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Zusammenfassung 
Optische Isolatoren und Zirkulatoren finden in der Optik zum einen Verwendung für den Schutz von 

Lasern vor ungewolltem optischen Feedback und zum anderen ermöglichen Zirkulatoren, vor allem 

in der Sensorik, die bidirektionale Transmission optischer Pfade. Eine fundamentale Anforderung 

an optische Isolatoren und Zirkulatoren ist, dass sie die Lorentz-Reziprozität brechen, weshalb 

beide Komponenten den nichtreziproken Elementen zugeordnet werden. 

In dieser Arbeit wird die Integration nichtreziproker Elemente für die Realisierung optischer 

Isolatoren und Zirkulatoren in eine polymerbasierte photonische Integrationsplattform 

demonstriert. Die Integration der hierfür benötigten Faraday Rotatoren erfolgt über Chip-

integrierte Freistrahlbereiche, die das Einsetzen optischer Materialien ermöglichen.  

Die Realisierung des optischen Isolators erfolgt über die Integration eines Freistrahlisolators in das 

PolyBoard, wobei neben einer fundamentalen Charakterisierung des Isolators erstmals die Co-

Integration mit einem abstimmbaren Distributed Bragg-Reflektor Lasers mit Isolator demonstriert 

wird. Mit gemessenen optischen Verlusten unterhalb von einem dB und einer optischen Isolation 

größer als 40 dB zeigt der Isolator eine vergleichbare Performance zu kommerziellen Isolatoren in 

der Freistrahloptik. 

Neben Isolatoren werden Zirkulatoren auf Basis von freistrahlintegrierten Faraday Rotatoren und 

Polarisationsstrahlteilern in einer ersten Variante und auf Basis eines Mach-Zehnder-

interferometrischen Ansatzes in einem zweiten Demonstrator realisiert. Aufgrund der 

ferrimagnetischen Eigenschaften der Faraday Rotatoren fungieren die Zirkulatoren ebenfalls als 

selbsthaltende Schalter, die nur während des aktiven Schaltvorgangs Energiezufuhr benötigen. 

Gemessene optische Verluste der Zirkulatoren liegen im Bereich von 4 – 8 dB bei einer optischen 

Isolation von 9 – 18 dB. 

Die Einbringung von Freistrahlbereichen in der integrierten Optik ermöglicht neben der 

Implementation nichtreziproker Elemente eine Vielzahl weiterer Anwendungsmöglichkeiten. Im 

zweiten Abschnitt dieser Arbeit wird die Integration nichtlinearer Lithiumniobat-Kristalle für 

Frequenzverdopplung demonstriert. Mit Hilfe eines Dauerstrichlasers und eines Femtosekunden 

Pulslasers wird dabei nicht nur die Erzeugung der zweiten, sondern auch der dritten und vierten 

Harmonischen im sichtbaren Wellenlängenbereich und somit die erste Erzeugung von sichtbarem 

Licht auf der verwendeten Polymer-Plattform demonstriert. Neben den genannten konkreten 

Anwendungsbeispielen beschreibt diese Arbeit die theoretischen Grundlagen von chipintegrierten 

Freistrahlbereichen mit Hilfe von GRIN-Linsen, genannt mikrooptische Bank, welche eine Vielzahl 

weiterer Anwendungsfelder eröffnet und eine Brücke zwischen der Freistrahloptik und der 

integrierten Optik bildet. 

  



 
 

 
 
 

Abstract 
Optical isolators and circulators are used in optics to protect sensitive elements, such as lasers, 

from unwanted feedback. Especially in sensing, optical circulators also enable the bidirectional 

transmission of optical paths. A fundamental requirement of optical isolators and circulators is that 

they break Lorentz reciprocity, thus both components are classified as non-reciprocal elements. In 

this work, the implementation of non-reciprocal elements in polymer-based photonic circuits via 

collimated chip-integrated free-space sections is demonstrated. 

Optical isolators are realized by integrating a separately assembled free-space isolator into this 

free-space section. In addition to a fundamental characterization, a co-integration of a tunable 

distributed Bragg reflector laser together with an isolator is demonstrated for the first time in 

integrated photonics. With measured optical loss below 1 dB and an optical isolation greater than 

40 dB, the isolator shows comparable performance to commercial isolators in free-space optics. 

Circulators based on free-beam integrated Faraday rotators and polarization beam splitters are 

realized in a first variant and based on a Mach-Zehnder interferometric approach in a second 

demonstrator. Due to the ferrimagnetic properties of the Faraday rotators, the circulators also act 

as latching switches that require energy supply only during the active switching process. Measured 

optical losses of the circulators are in the range of 4 - 8 dB with an optical isolation of 9 - 18 dB. 

The integration of free-space sections in integrated optics enables a variety of other applications 

beyond the implementation of non-reciprocal elements. In the second part of this thesis, the 

integration of nonlinear lithium niobate crystals for second-harmonic generation from 1550 nm to 

775 nm is demonstrated. Using a continuous-wave laser and a femtosecond pulse laser, not only 

the second but also the third and fourth harmonics in the visible wavelength range are observed 

due to higher-order phase-matching. In addition to the chip-demonstrators mentioned above, this 

work describes the fundamentals and physics of chip-integrated free-space sections using graded-

index lenses, called the micro-optical bench. The fundamentals of this work are easily applicable to 

the integration of other free-space materials, enabling a multitude of new applications normally 

not feasible in integrated photonics. Thus, this work enables a bridge between optical bench 

experiments and integrated optics. 
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I. Introduction 
With the demonstration of the first working transistors by Bardeen, Brattain, and Shockley in 1948 

[1, 2] and the development of semiconductor integrated circuits (IC) in the late 1950s and early 

1960s by Robert Noyce and Jack Kilby [3, 4], an unprecedented leap in technology development 

started. Technology nodes reduced from 10 µm in the early 1970s to 5 nm in the late 2010s, which 

lead to a doubling of IC transistor density every two years described by Moor’s law [5]. These 

advances in integration density and thus computing power, combined with the accompanied cost 

reduction, led to a widespread consumer availability of computers and smartphones. Together with 

the commercialization of the internet in the 80s and 90s [6], and increased connectivity between 

computational devices, this also led to the doubling of communication traffic every two years, 

known as Edholm’s law in reference to Moore’s law [7]. The foundation to support the exponential 

growth of Edholm’s law was laid by the work of Charles K. Kao in the 1960s, who promoted the use 

of high purity silica fibers at 1550 nm for long-distance communication [8] and the development of 

the first laser in 1960 [9]. Today, optical fibers form the backbone of the consumer IP traffic, 

estimated to exceed 3 Zbit/s (3⋅1021 bit/s) per year by the end of 2021, and connecting almost 

25 billion devices [10]. With standard single-mode fibers (SMFs) providing a theoretical spectral 

efficiency of a few bit/s/Hz or a few hundred Tbit/s, according to Shannon’s information theory 

[11], at least as of today, the bottleneck to keep up with the increasing traffic is not the transport 

medium itself but the optical components to reach this limit.  

