marked by the points z = 0 and Z = 0 on the two beam
axes, coincide, see discussion after Eq. (B.16) above. The measurement procedure
therefore effectively corresponds to a rotation around the pivot point for s = 0.
In this case, z, = Z, = 0, such that Eq. (B.15) is fulfilled. The extracted 1 / e?
rotational alignment tolerance hence corresponds to the maximum achievable
value 0. max according to Eq. (B.16), and according to Eq. (B.17) it is further
equal to the common divergence angle 0g;, if there is no mode-field mismatch
(wg = wy). This measurement procedure is used to obtain the experimental data
of rotational alignment tolerances in Figs. 4.3(b), 4.8(b) and 4.13(b) of the main
manuscript, and the results are then fit by Eq. (B.17) with the common beam-waist
radius wy as a free parameter, from which the 1/e? rotational alignment tolerance
Oc,max = Baiv or the corresponding 1 dB tolerances are extracted.

B.2.7 Trade-off of lateral and angular tolerances

For visualizing the aforementioned fundamental trade-off between translational
and rotational tolerances, Fig. B.3, we consider the simplified case of a circularly
symmetric beam without mode-field mismatch and without axial misalignment.
The misalignment-dependent power transmission is thus calculated according to
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Eq. (B.26) and Eq. (B.27) for a translational lateral and for a rotational misalign-
ment, respectively. A small beam waist parameter wq results in a small tolerable
lateral shift d, Fig. B.3(a), but allows a large misalignment angle 6, Fig. B.3(b). Ex-
panding the mode field increases the translational lateral tolerance, but decreases
the rotational one.

(@)
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Fig. B.3: Trade-off of translational and rotational tolerances. A small beam waist parameter wq
results in a small tolerance with respect to lateral translations and in a large rotational alignment
tolerance. Expanding the mode field hence allows to trade some of the rotational tolerance for
additional translational lateral tolerances. (a) Alignment tolerances for lateral translation d according
to Eq. (B.26). The dashed lines indicate a 1dB misalignment excess loss at a lateral shift of
d =~ 0.48 X wo, see Eq. (B.27). (b) Angular alignment tolerances for a pure rotation without any
axial or transverse offset, see Eq. (B.17), for a wavelength of A = 1550 nm in vacuum. The contour
lines correspond to misalignment excess losses of 1 dB, 2 dB and 3 dB, respectively.
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B.2.8 Tolerance analysis for passive alignment

To arrive at easy-to-handle design guidelines for passively assembled FaML-based
optical systems, we estimate the impact of positioning uncertainties on the excess
coupling loss. The underlying passive assembly processes rely on aligning two
components to each other by first fixing one component in place and by aligning
the second one based on measurements of positions and orientations. For the
expanded beam, we may safely assume that slight axial misalignments do not
play a significant role such that we only need to consider angular measurement
error # and an independent measurement error d of the lateral position, both of
which result in a corresponding combined angular and lateral misalignment. We
could represent this combined misalignment as a single axial tilt with a certain
pivot point and calculate the net effect according to Egs. (B.12)...(B.14). This is
however complicated, and we instead use an approximation, where we consider
the combined misalignment as the result of a rotation of one beam by an angle ¢
about a common beam waist, followed by a lateral shift by a distance d. We further
assume that the losses of these two operations can be independently calculated
according to Eq. (B.17) and Eq. (B.26), respectively, and that the corresponding
power transmission factors can be simply multiplied to obtain the final power
transmission factor of the overall configuration. We further consider a free-space
coupling distance D and we assume a symmetric configuration, where the beam
waists lie in the middle of the free-space distance. An angular misalignment 6
of the second component would then lead to an additional lateral shift (pointing
error) of the corresponding beam by (D/2) tan 6 in the plane of the common
beam waists, where we evaluate the overlap integral. The worst-case lateral shift
dmax to account for with Eq. (B.26) is hence

D
dmax = ‘ 5 tan 6

+1d| , (B.28)

where we have assumed that the induced lateral shift and the independent mea-
surement error of the lateral position lead to a misalignment in the same direction.
In the following, we consider a given free-space distance D and given precisions
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0.x and d, per rotational axis and per translational axis of the alignment machine,
respectively. The rotation-independent lateral shift d within Eq. (B.28) is hence
d = /2 in the worst case, where we again assume that slight axial misalignments
do not play a significant role such that only the misalignment along the two
transverse directions contributes to the excess loss. Likewise, for small angles,
we consider 8 = /20, in Eqgs. (B.28) and (B.17), since a rotation about approxi-
mately collinear beam axes does not matter for a single free-space connection and
rotationally symmetric beams. Note, however, that rotations about approximately
collinear beam axes do play a role in case of assembly of device arrays with multi-
ple free-space connections. In this case, the associated loss can be easily estimated
based on Eq. (B.26) and is usually not a limiting factor for chip-scale waveguide
separations and typical FAML-generated free-space beam diameters of, e.g., 25 pm
or larger. Under these premises there exists an optimum beam-waist radius wy,
which yields the lowest reliably achievable loss, see Fig. B.4(a): For a very small
waist radius wy, the expected total loss will be dominated by the worst-case lateral
shift, Egs. (B.28) and (B.26), while for a very large waist parameter, the expected
total loss will be dominated by the rotation around the common beam waist and the
corresponding inclination of the associated phase fronts, Eq. (B.17). Alternatively,
one can use Eq. (B.28) in combination with Eqs. (B.17) and (B.26) to estimate
the worst-case coupling loss for given rotational and translational tolerances of
the machine-vision-based alignment system, see Fig. B.4(b).