The aforementioned shift from discrete circuits to ICs in electronics also arose in the advances of 

photonic integrated circuits (PICs) but with a delay of around 30 years compared to ICs [12]. Similar 

to the transistor, the first laser diodes proposed and developed in the 1960s and 1970s [13] were 

used as discrete light sources, followed by the first monolithic PICs comprising of a distributed 

feedback (DFB) laser and an electro-absorption modulator (EAM) in the 1980s [14]. Taking this as 

a starting point, an exponential growth in the integration density of components and data 

transmission rates started to supply the similarly growing demand for transmission bandwidth. 

Especially with the requirement of high capacity links not only in long-haul communication 

spanning up to 1000s of kilometers but also in metro area networks (10’s -100’s km) and even data 

centers (<10 km), the cost and size reduction met by PICs along with some unique building blocks 

are of increased importance for the telecommunication industry [15]. 

Unlike ICs, where 99% of all chips are fabricated using CMOS technology, and monolithic integration 

[16], various photonic integration platforms rely on different material compositions and integration 

techniques like heterogeneous and hybrid integration [17, 18]. All these photonic platforms have 

distinct strengths and weaknesses, meaning there is not one material system and integration 

approach covering every application. Instead the integration platform is often chosen depending 

on requirements, applications, and the available components of one platform. Even though there 

is an increasing trend towards on-chip integration, a few optical components are especially 

challenging to realize in PICs. Two such components are optical isolators and circulators. Optical 

isolators are components that allow light transmission in forward direction but block all backward 

propagating light. They are widely used to protect lasers from unwanted optical feedback that 

might distort stable operation or even cause a coherence collapse of the device. Optical circulators 

are multiport devices that transmit light from one port to the next, while also optically isolating the 

previous port. Circulators are useful whenever optical fibers, or in general optical paths, are used 

bidirectional, for example in sensing applications like optical coherence tomography and fiber 

Bragg grating interrogators or in telecommunications for dispersion compensators with chirped 

Bragg gratings [19–21]. Today, the development of integrated isolators and circulators is still a field 

of active research, and there are no commercially available integrated isolators and circulators in 

file://///hhi.de/benutzer/home/conradi/Dissertation/Physical%23_CTVL00162846be70b9b4af4a722830b34af9193
file://///hhi.de/benutzer/home/conradi/Dissertation/Hole%23_CTVL0010653df3ed2bf4bb5b593891c1d08a1df
file://///hhi.de/benutzer/home/conradi/Dissertation/Carrier%23_CTVL001e222872bb67f45a3b13d7366ea640fde
file://///hhi.de/benutzer/home/conradi/Dissertation/Invention%23_CTVL0016de488e7bcf24f7e84d55b461949fd80
file://///hhi.de/benutzer/home/conradi/Dissertation/Moore's%23_CTVL00135ae2155fbe243d8b45261158b824e45
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file://///hhi.de/benutzer/home/conradi/Dissertation/Dielectric-fibre%23_CTVL001cebb137e9f5f459381ac96f4a7a0f7a0
file://///hhi.de/benutzer/home/conradi/Dissertation/Stimulated%23_CTVL001732c59128318443d8bb30942e6f8cc1f
file://///hhi.de/benutzer/home/conradi/Dissertation/Capacity%23_CTVL0015ee4d3cfd6de46b5b1a9cb4155adf4ea
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file://///hhi.de/benutzer/home/conradi/Dissertation/A%23_CTVL001c4212e6745584f3dbbd40ea5993ce7da
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integrated optics. This implies that if an isolator or circulator is necessary for an application, it must 

rely on additional free-space optics and not only the PIC itself.  

The fundamental requirement for optical isolators and circulators to work is that they must break 

the Lorentz reciprocity, thus they are often referred to as nonreciprocal elements. In optics, Lorentz 

reciprocity states that the scattering amplitude 𝐵 from a forward propagating incident 

electromagnetic field 𝐴 is equal to the scattering amplitude 𝐴 from a backward propagating 

incident electromagnetic wave with the amplitude 𝐵 [22]. In other words, it is possible to reverse 

any reciprocal optical system or interchange the input and output. For example, a common 

misconception is that materials like one-way mirrors, as used in surveillance rooms, seem to break 

reciprocity, when in fact they only work for environments with a strong brightness contrast. The 

materials most commonly used in optics that truly break reciprocity are magneto-optic elements. 

In free-space optics, these can be used as bulk crystals, so-called Faraday rotators that induce a 

nonreciprocal polarization rotation, to build optical isolators. This approach yields components 

with good performance in terms of insertion loss and optical isolation. However, the integration of 

magneto-optic materials in integrated circuits is challenging and even though demonstrated many 

times, suffers from relatively high loss and optical isolation that does not necessarily work for 

arbitrary polarizations [23–28]. Furthermore, while the standalone demonstration of a working 

isolator is already difficult, the co-integration with other optical components like lasers has been 

demonstrated only a few times with very limited performance so far [29]. 

This work demonstrates the integration of an isolator and circulator in a polymer photonic 

integration platform, the PolyBoard. Since free-space isolators and circulators based on bulk 

magneto-optic components perform significantly better than current integrated approaches in 

terms of insertion loss and optical isolation, the proposal is to combine integrated waveguide and 

free-space optics on a single chip. This is achieved by implementing on-chip free-space sections 

into deeply etched trenches inside the polymer that are accessed with waveguides. To reduce the 

beam divergence caused by the waveguide to free-space interfaces, graded-index (GRIN) lenses are 

used to connect and couple waveguides to the free-space section. Thus, the GRIN lenses create 

collimated on-chip free-space sections with low optical loss to insert bulk elements. Within this 

work, a theoretical model that describes the underlying physics of waveguide coupled free-space 

sections based on Gaussian beam propagation is derived. Built on this model, three different 

devices relying on the integration of nonreciprocal elements are demonstrated. The first one is an 

integrated isolator characterized as a stand-alone device and co-integrated with a tunable 

distributed Bragg-reflector (DBR) laser, demonstrating the first co-integration of a DBR laser and an 

isolator in a PIC. Furthermore, two integrated circulators based on a nonreciprocal polarization 

rotation and a nonreciprocal phase shift are proposed, fabricated and characterized. Both 

approaches can be used as circulators and also operate as latching switches, defined as a switch 

that requires energy only during active switching and maintains its switch configuration otherwise. 