In our passive assembly experiment over a large distance of 3.3 mm, see Section 4.4
of the main manuscript, we used lenses which produce a beam diameter of
2wy = 60 pm (beam radius wy = 30 pm). Note that, for an initial conservative
estimate of 6,, = 0.2° for each rotation axis and d,, = 3 pm for each translation
axis, a beam diameter of 2wy ~ 70 pm would have been ideal, see Fig. B.4(a).
However, we found this beam diameter difficult to reach with only two refractive
surfaces under the limitations of the lithography system regarding the maximum
structure size. We thus performed our experiments with a slightly smaller beam
diameter of 60 pm, which does not severely limit our performance, see Fig. B.4(b).
Given the fact that our passive alignment prior to gluing leads to an angular
position that is practically identical to the actively optimized position within the
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Fig. B.4: Worst-case excess loss for passive alignment, assuming light at a wavelength of A = 1550 nm
and a free-space coupling distance of D = 3.3 mm as used in our experiment in Section 4.4 of the
main manuscript. The worst-case loss depends on the beam waist parameter wq and on the achievable
lateral and angular alignment precision. (a) Worst-case excess loss as a function of the beam waist
parameter wg. The curves for three exemplarily chosen combinations of alignment tolerances are
shown. The labels refer to the rotational and translational alignment tolerances (Qax, dax) per axis.
The markers indicate the optimum choice of wg. (b) Worst-case excess loss shown as a function of
the lateral and angular alignment tolerances (fax, dax) of the alignment machine. The two panels
refer to a choice of wo = 35 pm, which corresponds to the optimum for 6,5 = 0.2° and dax = 3 pm
according to Subfigure (a), and of wo = 30 pm, as used in our experiments in Section 4.4 of the main
manuscript.
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B Optical packaging using 3D-printed facet-attached microlenses

measurement accuracy, see Section 4.4 of the main manuscript, we believe that
even larger beam diameters could have been used. This would also have decreased
the variations of the coupling losses obtained for different path lengths in our
experiment including the polarization beam splitter, see Eq. (B.20) and Section 4.4
of the main manuscript.

B.2.9 Monte Carlo simulations of coupling losses

While Fig. B.4 depicts the worst-case excess loss for passive assembly, the statistics
of assembly losses is also an important factor, in particular when it comes to
industrial exploitation of the processes. We therefore extend the worst-case
analysis of Supplementary Section B.2.8 by conducting Monte Carlo simulations,
in which we perform similar calculation steps as for Fig. B.4, but assume a Gaussian
distribution of alignment errors for each rotational axis and each translational axis
of the assembly machine with standard deviations g ax and o4 ax, respectively.
For each realization, we calculate the lateral shift of the beam waists with respect
to one another and then use the relations given in Eq. (B.17) and Eq. (B.26) to
estimate the associated losses — rather than just taking the worst-case shift as in
Eq. (B.28). Fig. B.5 depicts the histograms of the resulting misalignment excess
losses for a total sample size of N = 10° simulated connections.

The primary horizontal axis indicates the assembly-related excess power loss in
linear units, and the vertical axis indicates the empirical probability for a bin size
of 1% = 0.01, i.e., the share of resulting losses that are within the respective bin.
In the calculations, the beam waist parameter and the free-space coupling distance
are set to wy = 30 um and D = 3.3 mm, respectively, corresponding to the values
used in our experiments, see Section 4.4 of the main manuscript. The calculations
in Fig. B.5(a) are performed with the conservative assumption that the estimated
worst-case values 0, = 0.2° and d,x = 3um of Section B.2.8 correspond
the 20-deviations of the underlying Gaussian distributions, i.e., 09 ax = 0.1° and
0d,ax = 1.5 um. The blue-shaded region in Fig. B.5(a) with a cumulative empirical
probability of 67% indicates an excess loss below our measurement uncertainty of
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Fig. B.5: Monte Carlo simulation of misalignment excess losses for passive alignment, assuming light
at a wavelength of A = 1550 nm, a free-space coupling distance of D = 3.3 mm, and a beam waist
parameter wo = 30 pm as used in our experiment in Section 4.4 of the main manuscript. The losses
are calculated similarly as for Fig. B.4, but assuming Gaussian distributions of alignment errors for
each rotational axis and each translational axis of the alignment machine, with standard deviations
00,ax and 04 ax. We use a total sample size of N = 10° simulated connections. The primary
horizontal axis indicates the assembly-related power loss in linear units, whereas the vertical axis
indicates the empirical probability for a bin size of 1% = 0.01. (a) Histogram for 0g o = 0.1° and
0d,ax = 1.5 pm, corresponding to the conservative assumption that the worst-case values fax = 0.2°
and dax = 3 pm used in Fig. B.4 correspond to the 20-deviation of the respective Gaussian distribution.
The blue-shaded region with a cumulative empirical probability of 67% indicates an excess loss below
our measurement uncertainty of 3% (approximately 0.13 dB). These results are in line with our
experiments, where we indeed did not find any difference between passive and active alignment within
our measurement accuracy, see Section 4.4 of the main manuscript.  (b) Histogram for a two-fold less
accurate machine with standard deviations of 09 ox = 0.2° and 04 ox = 3 pm. The shaded region
corresponds sub-1dB excess losses due to passive alignment and comprises 90% of the simulated
cases.
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B Optical packaging using 3D-printed facet-attached microlenses

3% (approximately 0.13 dB). This result is in line with our experiments, where we
indeed did not find any difference between passive and active alignment within our
measurement accuracy, see Section 4.4 of the main manuscript. We also show that
in case of a significantly less accurate machine with two-fold increased alignment
tolerances of g .x = 0.2° and 04..x = 3 nm, Fig. B.5(b), the excess losses due
to passive alignment are still below 1dB in 90% of the cases. These results
confirm the robustness of FaML-based assembly processes and their potential for
high-yield production.

B.3 Assembly machine and passive alignment
process

All assemblies have been built using a custom semi-automated assembly machine
(ficonTEC Service GmbH) that relies on industry-standard machine vision tech-
niques, see Fig. B.6. The submount of the assembly is hold in place at the assembly
zone using a vacuum chuck. Components such as optical chips or fiber arrays are
mounted using a six-axis positioner (right side) that is equipped with either a grip-
per or vacuum pick-up-tool (PUT). The positions and orientations of components
after pick-up and/or mounting are measured using a top view (TV) camera and a
chromatic confocal distance sensor [158], both mounted on a three-axis positioner
(left side), as well as another fixed bottom-view (BV) camera. In a typical assembly
workflow, parts are first picked up from the tray, inspected over the BV camera
if necessary, and moved over to the assembly zone for final alignment and fixing.
In our experiments, we demonstrate a passively aligned assembly with a large
coupling distance, see Section 4.4 of the main manuscript, where we couple a fiber
array (FA) to a photo diode array (PDA). As a reference, the result of this passive
alignment is then compared to an active alignment obtained my maximizing the
output current of the photodiodes, which are contacted through an additional pair
of DC-probes (not shown in Fig. B.6).