The free-space section described above can be used for the integration of various bulk materials 

that offer additional functionalities normally not accessible by the polymer integration platform. 

Besides nonreciprocal elements, another group of functional materials for several applications are 

nonlinear crystals. One application example for nonlinear crystals is frequency conversion like 

second-harmonic generation (SHG), which creates a photon with twice the frequency from two 

degenerate incident photons. Based on the theory of SHG for Gaussian beams from Boyd and 

Kleinman [30], the second part of this work demonstrates SHG in the PolyBoard, by integrating a 

periodically poled lithium niobate (ppLN) bulk crystal inside the aforementioned free-space section.  

Nonreciprocity and nonlinearity have different applications, but the underlying physics of both are 

described by interactions between light and matter that follow similar mathematical concepts 
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described by Maxwell’s equations. Moreover, the integration concept based on on-chip free-space 

sections is identical, therefore this work is not divided into nonreciprocity and nonlinearity, but 

follows a structure of shared chapters on both aspects. In chapter II, the fundamental concepts and 

physics behind the realization of on-chip free-space sections, and the physics behind nonreciprocal 

and nonlinear elements will be outlined, along with the concepts of the integrated circuits to be 

fabricated and characterized. This chapter is followed by simulations of the polymer waveguides 

and the free-space section in chapter III to achieve ideal coupling. Fabrication of the polymer 

integrated circuits, the GRIN lenses, and the preparation of nonreciprocal and nonlinear elements 

is covered in chapter II.C.3. The characterization and results of all fabricated components are then 

described in chapter V. 
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II. Fundamentals 
The results of this work are based on the PolyBoard, a hybrid photonic integration platform 

developed at the Fraunhofer Heinrich Hertz Institute, and this work aims to demonstrate the 

integration of nonreciprocal and nonlinear elements into the platform. There are numerous 

different technology platforms available in integrated photonics, each with its distinct advantages 

and disadvantages. The following section, II.A, gives a brief overview of different integration 

platforms and some of their various strengths and weaknesses. Furthermore, the PolyBoard is 

introduced and the unique approach of on-chip free-space sections for the integration of 

nonreciprocal and nonlinear elements is discussed. In II.B, a theoretical model for integrated free-

space sections, based on the propagation of Gaussian beams in free-space and graded-index lenses 

is derived. Section II.C will derive a formal definition of optical isolators and circulators and describe 

the differences between classical free-space isolators and recent developments of integrated 

isolators and circulators. One design for an integrated isolator and two designs for integrated 

circulators in the PolyBoard are proposed based on these findings. Besides integrated isolators and 

circulators, second-harmonic generation in the PolyBoard is demonstrated within this work. In the 

last section of this chapter, the fundamentals of second-harmonic generation based on a plane 

wave model and focused Gaussian beams in nonlinear crystals are described. Furthermore, a 

second-harmonic source in the PolyBoard is proposed with the goal to maximize its conversion 

efficiency. 

A. Integrated Photonics and the PolyBoard platform 
In contrast to classical free-space optics that uses lenses, mirrors or filters to guide and manipulate 

the light, integrated photonics utilizes optical waveguides that guide the light and interconnect 

different optical functionalities. Like integrated electronics, this offers miniaturization of optical 

components and a potential cost reduction compared to free-space optics. Besides waveguides and 

waveguide bends, essential integrated elements include lasers and photo detectors for generating 

and detecting light and components for splitters, polarization control, optical isolation, switching, 

and modulation [31]. For the fabrication of most of these components, the same lithographic tools 

utilized in microelectronics are used, even though the material compositions of PICs might be 

different. Four of the most prominent material systems for integrated circuits include indium 

phosphide (InP), silicon photonics (SiP), silicon nitride (SiN), and lithium niobate (LN). With efficient 

lasers, fast photo detectors, and modulators, InP is the most utilized platform for applications in 

telecom and datacom, working in the infrared from 1.3 µm to 1.6 µm [32]. SiP enables the usage 

of established silicon semiconductor manufacturing processes and the co-integration of electronics 

and optics with standard CMOS fabrication technologies for medium and large-scale integration. 

However, a significant drawback is the lack of a direct band gap in silicon that makes the 

development of on-chip light sources challenging [33]. By far the lowest propagation loss exhibit 

SiN PICs, enabling e.g. the integration of high-quality microring resonators for low linewidth lasers 

via the hybrid integration of semiconductor light sources [34]. Another advantage of SiN is the wide 

transparency ranging from 405 nm up into the infrared [35]. Lithium niobate offers a high nonlinear 

coefficient that makes it suitable for nonlinear optics, e.g. nonlinear frequency conversions like SHG 

[36] or spontaneous parametric down-conversion (SPDC) used in quantum optics [37]. Still, it is also 

often used for electro-optic modulators [38]. 

All these platforms have distinct strengths and weaknesses and thus different optical applications 

that they target. This is also attributed to the fact that not every optical component can be 

fabricated in every material system. A prime example being the already mentioned lack of a native 

laser in SiP. Other components that are not yet fully developed up to commercialization in any of 

these material systems are nonreciprocal elements like optical isolators and circulators. Even 
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file:///C:/Users/kleinert/AppData/Roaming/Microsoft/Word/Recent%23_CTVL001cf04c152f77b40eda9c6472ae08164b9
file:///C:/Users/kleinert/AppData/Roaming/Microsoft/Word/Characterization%23_CTVL001253e6d3883004689909467cffa88a08c
file:///C:/Users/kleinert/AppData/Roaming/Microsoft/Word/Ultrabroadband%23_CTVL001f07475eeaf4c4a6484c094beccd49286
file:///C:/Users/kleinert/AppData/Roaming/Microsoft/Word/Highly%23_CTVL001f5fd7ed556c54f0ab7fa8a2a1a67aa84
file:///C:/Users/kleinert/AppData/Roaming/Microsoft/Word/A%23_CTVL00150cfe3ba9c244f58897a36020cf99a6f


Fundamentals 

13 
 

though they are widely available as optical components for free-space optics, their integration is 

still a field of active research to reach the performance standards set by their bulk counterparts. A 

more thorough overview about different isolators and circulators in integrated photonics is given 

in II.C.4.  

The results of this work are based on the PolyBoard, a polymer hybrid integration platform 

developed at Fraunhofer HHI. Like SiN photonic integration platforms and in contrast to the 

aforementioned monolithic integration platforms, e.g. InP, it follows a hybrid integration approach 

based on embedded polymer waveguides. Similar to other platforms, the fabrication is based on 

photolithographic processes, but instead of epitaxial growth, spin coating is used for layer 

deposition, which makes it potentially much cheaper than semiconductor-based platforms. 

Applications range from classical telecommunications to sensing and emerging fields like quantum 

technologies. Early developed components in telecommunication include polymer-based 90°hybrid 

100 Gbit/s receivers [39], dense wavelength division multiplexing (DWDM) components like 40 

channel arrayed waveguide gratings for optical line termination (OLT) [40], and tunable laser 

transmitters for optical network units (ONUs) [41]. All these components are based on a polymer 

motherboard with embedded waveguides. Passive waveguide components include arrayed 

waveguide gratings, waveguide-inscribed Bragg-gratings as well as power splitters like multimode 

interference couplers (MMIs) or Y-branch couplers. The average propagation loss for the 

waveguides at 1550 nm is 0.7 dB/cm that originates mostly from the polymers' material absorption. 

Heating the waveguides with buried electrodes allows the fabrication of components like switches, 

phase shifters, or tunable Bragg-gratings due to a high thermo-optic coefficient of -10-4/K [42]. As 

additional active elements, InP components like gain elements or laser diodes can be coupled 

directly to the polymer waveguides. On the receiving end, InP photo diodes are coupled either 

directly to the polymer waveguides, or used as bottom illuminated photo diodes integrated via 45° 

mirrors. Polarization manipulation is done with thin-film filters (TFFs) that are inserted into the light 

path via etched slots, enabling half-wave plates (HWPs) or polarization beam splitters (PBSs) and 

combiners. In combination, these components offer a set of building blocks to fabricate PICs for 

different applications. One example is a tunable distributed Bragg reflector laser that comprises an 

InP gain element, a phase shifter, and a tunable Bragg grating. Figure II-1 depicts a sketch of all 

standard elements of the PolyBoard. 

file:///C:/Users/kleinert/AppData/Roaming/Microsoft/Word/Hybrid-Integrated%23_CTVL001a764661ed5ca4f60a768c2921d70910b
file:///C:/Users/kleinert/AppData/Roaming/Microsoft/Word/Hybrid%23_CTVL0018ea2033a341d4ebc815074f9c356672f
file:///C:/Users/kleinert/AppData/Roaming/Microsoft/Word/40%23_CTVL00170092a20f2c14bc5be3ca2c5df1e4d81
file:///C:/Users/kleinert/AppData/Roaming/Microsoft/Word/Thermo-optic%23_CTVL001f5b8789a83214fbda7c87264510c0d64


Fundamentals 

14 
 

 

Figure II-1: Available standard building blocks of the polymer-based hybrid integration platform PolyBoard. 

Besides the previously introduced components, additional building blocks of the PolyBoard are so-

called U-grooves for fiber-to-chip coupling. Like the slots for thin-film filters, these are precisely 

etched slots such that the bottom surface of the U-groove can be used to align the fiber core with 

the polymer waveguide passively. The width of the U-groove is designed to be a little smaller than 

the 125 µm cladding diameter of the fiber, and the fiber can be clamped in the slightly flexible 

polymer.  

Within this work, these U-grooves are used to create on-chip free-space sections to insert optical 

bulk materials with the help of two collimating GRIN lenses. Since it copies the concept of an optical 

bench with its free-space beam sections where materials can simply be inserted into the optical 

path, this approach is generally referred to as the micro-optical bench. While the length of optical 

materials inserted into thin-film filter slots is limited to a few microns, the micro-optical bench 

enables the insertion of materials up to a few millimeters in length. It consists of an input GRIN lens 

coupled to the polymer waveguide via a U-groove, a free-space section for the insertion of optical 

crystals, and an output GRIN lens coupled to the output waveguide. The first GRIN lens enlarges 

the beam diameter of the waveguide/GRIN lens interface. It creates a collimated beam with low 

beam divergence that propagates through the free-space section and the second GRIN lens focuses 

the light back into the output waveguide. Figure II-2 depicts a schematic of the on-chip free-space 

section used to integrate nonlinear or nonreciprocal optical crystals. Within this work, the insertion 

of nonreciprocal and nonlinear materials, the first for optical isolators and circulators and the latter 

for second-harmonic generation, is demonstrated. 
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Figure II-2: Schematic layout of the micro-optical bench. A GRIN lens is coupled to a polymer waveguide to create a 
free-space with low beam divergence. A second GRIN lens couples the light back into the polymer waveguide. In 

between the GRIN lenses is a free-space section that enables the insertion of functional materials. 

Prior to this work, first experiments with etalons for wavelength locking were already carried out 

with commercially available GRIN lenses [43, 44]. However, due to the high costs of the required 

GRIN lenses with a diameter of 125 µm, a GRIN lens fabrication process for cheap mass production 

of GRIN lenses was also developed within the scope of this work. The following section describes 

the theory of GRIN lenses and the physics involved to derive a model for the description of the free-

space section. 

B. Theory of on-chip free-space sections 
The key idea for integrating nonreciprocal and nonlinear media into the PolyBoard is enabled by an 

on-chip free-space section to insert bulk crystals, as described in the previous section. This section 

aims to derive a simple model for the simulation of light propagating inside the free-space section 

and the physics involved. 