In our experiments, we first glue the chips to the submount and then align the
FA with respect to the chips, where the fibers are typically oriented along the
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Top view (TV) Distance sensor Trays Gripper/PUT

3-axis Assembly zone with Bottom view (BV) 6-axis
positioner vacuum chuck camera positioner

Fig. B.6: Schematic of the assembly machine. The submount of the assembly is fixed at the assembly
zone using a vacuum chuck. Components such as optical chips or fiber arrays are mounted using a
six-axis positioner (right side) that is equipped with either a gripper or a vacuum pick-up-tool (PUT).
The positions and orientations of components after pick-up and/or mounting are measured using a
top-view (TV) camera and a chromatic confocal distance sensor [158], both mounted on a three-axis
positioner (left side), as well as another fixed bottom-view (BV) camera. In a typical assembly
workflow, parts are first picked up from the tray, inspected over the BV camera if necessary, and moved
over to the assembly zone for final alignment and fixing. The results of passive alignment processes
can be benchmarked by using active alignment techniques, which can also be executed on the assembly
machine.
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y-direction, see Fig. B.6, for optimum strain relief. The position in the (x, y)-plane

(a)

\

Tilted surface

(b)

Fig. B.7: 3D-printed alignment markers used for alignment of the fiber arrays (FA), see Inset (i) of
Fig. 4.6 of the main manuscript. Detection of a pair of markers allows to find the position of the FA
in the (z, y)-plane, the exact height z, the in-plane rotation R, as well as the tilt angle R,. To this
end, we first detect the circular feature within the marker using the TV camera in combination with
appropriate image recognition and then measure the height on top of the marker using the chromatic
confocal distance sensor. (a) 3D model of the marker. To get an accurate measurement signal
originating from the reflection at the top surface of the marker only, we use structures with a tilted
bottom surface, such that the unwanted reflection lies outside of the acceptance cone of the chromatic
confocal distance sensor. (b) Image of a 3D-printed alignment marker, taken from the TV camera of
the assembly system. The area suitable for height measurements is clearly seen as a dark rectangle.

and the in-plane-rotation I, of the mounted chips are measured using the TV
camera, while the exact chip height z and the chip tilt angles R, and R, are
measured using line scans with the chromatic confocal distance sensor. For the
FA, we first measure the position and orientation after pick-up and then calculate
the motion of the six-axis positioner that is required to move the FA to its target
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B.4 Estimation of return loss induced by FaML assemblies for angled facets

position. To this end, we first find the rotation angle R, from a BV autofocus
measurement at the front and back of the FA. All other degrees of freedom of
the FA within the gripper are then measured with the help of 3D-printed markers,
see Fig. B.7, which are precisely aligned to unused channels of the FA during
lithography. Specifically, we find the position in the (z, y)-plane and the in-plane
rotation R, by detecting the circular shapes within the markers using the TV
camera in combination with appropriate image recognition techniques. The tilt
angle R, as well as the exact height z of the FA are found by height measurements
on top of the 3D-printed markers using the chromatic confocal distance sensor.
To get an accurate measurement signal originating from the reflection at the top
surface of the marker only, we use structures with an angled bottom surface, such
that the unwanted reflection lies outside of the acceptance cone of the chromatic
confocal distance sensor.

B.4 Estimation of return loss induced by FaML
assemblies for angled facets

In our third set of experiments, see Section 4.5 of the main manuscript, we
demonstrate the viability of a special FAML configuration with low back-reflection.
Such configurations allow, e.g., for coupling of arrays of reflection-sensitive
angled-facet lasers to fiber arrays or to other PIC. In our experiments, we do not
find any signs of detrimental effects that could be attributed to our packaging
concept. However, the exact back-reflection factor induced by the FaML is
hard to quantify by a direct measurement, and we thus perform an estimate
of the expected levels of back-reflection. To this end, we measure the current-
dependent emission spectra of the laser packaged according to Fig. 4.11 of the
main manuscript while varying the level of optical back-reflection. This back-
reflection is generated by an open fiber FC-PC connector without angle-polish at
the input of our optical spectrum analyzer, see Fig. B.8, and the back-reflected
power is adjusted via a fiber-based variable optic attenuator (VOA), which is
inserted between the laser and the OSA. The open fiber end leads to a reflection
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B Optical packaging using 3D-printed facet-attached microlenses

of approximately 3.25% (n = 1.44 to air), corresponding to a Fresnel reflection
return loss of apresnel =~ 15 dB. We record spectra for various levels of single-

APC APC
Laser-to-SMF
—(OF——t

assembly

Open-ended FC-PC connector

Fig. B.8: Measurement setup for experimental estimation of the levels of back-reflection generated by
the FaML configuration shown in Fig. 4.11 of the main manuscript. We measure the current-dependent
emission spectra of the laser packaged according to Fig. 4.11 of the main manuscript while introducing
different levels of optical back-reflection. The back-reflection originates from an open fiber FC-PC
connector without angle-polish at the input of our optical spectrum analyzer (OSA), and the back-
reflected power is adjusted via a fiber-based variable optic attenuator (VOA), which is inserted between
the laser and the OSA using a pair of angled physical contact (APC) connectors. The open FC-PC
fiber facet leads to a reflection of 3.25% at the interface of the fused-silica core (n = 1.44) to air,
corresponding to a Fresnel reflection return loss of afyesnel = 15 dB.