Both, the optical mode inside the polymer waveguides and the free-space section, and the GRIN 

lenses that form it can be described by propagating Gaussian modes and beams. This section will 

introduce Gaussian beams as a solution for the wave equation, describe light propagation inside a 

GRIN lens based on Fermat’s principle and combine both in a simple formalism for beam 

propagation with ABCD matrices. These fundamentals form the tools used for the simulations to 

determine required GRIN lens lengths and the coupling efficiencies of different free-space sections 

in chapter III. The derivation of the Gaussian beam as a solution to the paraxial Helmholtz equation 

derived from Maxwell’s equation is mainly based on chapters 1, 3, and 5 from Saleh and Teich’s 

“Fundamentals of Photonics”, as is the ray theory of graded-index lenses in subsection II.B.2 [45]. 

1. Gaussian beams 
Wave equation and the Helmholtz equation 

The wave equation describes the propagation of an electromagnetic wave in a medium or vacuum. 

This second-order partial differential equation can be derived from the Maxwell equations. These 

equations in a medium with no charges or currents can be written as  

 

 ∇⃗⃗  𝐸⃗ =  0 (II-1) 

 ∇⃗⃗  𝐵⃗ = 0 (II-2) 

 
∇⃗⃗  × 𝐸⃗ =  −

𝛿 𝐵⃗ 

𝛿𝑡
 

(II-3) 
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∇⃗⃗  × 𝐻⃗⃗ =  

𝛿 𝐷⃗⃗ 

𝛿𝑡
, 

(II-4) 

 

where 𝐸⃗  and  𝐻⃗⃗  are the electric and magnetic field and 𝐷⃗⃗  and 𝐵⃗  the electric and magnetic flux 

density. 𝜖0 and 𝜇0 are the vacuum permittivity and permeability that describe the relationship 

between the electromagnetic fields and the flux densities:  

 𝐷⃗⃗ =  𝜖0𝐸⃗ + 𝑃⃗  (II-5) 

 𝐵⃗ =  𝜇0𝐻⃗⃗ + 𝑀⃗⃗ , (II-6) 

with 𝑃⃗  and 𝑀⃗⃗  being the polarization and magnetization density. The polarization density 𝑃⃗  will play 

an essential role in the description of nonreciprocal elements in section C and nonlinear optics for 

second-harmonic generation in section D of this chapter, but for now, it is assumed to be simply 

proportional to the electrical field such that 𝐷⃗⃗ = 𝜖0(1 + χ
(1))𝐸⃗ = 𝜖𝐸⃗ , where χ(1) is the first order 

electric susceptibility and 𝜖 the electric permittivity. The magnetization density 𝑀⃗⃗  is assumed to be 

zero for all considerations in this work. 

Taking the curl of equation (II-3)and (II-4), simplifying with the vector identity 

 ∇ × (∇ × 𝐸⃗ ) = ∇(∇𝐸⃗ ) − ∇2𝐸⃗ ,  

and the zero divergence theorem from equation (II-1) and (II-2) of the electric field and magnetic 

flux, Maxwell’s equations can be rewritten as 

 1

𝑐2
𝛿2 𝐸⃗ 

𝛿2𝑡
− ∇⃗⃗ 2 𝐸⃗ =  0 

(II-7) 

 1

𝑐2
𝛿2 𝐵⃗ 

𝛿2𝑡
− ∇⃗⃗ 2 𝐵⃗ =  0, 

(II-8) 

 

 
known as the wave equation for a linear, nondispersive homogeneous and isotropic medium, 

where 𝑐 = 1/√𝜖𝜇0 is the speed of light in the medium. The following solution of the wave equation 

is derived for the electrical field. However, since the wave equation for the electric and magnetic 

field are written equivalently, and both fields are connected via Maxwell’s equation, the solution 

also holds true for the magnetic field. A solution of the wave equation can be derived by a time-

harmonic wave function of the form  

 𝐸⃗ (𝑟 , 𝑡) = 𝐸⃗ (𝑟 )𝑒𝑖𝜙(𝑟 )𝑒𝑖𝜔𝑡. (II-9) 

Substituting this into the wave equation (II-7) yields the Helmholtz equation 

 
(∇⃗⃗ 2 +

𝜔²

𝑐²
) 𝐸⃗ (𝑟 )𝑒𝑖𝜙(𝑟 ) = 0. 

(II-10) 

If the envelope of equation (II-9) varies only slowly within its propagation direction 𝑧, one can 

assume a plane wave character of 𝐸⃗ (𝑟 ) = 𝐴(𝑟 )𝑒−𝑖𝑘𝑧 that leads to the paraxial Helmholtz equation 

or slowly varying envelope approximation: 
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(
𝛿²

𝛿𝑥²
+
𝛿²

𝛿𝑦²
)𝐴 − 𝑖2𝑘

𝛿𝐴

𝛿𝑧
= 0 

(II-11) 

For this assumption to hold, the change of 𝐴 in propagation direction must be small within the 

distance of one wavelength. 

Gaussian beams 

A solution to the Helmholtz equation (II-10)  with the paraxial wave approximation in equation 

(II-11) is a Gaussian beam, where the complex amplitude 𝐸⃗ (𝑟 𝑥,𝑦, 𝑧) can be written as 

 
𝐸⃗ (𝑟 𝑥,𝑦, 𝑧) = 𝐸⃗ 0

𝜔0
𝜔(𝑧)

𝑒
−

𝑟2

𝜔(𝑧)2𝑒
(−𝑖(𝑘𝑧+

𝑟2

2𝑅(𝑧)
−ψ(z))

. 
(II-12) 

Here  

• 𝐸⃗ 0 is the electrical field vector at the origin, 

• 𝜔0 = 𝜔(0) is the waist radius at the origin,  

• 𝜔(𝑧) the waist radius at which the field amplitude is equal to 1/𝑒 of their axial value 
(similarly equal to 1/𝑒² for the intensity) defined by 

 

𝜔(𝑧) = 𝜔0√1+ (
𝑧

𝑧𝑅
)
2

, 

(II-13) 

 

• with the wavelength (𝜆) dependent Rayleigh length, where the cross-sectional area of the 

beam is doubled: 

 
𝑧𝑅 =

𝜋𝜔0
2𝑛

𝜆
 

(II-14) 

• 𝑅(𝑧) is the radius of curvature  

 𝑅(𝑧) = 𝑧(1 + (
𝑧𝑅
𝑧
)²) (II-15) 

• and ψ(z) is the Gouy phase 

 𝜓(𝑧) = arctan (
𝑧

𝑧𝑅
) (II-16) 

Another useful value is the beam divergence 𝜃 (in radians) defined by  

 
𝜃 =

𝜆

𝜋𝜔0𝑛
 

(II-17) 

A similar expression can be derived for the Gaussian beam intensity with the relation 𝐼(𝑟 𝑥,𝑦, 𝑧) =
𝑐0𝑛𝜖0

2
|𝐸⃗ (𝑟 𝑥,𝑦, 𝑧)|²: 

 
𝐼(𝑟 𝑥,𝑦, 𝑧) = 𝐼0 (

𝜔0
𝜔(𝑧)

)
2

𝑒
−

𝑟2

𝜔(𝑧)2 . 
(II-18) 

A Gaussian beam has its maximum intensity at its waist 𝑧 = 0 and the intensity drops monotonically 

with increasing position. From equation (II-12) or (II-18) and its substitutes follows that the 

complete Gaussian beam is defined by only one parameter, e.g. the waist 𝜔0, for a given 𝜆 and 𝑛. 

The beam width of a Gaussian beam is depicted in Figure II-3. 
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Figure II-3: Width 𝜔(𝑧) of a Gaussian beam and highlighted waist 𝜔0, beam divergence 𝜃, Rayleigh range 𝑧𝑅  and the 
confocal parameter 𝑏 defined as twice the rayleigh range. 

Equation (II-12) and (II-18) describe the fundamental (𝑇𝐸𝑀00) Gaussian mode. There exist higher 

order modes of Gaussian beams, but they are not of interest for this work since the waveguides of 

the PolyBoards are single-mode, which in return results only in the excitation of 𝑇𝐸𝑀00 modes in 

the GRIN lenses and subsequently the free-space section. Together with ABCD matrices that will be 

introduced in section 3 of this subchapter, Gaussian beams form a handy tool to describe the 

complete light propagation inside the free-space section. This includes the coupling efficiency to 

the waveguides, the optical beam formed inside the free-space section, and the required 

parameters of the GRIN lenses for optical beam forming. 

 

2. Graded-index optics 
As long as Gaussian beams are not confined, e.g. inside a waveguide as a Gaussian mode, they have 

an intrinsic beam divergence proportional to the wavelength and inversely proportional to the 

waist of the Gaussian beam (see equation (II-17)) as depicted in Figure II-1. For example, polymer 

waveguides that support a Gaussian mode with a waist of 2 µm would have a beam divergence of 

14° and a Rayleigh range of 8 µm when the waveguide excites into air. Meaning that the mode field 

area doubles in size every 8 µm. This beam divergence can be significantly reduced by expanding 

the beam diameter. A Gaussian waist of 40 µm results in a Rayleigh range of 3243 µm, roughly 400 

times more than for a simple waveguide facet, and a beam divergence of 0.7°. Thus, for the 

integration of nonreciprocal or nonlinear bulk crystals into the polymer circuit, the optical modes 

of the waveguides must be expanded and collimated to reduce the beam divergence and loss inside 

the free-space elements. One way to expand the beam is to use two optical lenses with their focal 

point at the free-space section's input and output waveguide facet, as depicted earlier in Figure 

II-2. Well-suited lenses for this implementation are graded-index lenses or GRIN lenses. In contrast 

to conventional lenses, GRIN lenses are optical lenses that do not get their focusing ability from 

their geometrical shape and surface refraction but from a gradual variation of the refractive index 

inside the lens. Thus, optical rays inside a GRIN lens follow curved trajectories and not straight lines 

as in conventional lenses. The required variation of the refractive index can be achieved by material 

doping of silica glass with dopants like Ge/F. The advantage of GRIN lenses over conventional lenses 

for the waveguide coupling is their flat facets, making the alignment much easier and allowing 

waveguide butt-coupling inside U-grooves. Furthermore, they do not require an air interface to 

work, meaning they can be glued into place with index-matching glue without the need for any 
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anti-reflection (AR) coatings. This section describes the fundamental principles of light transmission 

in GRIN lenses based on ray optics and how they can be used for beam tailoring, and general 

characteristics important to GRIN lenses. 

Fermat’s Principle and the ray equation 

Fermat’s principle states that a ray of light that travels between two points always takes the path 

that is stationary concerning slight variations. This can be written mathematically as 

 

𝛿𝑆 = 𝛿 ∫ 𝑛(𝑟 )𝑑𝑠 = 0

𝐵

𝐴

 

(II-19) 

Here, 𝐴 and 𝐵 are the starting and end point of the trajectory, 𝑛(𝑟 ) the refractive index variation 

of the GRIN material, 𝑑𝑠 a differential path length across the optical path and 𝛿𝑆 a first-order 

change in the optical path length 𝑆. In other words, Fermat’s principle states that any small change 

to the optical path between 𝐴 and 𝐵 must result only in a second-order change of the optical path 

length and not a first-order change. This formulation is similar to the first-order derivative of a 

function which indicates a local extremum. In the more popular strong formulation, Fermat’s states 

that light takes the path of least time between two points, indicating that the second-order change 

in the path length also has to be positive.  

If the trajectory along its path from 𝐴 to 𝐵 inside the GRIN lens is described by the vector 𝑟 (𝑠), 

including the three spatial components, then 𝑟 (𝑠) is required to satisfy the ray equation resulting 

from Fermat’s principle (Chapter 5 in [46]): 

 𝑑

𝑑𝑠
(𝑛(𝑟 )

𝑑𝑟 

𝑑𝑠
) = ∇𝑛 

(II-20) 

Similar to the wave equation and the paraxial wave equation used for the derivation of Gaussian 

beams in section 1 of this subchapter, there is a paraxial ray equation under the assumption that 

the ray’s trajectory is nearly parallel to the propagation axis z and 𝑑𝑠 ≈ 𝑑𝑧 that can be written as 

 𝑑

𝑑𝑧
(𝑛
𝑑𝑥

𝑑𝑧
) =

∂n

𝑑𝑥
, 

(II-21) 

 𝑑

𝑑𝑧
(𝑛
𝑑𝑦

𝑑𝑧
) =

∂n

𝑑𝑦
, 

(II-22) 

making it much easier to solve.  