pass attenuation ayoa of the VOA, Fig. B.9. All spectra are recorded from
DFB#2 of our assembly, with a single-pass coupling loss apavr, = 2.5dB of
the FaML-pair, see Table 4.3 of the main manuscript. An unsuppressed OSA
back-reflection (ayvoa = 0dB) leads to significant broadened emission peaks
("coherence collapse" [216, 217]). For a single-pass attenuation of ayoa =
(4...10) dB, we observe "satellite modes" [218] with a separation corresponding
to the relaxation oscillation frequency. A single-pass attenuation ayvoa > 12dB
is required to produce spectra without visible distortions, indistinguishable from
the reference spectra of the bare laser in Fig. 4.14 of the main manuscript. As
described in the main manuscript, these reference spectra were recorded from a
bare laser using a fiber that is deliberately placed at a large distance from the facet,
thereby avoiding any direct back-reflections from the fiber facet while strongly
attenuating any back-reflection from within the fiber-optic setup. Our observations
match the typical behavior for feedback effects in DFB lasers according to Tkach
and Chraplyvy [35] very well. There, the transition from satellite modes to a single
narrow line ("Regime IV" to "Regime III" in [35]) is found at an approximate
threshold back-reflection factor of @ = —40 dB, independent on the distance of
the reflection, as long as the distance remains within the coherence length of the
laser. We find this transition at ayoa = 10 dB, and hence the very same threshold
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Fig. B.9: Measured spectra (resolution bandwidth 0.01 nm) for different single-pass attenuation levels
avoA. The unsuppressed OSA back-reflection (ayoa = 0dB) leads to significantly broadened emis-
sion peaks ("coherence collapse" [216, 217]). For a single-pass attenuation of ayoa = (4 ...10)dB,
we observe "satellite modes" [218]. A single-pass attenuation ayoa > 12dB is required to produce
spectra without visible distortions, indistinguishable from the reference spectra of the bare laser in
Fig. 4.14 of the main manuscript. As described in the main manuscript, these reference spectra
were recorded from a bare laser using a fiber that is deliberately placed at a large distance from the
facet, thereby avoiding any direct back-reflections from the fiber facet while strongly attenuating any
back-reflection from within the fiber-optic setup. Our observations match the typical behavior of
feedback effects in DFB lasers [35] very well. An estimate of the FaML back-reflection factor a
based on the absence of "apparent mode splitting", i.e., a rapid mode-hopping inside the observation
time [35] for attenuations ayopa > 12dB , leads to a value of a < —44 dB.
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back-reflection factor, a = —(2apamr, + 2avoA + GFresnel) = —40dB. Two
more transitions are usually found at even weaker back-reflections. In particular,
a further transition ("Regime III" to "Regime II" in [35]) is usually found at a
distance-independent back-reflection factor of approximately a = —45 dB, where
the laser would start to show an "apparent splitting" of the emission line, arising
from rapid mode hopping [35]. In our experiments, we do not observe this effect
when increasing the attenuations to ayoa > 12 dB. We attribute this observation
to the fact that the FaML introduces a slight amount of back-reflection as well,
which can lead to an operation regime in which the laser emits a single narrow line
while being only sensitive to other reflections of comparable or greater magnitude
("Regime IIT", between —40dB and —45dB in [35]). Since ayvoa > 12dB is
required to produce unperturbed spectra, we may further assume that the strength
of the back-reflection from the FaML is approximately comparable to or smaller
than the strength of the external back-reflection from the open fiber end for
avoa = 12dB, which amounts to —(2apami, + 2avoA + GFresnel) = —44 dB.

B.5 Microlens simulations

For simulation of the microlenses, we use an in-house developed simulation
software based on the scalar wide-angle unidirectional wave-propagation method
for step-index structures proposed in [36], see Materials and Methods (Section 4.8)
of the main manuscript. Instead of simulating the entire propagation through
FaML pairs, we split the simulation into two parts, each containing one FaML.
The shape of each of the two FaML is then numerically optimized for optimum
coupling to a Gaussian mode field in free-space with the desired mode-field
diameter. Figure B.10 shows the simulated intensity distributions of all printed
lens designs, in the order of their mention in the main manuscript. For the sake of
better visibility, we normalize the intensity in each z-normal cross section to its
respective maximum. The radial 1/e? intensity drop is marked by white contour
lines.
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Fig. B.10: Microlens simulations obtained from an in-house-developed simulation software based on
a scalar wide-angle unidirectional wave-propagation method [36] for step-index structures. Instead of
simulating the entire propagation through FaML pairs, we split the simulation into two parts. The lens
shapes of each part are numerically optimized for optimum coupling to a free-space Gaussian with the
desired waist diameter at the interface between the two parts. The subfigures correspond to the various
printed designs in the order of their mention in the main manuscript. For the sake of better visibility,
we normalize the intensity in each z-normal cross section to its respective maximum. The radial 1/e?
intensity drop is marked by white contour lines. (a, b) FAML designs printed on fiber arrays (FA)
and on silicon photonic (SiP) chips, respectively, with an expanded beam-waist diameter of 25 pm at
a distance of 400 pm from the device facet, as used in our first set of experiments, see Section 4.3
of the main manuscript. (c¢) FaML design printed on both FA and InP photo diode arrays (PDA),
with an expanded beam-waist diameter of 60 pm at a distance of 1.9 mm from the device facet as
used in our second set of experiments, see Section 4.4 of the main manuscript. (d, ¢) FaML designs
printed on arrays of angled facet InP lasers and on FA, respectively, with an expanded beam-waist
diameter of 25 pm at distances of approximately 400 pm from the device facets, as used in our third
set of experiments, see Section 4.5 of the main manuscript. The simulations are depicted as (z, z)-cut
(y = 0), and as (y, z)-cut (x = 0) . For each subfigure, the dashed lines in the (x, z) and (y, z) cuts
indicate the position of the respective other cut.
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For the lenses in our first and second set of experiments, Fig. B.10(a)-(c), we use
a rotational symmetric even-order polynomial representation of the lens surface
height,

h(r) =co+cor® +eur* +..., (B.29)

where r = /22 + y2. The two-surface FaML beam expander, see Fig. B.10(c),
produces an expanded MFD of 60 pm and has a correspondingly large second
lens surface. Due to the scaling laws of aberrations [219, 220] we therefore used
a maximum of five free parameters cg, co, ¢4, cg and cg for this second surface,
whereas all other surfaces required a lesser number of parameters.

For our third set of experiments, we use a more sophisticated parametrization
of the lens surfaces. For the FAML on angled facet InP lasers, Fig. B.10(d), we
assume a slightly elliptical spot of 3.2 um x 2.2 pm emitted from the laser facet,
as measured using an infrared microscope equipped with a 100x /0.8 objective
in air. To transform the elliptic beam into a beam with a circular cross section, we
use a non-rotational symmetric parametrization based on conic sections [221],

22 pa + Y2 py

Mz,y) =ho+ 7 V1= 1+ K )(zpe)? — (14 Ky)(ypy)?

. (B.30)

where p, and p, are the curvatures, i.e., the reciprocal values of the curvature
radii in the apex, in the cut-plane containing the x-axis (y = 0), respectively in
the cut-plane containing the y-axis (x = 0), and where K, and K, denote the
conic constants in the respective cut-plane. A value of K > 0 corresponds to an
oblate elliptical cross-section, K = 0 corresponds to a spherical cross-section, a
value —1 < K < 0 corresponds to a prolate elliptical cross-section, K = —1 to
a parabolic one, and K < —1 to a hyperbolic one. For optimization of the lens
surface, we vary the parameters p., p,, K, and K, for best coupling efficiency
to a Gaussian beam with the targeted mode-field diameter. Note that a single lens
surface is generally insufficient to transform a diverging beam with an elliptic cross
section into a collimated beam with a circular cross section and a predefined beam
diameter. The beam profile generated by the optimized lens surface according to
Eq. (B.30) is hence subject to a slight residual ellipticity and astigmatism. The
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simulated impact on the coupling efficiency, however, is rather small (< 0.2 dB)
and can hence be tolerated.

B.6 Transparency and stability of printed
structures

FaML-based photonic systems can be utilized for a wide variety of applications,
spanning a broad range of wavelengths. Hence, the wavelength-dependent ab-
sorption of printed structures is an important characteristic. Figure B.11 shows
an absorption spectrum of the photoresist VanCore B (Vanguard Automation
GmbH, Karlsruhe, Germany), which is very similar to VanCore A as used for the
structures in the main manuscript. The vertical blue lines indicate wavelengths for
typical applications around 530 nm, 1330 nm, and 1550 nm. Note that the typical
interaction length of light with the bulk FaML material is below 300 pm such
that absorption losses on a dB/cm level are usually negligible. Specifically, in the
wavelength range around 1550 nm, a typical absorption of 1 dB/cm leads to a loss
of approximately 0.03 dB for a lens with a length of 300 pm.

For industrial applications, the mechanical stability of the FaAML are of great
interest. Due to the small volume of the FaML, the adhesive forces are particularly
strong relative to the mass, and the structures are hence very stable with respect
to accelerations and vibrations — even under the stringent requirements set
forth in Telcordia protocols [222, 223], GR-468-CORE / GR-1221-CORE, with
random vibrations and accelerations up to 500 g. Still, FAML are rather sensitive
to mechanical damage by direct physical contact, which should be avoided by
appropriate handling procedures — just like for any optical facet of a PIC.

Finally, long-term and temperature stability of 3D-printed FaML is a key aspect
with respect to practical application of the concept. The long-term stability of
printed dielectric waveguides (photonic wire bonds, PWB) has previously been
demonstrated in [33]. More recently, similar investigations were done for FaML.
In these experiments, we monitor the evolution of the coupling loss under pertinent
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Fig. B.11: Absorption spectrum of VanCore B (Vanguard Automation GmbH, Karlsruhe, Germany),
which is similar to the resist VanCore A used for the FaML presented in the main manuscript. The
vertical lines indicate wavelengths for typical applications around 530 nm, 1330 nm, and 1550 nm.
For typical lengths of microlenses, the absorption loss is negligible. Specifically, in the wavelength
range around 1550 nm, a typical absorption of 1 dB/cm leads to a loss of approximately 0.03 dB for a
300 pm interaction length of the light and the bulk material.

damp-heat test conditions. We use a simplified test structure, see Fig. B.12, store it
in a climate chamber at 85 °C and 85% relative humidity, and repeatedly measure
the optical transmission at a wavelength of A = 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 FaAML, 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.12. The FaML consisted of the photoresist VanCore B (Vanguard
Automation GmbH, Karlsruhe, Germany).

206



B.6 Transparency and stability of printed structures

V-groove 4

\

Fig. B.12: Scanning electron microscopy (SEM) image of a simplified test structure for evaluating the
long-term stability of 3D-printed facet-attached microlenses (FaML). The test vehicle 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 SO and collimated by the lens Surface S1.
The beam then enters the second FaML through the lens Surface S2, is redirected by a second TIR
mirror with Surface S3, and is finally coupled into the core of the right SMF. The path of the signal
is indicated by the red arrow. The line in the center of the TIR mirrors has been added for a better
orientation. Note that the SEM image, which was taken from a test structure after exposure to 85 °C
and 85% relative humidity for nearly 4000 h, does not show any sign of degradation.

We measured the transmission through five identical arrangements as in Fig. B.12.
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 under
the harsh testing conditions to the extent that further reliable measurements were
impossible. The FaML themselves did not show any visible degradation, see
Fig. B.12. In a further set of experiments, we investigated the stability of FaML
similar to the ones shown in Fig. B.12 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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Table B.1: Long-term stability tests of FaML at a temperature of 85 °C and at a relative humidity of
85%.

Coupling loss [dB]
Initial 400h @ 1840h @ 3960h @
85°C/85%  85°C/8%  85°C/85%

Photodiode number

#1 1.4 14 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

[End of Supplementary Information of paper [J2]]
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C Superconducting nanowire
single-photon detector with
3D-printed free-form microlenses

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 [J3]]

C.1 Mathematical models and methods for
analysis of spheroidal lenses

The ideal lens shapes considered in Section 5.3.1 are obtained by revolving a
Cartesian oval curve about its axis of symmetry. This Cartesian oval curve
comprises all points having the same linear combination of distances d; and
Niens X do from two fixed points F} and F5, respectively, where njq,s denotes
the refractive index of the lens and where F5 lies within the lens. The points
Fy and F5 are referred to as the foci of the lens, where any ray passing through
F will be refracted to pass through F5 as well. In the special case considered
in Section 5.3.1, where light is incident as a plane wave, the focus F}; moves to
infinity, and the Cartesian oval turns into an ellipse, which, by revolution about
the optical axis, defines the associated spheroidal lens. The geometrical focus S
of this spheroid, see Fig. 5.2, then coincides with the internal focus F5. Starting
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from this lens shape, we calculate the effective collection area and the minimum
achievable spot size.

C.1.1 Effective collection radius

In the following, we assume a plane-wave-like illumination with approximately
constant intensity over the cross section of the lens. To calculate the effective
collection area Ac and the associated effective collection radius r¢ of such a
spheroid, we consider rays that hit the lens surface at a normalized radial position
p = r/a under an incidence angle o, (p) with respect to the local surface normal,
see Fig. 5.2. We denote the Fresnel power transmission at this radial position with
T(tyac(p)), where the overbar denotes the average of the power transmission for
p- and s-polarized light. The effective collection area A of the lens is defined
as the cross-sectional area perpendicular to the optical axis, which would collect
the same optical power as the lens itself, and can be calculated by integrating the
position-dependent power transmission over the transverse cross section of the
spheroidal lens with minor half-axis a,

21 a
AC —WT% = //T<avac ( )) Tde(P
0 0
) (.1
= 27Ta2 /T (avac<p>) P dpa
0
1
re =av?2 /T (avac(p)) pdp. (C.2)
0
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The incident angle avy,.(p) is found from considering the surface-normal direction
of the spheroid and can be calculated from the equation of an ellipse to be

1
Qyac(p) = arctan <§(1/p)2—1> . (C.3)

For the plot in Fig. 5.3(c), we numerically evaluate the integral in Eq. (C.2). For a
refractive index njens = 1.5, we find r¢ = 0.94 % a.