Light propagation in GRIN lenses 

The GRIN lenses used in this work have a decreasing refractive index that profile that can be 

approximated with 

 
𝑛 = √𝑛𝑐𝑜𝑟𝑒

2 (1 − 𝛼²(𝑥2 + 𝑦2) ≈ 𝑛𝑐𝑜𝑟𝑒(1 − 𝛼²(𝑥
2 + 𝑦2)) 

(II-23) 

inside the GRIN lens core for 𝛼2(𝑥2 + 𝑦2) ≪ 1, where 𝛼 is the gradient constant based on the 

dopant of the lens. Equation (II-23) corresponds to an approximately parabolic refractive index 

profile as depicted in Figure II-4, where the numerical aperture 𝑁𝐴 defines the steepness of the 

parabolic decrease and refractive index difference between core and cladding: 

𝑁𝐴 = √𝑛𝑐𝑜𝑟𝑒
2 − 𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔

2 . 
(II-24) 
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Here, 𝑛𝑐𝑜𝑟𝑒 is the peak refractive index in the center of the GRIN lens and 𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 the refractive 

index of the cladding, similar to the definition of the numerical aperture of conventional fibers. In 

case of a parabolic refractive index profile, the paraxial ray equations (II-21) and (II-22) can be 

written as 

 𝑑²𝑥

𝑑𝑧²
= −𝛼2𝑥, 

(II-25) 

 𝑑²𝑦

𝑑𝑧²
= −𝛼2𝑦, 

(II-26), 

 

with the ray solutions  

 
𝑥(𝑧) =

𝜃𝑥0
𝛼
sin(𝛼𝑧) + 𝑥0cos (𝛼𝑧) 

(II-27) 

 
𝑥(𝑧) =

𝜃𝑦0

𝛼
sin(𝛼𝑧) + 𝑦0cos (𝛼𝑧) 

(II-28) 

inside the core. The general ray path inside the GRIN lens is given by a sinusoidal function that 

depends on the initial position (𝑥0, 𝑦0) and angles (𝜃𝑥0, 𝜃𝑦0) of the incident rays as depicted in 

Figure II-4. The beams oscillate with a period of 2𝜋/𝛼 around the center which is called the pitch 

of the GRIN lens. Even though all rays in Figure II-4 inside the GRIN material follow different 

trajectories, the optical path length is the same due to the decreasing refractive index for larger 𝑟. 

In multimode graded-index fibers this can be used to decrease modal dispersion compared to step-

index fibers. 

 

Figure II-4: Parabolic refractive index profile of a GRIN material (left) with the corresponding sinusoidal ray trace 
according to equations (II-27) and (II-28) and highlighted pitches. 

Assuming a given set of input rays at the center of the GRIN lens, e.g. from a waveguide facet, it is 

possible to tailor the light rays at the output of the lens with the variation of the lens length, similar 

to conventional lenses. The pitch of the GRIN lens, defined as the number of full sinusoidal ray 

propagations inside the GRIN lens, defines the shape of the output beam after transmission of the 

GRIN lens. For a pitch <0.25, the GRIN lens creates a divergent set of output beams, while the beam 

is convergent for 0.25<pitch<0.5. At a pitch of 0.25, the GRIN lens creates a collimated beam, and 

at 0.5, the output mirrors the input rays as depicted in Figure II-5. 
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Figure II-5: Beam forming for differently pitched GRIN lenses that correspond to different lengths of the GRIN lenses 
based on ray optics. 

From a practical point of view, it is convenient to calculate the length of the required GRIN lenses 

for a pitch of 0.25, as shown in Figure II-5. A pitch of 0.25 corresponds to a collimated beam with 

minimal beam divergence created from the divergent mode field of the waveguide/GRIN input 

interface. Depending on the waveguide geometry and the mode confinement of the PolyBoard, 

two types of GRIN lenses are fabricated from a commercially available graded-index fiber from 

Yangtze Optical Fibre and Cable (YOFC) with the fiber specifications and corresponding GRIN lens 

characteristics depicted in Table II-1: 

Table II-1: Specifications of the graded-index fibers used for fabrication of GRIN lenses. 

 High confinement GRIN lens Low confinement GRIN lens 

Numerical aperture 0.24 0.14 

Core diameter 100 µm 105 µm 

Cladding diameter 125 µm 125 µm 

Core material composition Ge/F doped silica glass Ge/F doped silica glass 

Cladding material 

composition 

Pure silica Pure silica 

Gradient constant 0.0023 /µm 0.0013 /µm 

0.25 pitch length ~495 µm ~830 µm 

Maximum acceptance angle 

(from air) 

14° 8° 

It is noted that the solutions in this section are based on ray optics. While this is a reasonably 

accurate model for the light propagation in GRIN lenses, it does not consider any beam divergence 

inherent to Gaussian beams. It is also possible to solve the Helmholtz equation (equation (II-11)) 

for a varying refractive index 𝑛(𝑟 ) in order to calculate the optical modes that are guided within 

the GRIN lens and obtain a more accurate model of the free-space section. This can be done with 

an approximated approach based on quasi-plane waves traveling along the trajectory of optical 

rays, as shown in chapter 8 of [45]. However, the excitation of optical modes in the GRIN lenses is 

limited to the fundamental mode due to single-mode optical waveguides used in this work. Thus, 

the consideration of only ray optics inside the GRIN lenses provides an easy way to calculate the 

required lengths of GRIN lenses, and solutions of the Helmholtz equation do not offer additional 
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insights for this work. A more straightforward way to calculate not only the required lengths of the 

GRIN lenses but also the light propagation inside the free-space section, and the coupling 

efficiencies of the free-space section and the polymer waveguides are ABCD matrices for Gaussian 

beams to be introduced in the next section. 

 

3. Transfer matrix analysis for Gaussian beam 

transmission in GRIN lenses 
The previous section gave a general overview of the working principle of GRIN lenses based on ray 

optics. This approach already allows the calculation of required GRIN lens lengths to form different 

beams in the on-chip free-space section and explains the fundamental behavior of GRIN lenses. 

However, two things must be considered. As depicted in Figure II-5, a GRIN lens with a pitch of 0.25 

creates a collimated parallel beam that stays collimated without any beam divergence due to the 

general properties of ray optics. Gaussian beams as a solution of the paraxial ray equation (II-20) 

on the other hand, have an inherent beam divergence inversely proportional to the beam waist 

(equation (II-17)). Even though optical beams created by the GRIN lenses are significantly larger 

than the optical mode field diameters (MFDs) of the polymer waveguides, with average beam 

diameters of approx. 80 µm, they are still relatively small. Thus, the beam divergence still plays a 

vital role in the maximum lengths of free-space sections that can be bridged. Secondly, the actual 

coupling efficiency from the waveguide modes into the propagating mode of the free-space section 

and back into the output waveguide must be estimated. One approach to calculate these is based 

on ray transfer (ABCD) matrices for Gaussian beams as described in [47]. 