C.1.2 Estimation of minimum spot size

For estimating the minimum achievable spot size, we calculate the vectorial point
spread function according to Richards and Wolf [61, 62]. We chose this approach
since the maximum involved ray angle 6,,,x clearly exceeds the validity range
of paraxial approximation, see Eq. (5.4) in the main text. We first consider a
uniform x-polarized plane-wave illumination at angular frequency w propagating
along the z-direction and use a positive time dependence, i.e., exp(j(wt — koz)),
where kg = w/c is the vacuum wave number and where ¢ denotes the vacuum
speed of light. The complex electrical field vector E(r, ¢, z) is calculated in a
cylindrical coordinate system having its origin at the focus S; within the lens, see
Fig. 5.2. The different components of the vectorial point spread function can be
expressed by three integrals Iy, I7, and I5 over the ray angle 6, which contain the
so-called real-valued pupil apodization function P(6), describing the mapping of
the incident field amplitudes from a planar to a spherically converging phase front.
Denoting the n-th-order Bessel function of the first kind as .J,, (), the E-field can
be written as ([61], Eq. (6.5.9) in [62])

E(r,p,2)=jA { [Io + cos(2p) 5] &, + sin(2p) &,

(C.4)
+ 2j cos(¢)]1éz} ,
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where A is a real-valued amplitude and where the integrals Io(r, z), I1(r, z), and
I5(r, z) are calculated as

ernax
Iy(r,z) = / P(6)sin0(1 + cos 0) Jo(nienskor sin 6)
(C.5)
0
X e — jNlenskoz cos O de ,
etnax
Li(r,z) = 0/ P(6) sin” 0.J; (nenskor sin 0) ©6)
% e — jNlenskoz cos O de ,
Qmax
Iry(r,z) = / P(0)sin (1 — cos 0)Ja(nyenskor sin 0) ©n

0
x e J Nienskoz cos 6 de

In these relations, the upper integration limit 6,,,,, corresponds to the maximum
ray angle inside the lens and is given by Eq. (5.4) in the main text. For simplicity,
we assume that the SNSPD can be modeled as perfect power detector lying in a
z-normal plane that is only sensitive to the flux of incoming photons, irrespective
of polarization. We express the flux of photons incident onto the SNSPD by the
z-component of the real part of the complex Poynting vector, which turns out to
be independent of the azimuthal coordinate ¢ (Eq. (3.22) in [61]),

1
S, (r,z) = 5%{@ x H'} - e, «|I)* —|L|* . (C.8)

To obtain an expression for the pupil apodization function P(#), we first consider
the so-called ray projection function g(6), which can be expressed by the depen-
dence of the radial position r(6) of an incident ray on the ray angle within the lens
(see Eq. (6.3.1) in [62]),

9(6) =r(0)/1 . (C9)
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In this relation, f corresponds to the material-sided focal length of the spheroidal
lens, see Fig. 5.2 for an illustration of the various quantities. The apodization func-
tion can then be derived from energy conservation considerations (see Eq. (6.3.6)
in [62]),
0)g' (0
P(0) =’g( )5t )’7 (C.10)

where ¢’(6) is the derivative of g(6) with respect to §. We compute the underlying
relation between r and 6 from the equation of the spheroidal lens surface and
geometrical considerations, see Fig. 5.2, and find

2
0 = <6+ VHtaﬂ") biand .

C.11
14 £2tan?0 ( )

where b and e denote the major half axis and the eccentricity of the spheroid,
respectively. Using f = b x (e + 1), see Eq. (5.8), leads to

2
9(0) = (e—l—\/l—l-tan 9) tan 6 (C.12)

1+&tan%0 ) e+1°

For each local incidence angle «,. with respect to the surface normal of the lens,
we additionally consider the Fresnel power transmission 7 (cvyac(r(0)/a)). Note
that this represents a simplifying approximation since T'(avyac(7(6)/a)) refers to
the average of the power transmission for p- and s-polarized light, whereas our
derivation here was based on an incoming x-polarized plane-wave. With this
simplification, the modified apodization function can be written as

P) = ‘W’ \/T (avac (r(a)/a)) . (C.13)

The direct relationship between the local incidence angle v, and the ray angle ¢
is found by geometrical considerations and Snell’s law, see Fig. 5.2, resulting in
an implicit equation, see Eq.(5.3) in the main text, which we solve numerically.
With this, we can finally evaluate the integrals I(r, 2), I1(r, z), and I5(r, 2z) in
Egs. (C.5)—(C.7) and calculate the resulting intensity distribution S(r,z = 0)
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according to Eq. (C.8). The resulting second-moment-radius wy = 20 plotted
in Fig. 5.3(a) in the main text is obtained from the variance o2 of the intensity
distribution along the transverse direction,

) 027r o rtcos?(9)S(r,z = 0)rdrdy

o = 27 oo
fo fo S(r,z=0)rdrde

1 r2S(r,z=0)r dr

2 [ S(r,z=0)rdr

(C.14)

C.2 Intrinsic dectection efficiency (IDE) of
SNSPD

To draw quantitative conclusions from experimental data, where only the system
detection efficiency SDE is accessible, we have to account for the parametric
dependency of the intrinsic detection efficiency IDE on the wavelength A and the
bias current I;,. Due to geometrical inhomogeneity, granularity of the nanowire
material, and thermally activated fluctuations of its superconducting state, the
nanowire randomly switches to the normal conducting state — even in absence
of photons — if the bias is close to a so-called switching current I, which is
usually noticeably lower than the critical current, Iy, /I. < 0.7. The bias-current
dependency of the intrinsic detection efficiency IDE(\, I,/ Iy ) is hence typically
described using the relative bias I,/ Is,,. Regarding the wavelength-dependence
for a given bias current, the intrinsic detection efficiency IDE(\, I,/ sy ) is
usually equal to unity up to a bias-dependent cut-off wavelength A.(Iy,). For
wavelengths larger than A\, IDE(A, I,/ Is, ) decays, where the exact slope of the
decay again depends on [},. At operating temperatures above 4 K, it is not always
possible to achieve a cut-off wavelength \. larger than the wavelength \ of the test
signal by solely increasing the bias current, and the intrinsic detection efficiency
remains usually smaller than optimum, IDE(A) < 1 V Ij, < I The function
IDE(\, I,/ Isy ) can be experimentally inferred from measured photon count rates
PCR at different wavelengths A and bias currents Iy, if the device is operated
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under a constant photon flux and if the optical coupling efficiency OCE and the
absorption efficiency ABS can be assumed to be wavelength-independent, see
Eq.(5.1),

PCR(A, I/ Iy ) o SDE(A, Iy / I )

(C.15)
= OCE x ABS x IDE(A, I/ Lsy,) -

Figure C.1 depicts such a measurement of the photon count rate for an NbN
detector that is similar to the devices used in our experiment. The photon count
rates are normalized to the maximum values found in the low-wavelength limit,
corresponding to an intrinsic detection efficiency IDE()) = 1 below the respective
cut-off wavelength A.(I},). At a temperature of 4.2 K and a relative bias current
I,/ Iy, = 0.95, the cut-off wavelength amounts to A ~ 700 nm [184], indicated by
adashed vertical line in Fig. C.1. Beyond the cutoff wavelength A, the IDE roughly
follows a straight line in the semi-logarithmic plot, with the magnitude of the
slope monotonically decreasing with increasing relative bias I}, / I,. To adjust bias
currents for equal IDE for lensed and reference detector, IDEjes = IDE,¢f, we use
equal relative bias currents Iy, / I, see Section 5.4.2. To further support the notion
that this indeed leads to equal IDE, we perform separate reference measurements
using backside illumination of the lensed (lens) detector and the reference (ref)
detector at two alternating wavelengths A\; = 850 nm and A2 = 1550 nm, and
experimentally confirm that the ratios of photon count rates at the two wavelengths

are identical,
PCRlcns ()\1) o PCRlcns ()\2)

PCRref()‘l) B PCRref()\Q) .

(C.16)

If those two ratios are identical, we can infer equal intrinsic detection efficiency
even if the backside illumination through the multimode fiber might not be
sufficiently homogeneous such that the rate of received photons R, jcns at the
backside of the lensed and 2, ;¢ at the backside of the reference detector differ.
This can be shown by assuming equal and wavelength-independent absorption
efficiency ABS, and by substituting PCRiens(Am) = Rrjens(Am) X ABS X
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Fig. C.1: Wavelength- and bias-dependent photon count rates of a NbN detector similar to the ones
used in our experiment. The device is operated under constant photon flux, and the count rates
are normalized to the respective maximum in the limit of low wavelengths. Assuming constant
optical coupling efficiency OCE and constant absorption efficiency ABS, these curves represent the
dependence of the intrinsic detection efficiency (IDE) on wavelength and bias current. Beyond the
bias-current-dependent cutoff wavelength A the curves decay and roughly follow straight lines in
the semi-logarithmic plot, with characteristic slopes that monotonically decrease in magnitude with
increasing relative bias I, / Isw. At a temperature of 4.2 K and bias current I, = 0.95Isw, the cut-off
wavelength amounts to Ac &= 700 nm [184], indicated by a dashed vertical line.

IDEjens(Am), see Eq. (5.1), and analogously PCRyef(Am) = Ry ret(Am) X
ABS X IDE,¢t (A, ). Equation (C.16) can then be written as
Rr,lens ()\1) IDElens ()\1 ) Rnlens (/\2) I])Elens ()\2>

= . C.17
Rr,ref ()\1) IDEref ()\1) Rr,ref ()\2) IDEref ()\2) ( )

Assuming at least a wavelength-independent ratio of received photons,
R tens(M)/Rrvef(M) = Ry lens(A2)/ Ry rer(A2), we can further simplify and
rearrange Eq. (C.17) to find

IDElens ()\1 ) o IDEref ()\1)
IDElens()\Q) IDEref()\Q) .

(C.18)

216



C.2 Intrinsic dectection efficiency (IDE) of SNSPD

Equal ratios in Eq. (C.16) thus imply equal decay slopes in the semi-logarithmic
plot of Fig. C.1. We can hence conclude that the lensed and reference detector
are operated on the same characteristic curve and thus have the same intrinsic
detection efficiency IDE if Eq. (C.16) is fulfilled, i.e., if the ratios of photon count
rates at the two wavelengths are identical.

[End of Appendix of [J3]]
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Glossary

List of abbreviations

3D
ABS
Al
AIN
AOM
AR
ASE
BEOL
BPM
CIRC
CPT
CR
DC
DCR
DFB
EC
ECL
EDFA
FA
FaML
FCA
FC/PC

Three-dimensional
Absorption efficiency
Aluminum

Aluminum nitride
Accousto-optic modulator
Anti-reflection

Amplified spontaneous emission
Back-end of line
Beam-propagation method
(Fiber optic) circulator
Cavity phase tuner

(Pulse) count rate

Direct current

Dark count rate

Distributed feedback

Edge coupler

External-cavity laser
Erbium-doped fiber amplifier
Fiber array

Facet-attached microlens
Free carrier absorption
Fiber-optic connector ("ferrule connector") with "physical contact"
polish
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FC/APC Fiber-optic connector ("ferrule connector") with "angled physical
contact" polish

FDTD Finite-difference time-domain

FEOL Front-end of line

FF Fill factor

FFT Fast-Fourier transform

FM Frequency modulation

FSR Free spectral range

GS Gerchberg-Saxton (phase retrieval algorithm)
GC Grating coupler

GDD Group delay dispersion

GPU Graphic processing unit

GRIN Graded-index

He Helium

HR High-reflectivity

IDE Intrinsic detection efficiency

IFTA Iterative Fourier transform algorithm
IMT Institute of Microstructure Technology
InP Indium phosphide

InAlGaAs  Indium aluminum gallium arsenide
InGaAsP Indium gallium arsenide phosphide

1PQ Institute of Photonics and Quantum Electronics

IS Integrating sphere

KIT Karlsruhe Institute of Technology

LiDAR "Light detection and ranging" or "Laser imaging, detection, and
ranging"

LO Local oscillator

MBR Multi-photon bolometric regime

MFD Mode-field diameter

MM Multimode

MMF Multimode fiber

MMI Multimode interference coupler

MPL Multi-photon lithography
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MPP Multi-photon polymerization

NbN Niobium nitride

NA Numerical aperture

OAM Orbital angular momentum

OCE Optical coupling efficiency

OSA Optical spectrum analizer

PBS Polarization beam splitter

PC (Fiber optic) polarization controller

PCR Photon count rate

PD Photo diode

PDA Photo diode array

PDK Process design kit

PDL Polarization dependent loss

PIC Photonic integrated circuit

p-i-n p-doped-intrinsic-n-doped

PGMEA Poly glycol methyl ether acetate

PLC Planar lightwave circuit

PWB Photonic wire bond

RIN Relative intensity noise

RSOA Reflective semiconductor optical amplifier
RF Radio frequency

SBMT Submount

SDE System detection efficiency

SEM Scanning electron microscopy

SI International System of Units ("Systeme international d’unités")
SiN Silicon nitride (integrated optical platform)
SiP Silicon photonics

SM Single-mode

SMF Single-mode fiber

SMSR Side mode suppresion ratio

SNSPD Superconducting nanowire single-photon detector
SOA Semiconductor optical amplifier

SOI Silicon-on-insulator
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SSE Sum squared error

TE (Quasi) transverse-electric polarization
™ (Quasi) transverse-magnetic polarization
TLS Tunable laser source

TPA Two-photon absorption

uv Ultraviolet

VOA Variable optical attenuator

WG Waveguide

WPM Wave-propagation method

List of mathematical symbols

Uppercase Latin symbols

Ac Effective collection area

Ap Detector active area

B Buildup factor (power enhancement factor) of ring resonators

D Lithographic dose, with polymerization threshold value Dy

D1, Dy Diameters of the ring resonators R1, R2

Eiqta Complex amplitudes of the electric mode fields at input, drop,

through, and add port of ring resonators
E(z,y,z) Complex electric field in scalar approximation
E(r,¢,z)  Complex electric field vector in cylindrical coordinate system

F? Linewidth reduction factor of ECL, F? = §fy/d f

Fry Two-dimensional spatial Fourier transform

Gp Lens gain

H(ky, k)  Amplitude transfer function

I Chapter 2: Intensity | Chapters 3 and 4: Pump current

I Bias current of SNSPD

Iy Switching current of SNSPD

Ji() First-order Bessel function of the first kind

K., K, Conic constants (lens parametrization based on conic sections)
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Sr(f)

S

T

Ty, 11, Tr

Ty, T

Circumference of ring resonator

Order of nonlinearity

Bachmann-Landau notation ("big O notation")

(Optical) power

(Total) output power

Average optical power

m-power for thermal tuning of the ring resonators

Pupil apodization function

Quality factor

Rate of incident, received, and absorbed photons

Responsivity of the photodiode

FM-noise spectrum

z-component of the real part of the complex Poynting vector
Tuning enhancement factor

Power transmission factor for an axial, lateral, and angular misalign-
ment, respectively

Critical temperature of SNSPD

Fresnel power transmission factors for p and s-polarization, with
average T'

Lowercase Latin symbols

a

€r,€y,€;

Unless specified differently: Loss in dB | Chapter 3: Real-valued am-
plitude round-trip transmission factor for ring resonators | Chapter 5:
Minor half-axis of the spheroid

Major half-axis of the spheroid

Vacuum speed of light, 299 792 458 m/s

Parameters for a rotational symmetric even-order polynomial repre-
sentation of lens surfaces

Chapter 2: (Horizontal) distance to chip facet | Chapter 5: Linear
eccentricity of the spheroid | Appendix B: Lateral misalignment
Eccentricity of the spheroid

Unit vectors in the x, y, z direction
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Glossary

pm(n)

pm,tot

TA
rc
Ar
Tb

Teft
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Euler’s number, 2.71828 . ..

Unless specified differently: Frequency | Chapter 5: Focal length
Intrinsic (Lorentzian) linewidth of the ECL

Intrinsic (Lorentzian) linewidth of a Fabry-Pérot laser with mirror
amplitude reflection factors 7}, and |r |

Frequency detuning

Lower bound estimate for A fiun

Achievable frequency detuning for emission into a single longitudinal
mode

Ray projection function

Chapter 2: (Vertical) distance below chip surface |

Appendix A: Planck constant, 6.62607015 x 10734 Js

Reduced Planck constant, i = h/(27)

Lens surface height profile

Lens apex height

photocurrent

Imaginary unit

Free-space propagation constant, kg = w/c

Refractive index

Effective (modal) refractive index

Effective (modal) group refractive index, neg = ne +wdn / dw
Population inversion factor

Probability to observe a voltage pulse originating from n aborbed
photons for impulses with an average of m photons

Total photon detection probability for impulses with an average of
m photons

Radius

Aperture radius

Effective collection radius

Lateral displacement

Frequency-independent amplitude reflection coefficent of back facet
Frequency-dependent complex amplitude reflection coefficent
Axial misalignment



Glossary

Time

Gaussian waist radius, resp. second-moment-radius wy = 20 of a
spot with approximately Gaussian intensity distribution
z-dependent spot radius of a Gaussian beam

Cartesian coordinate axes

(One-sided) depth of field

Rayleigh distance of a Gaussian beam

Greek symbols

«

Qj

aRr
yac

(lens

Oaiv
O.m(7,y)
K

r(2)

Power loss coefficient (unit cm 1)

Power loss coefficient for the internal loss of the RSOA, accounting
for excess losses of the active waveguide without the contribution
from band-to-band transitions

Distributed mirror power loss coefficient

Angle of impinging ray w.r.t. local lens surface normal

Ray angle w.r.t. local lens surface normal within the lens

Henry factor (Linewidth enhancement factor)
Frequency-dependent propagation constant

Misalignment angle of illumination w.r.t. surface normal
Maximum tolerable angular misalignment

Two-dimensional delta distribution

z-dependent Gouy-phase of a Gaussian beam

Power transmission factor

Incidence angle w.r.t. the surface normal of a plane-parallel slab
Unless specified differently: Ray angle w.r.t. optical axis | Ap-
pendix B: Angular misalignment

Frequency-dependent round-trip phase for ring resonators
Asymptotic divergence angle of a Gaussian beam

Stencil function

Real-valued amplitude transmission coefficent between ring res-
onator and bus waveguide

z-dependent phase-front curvature of a Gaussian beam
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Wavelength

Orbital angular momentum (OAM) order

Ratio between the major half-axis b and the minor half-axis a of the
spheroid

Archimedes’ constant, 3.14159. . .

Normalized radial position, p = r/a

Curvatures along the x and y direction (lens parametrization based
on conic sections)

Standard deviation

Chapter 2: Exposure time | Chapter 3: Real-valued amplitude
coupling coefficent between ring resonator and bus waveguide
Photon round-trip time

Perpendicular amplitude Fresnel transmission coefficient from ma-
terial m to material m/’

Photon flux

Chapter 4: Out-of-plane tilt angle | Appendix C: Azimuth angle
Frequency-dependent phase

Phase offset

Phase distribution on a transverse plane

Optical field in scalar approximation

Angular frequency
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