ABCD matrices for Gaussian beams 

ABCD matrices are a mathematical tool to track optical rays in a system. Like the paraxial wave and 

ray equation introduced in the previous sections, the paraxial approximation of ABCD matrices 

again requires all rays to propagate at small angles 𝜃𝑖 relative to the optical axis 𝑧. Each ray can be 

described by an offset 𝑟𝑖 and the angle 𝜃𝑖. An output ray 𝑖 + 1 is related to the input ray 𝑖 by 

 (
𝑟𝑖+1
𝜃𝑖+1

) = (
𝐴 𝐵
𝐶 𝐷

)
⏟    

𝑆

(
𝑟𝑖
𝜃𝑖
), (II-29), 

where the ABCD matrix 𝑆 describes the 𝑖th optical element the light ray passes through. This 

concept can be expanded to Gaussian beams with the introduction of the complex beam parameter 

𝑞𝑖 that describes the Gaussian beam at a point along its propagation axis: 

 1

𝑞𝑖
=
1

𝑅𝑖
− 𝑖

𝜆

𝜋𝑛𝜔𝑖
2, 

(II-30), 

where 𝑅𝑖 is the radius of curvature and 𝜔𝑖 the radius of the beam. As mentioned in II.B.1, for a 

given 𝜆 and 𝑛 only one parameter, e.g. the beam waist 𝜔0 is sufficient to describe a Gaussian beam. 

𝑅𝑖 depends on the distance 𝑧 from the beam waist and the beam waist itself; thus it is possible to 

reconstruct the full Gaussian beam from the complex beam parameter. For a Gaussian beam 

parameter, the ABCD law can be written as 

 
𝑞𝑖+1 =

𝐴𝑞𝑖 + 𝐵

𝐶𝑞𝑖 + 𝐷
. 

(II-31) 

As shown in chapter 20 of [48], this expression can make use of the same ray matrices as equation 

(II-29). For example, the transmission in free-space is given by 

 (
𝐴 𝐵
𝐶 𝐷

) = (
1 𝑑
0 1

), (II-32) 
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with the transmission distance 𝑑. The ray matrix of a GRIN lens with length 𝑙 and a parabolic 

refractive index profile as in equation (II-23) is described by 

 (
𝐴 𝐵
𝐶 𝐷

) = (
cos (√2𝛼𝑙)

1

√2𝛼𝑛0
sin (√2𝛼𝑙)

√2𝛼𝑛0sin (√2𝛼𝑙) cos (√2𝛼𝑙)

) 

(II-33) 

Subsequent substitution of these matrices into equation (II-31) allows calculating the optical modes 

inside the GRIN lenses, the free-space section, and thus the mode that will be coupled back into 

the waveguide after a free-space length of 𝑧0 with a refractive index of 𝑛 inside the free-space 

section. The model to calculate the radius of the optical mode 𝜔𝑊𝐺𝑅𝐼𝑁2 (and 𝑅𝐺𝑅𝐼𝑁2) that will be 

coupled back into the waveguide consists of an input beam waist 𝜔𝑊𝐺0 (and 𝑅𝑊𝐺0 = ∞) that will 

be transferred through an input GRIN lens, a free-space section, and an output GRIN lens that 

couples the light back into the waveguide as depicted in Figure II-6.  

 

Figure II-6: Propagation model for ABCD matrices with marked positions of the complex beam parameters 𝑞𝑖 at the 
different interfaces. 

For GRIN lenses with a pitch of 0.25, the results after the different interfaces are [47]: 

 
𝜔𝐺𝑅𝐼𝑁1 =

𝜆

√2𝜋𝛼𝑛0𝑛𝜔𝑊𝐺1
 

(II-34) 

 𝑅𝐺𝑅𝐼𝑁1 = ∞ (II-35) 

 

𝜔𝑓𝑟𝑒𝑒−𝑠𝑝𝑎𝑐𝑒 = 𝜔𝐺𝑅𝐼𝑁1 [1 + (
𝜆𝑧0

𝜋𝑛𝜔𝐺𝑅𝐼𝑁1
2 )

2

]

1/2

 

(II-36) 

 

𝑅𝑓𝑟𝑒𝑒−𝑠𝑝𝑎𝑐𝑒 = 𝑧0 [1 + (
𝜋𝑛𝜔𝐺𝑅𝐼𝑁1

2

𝜆𝑧0
)

2

]

1/2

 

(II-37) 

 
𝜔𝐺𝑅𝐼𝑁2 =

𝜆

√2𝜋𝛼𝑛0𝑛𝜔𝐺𝑅𝐼𝑁1
= 𝜔𝑊𝐺1 

(II-38) 

 
𝑅𝐺𝑅𝐼𝑁2 = −

1

2𝑛0𝛼²𝑧0
. 

(II-39) 

For ideal coupling, not only the beam diameter 𝜔𝐺𝑅𝐼𝑁2 must match the input beam width 𝜔𝑊𝐺1, 

but also the radius of curvature should be equal or close to infinity. Whilst the first requirement is 

met for GRIN lenses with a pitch of 0.25, the second is not (cf. equation (III-39)). This is a result of 

the inherent divergence of Gaussian beams, such that only a free-space length of 𝑧0 = 0 would 
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achieve perfect coupling. As this is clearly impractical, the pitch of the GRIN lenses must deviate 

from a pitch of 0.25 to obtain an ideal coupling efficiency for nonzero free-space lengths, as will be 

calculated later in chapter III.  

The actual coupling efficiency 𝜂 is calculated with an overlap integral for the incident electrical field 

𝐸𝑊𝐺1 corresponding to the input mode of the waveguide and the optical mode resulting from the 

Gaussian beam 𝐸𝐺𝑅𝐼𝑁2 that can be calculated from 𝜔𝐺𝑅𝐼𝑁2 and 𝑅𝐺𝑅𝐼𝑁2 [49]. The overlap integral 

can be calculated with 

 

𝜂 =
|∫ 𝐸𝑊𝐺1𝐸𝐺𝑅𝐼𝑁2

∗ 𝑑𝐴
𝐴

|
2

∫ |𝐸𝑊𝐺1|
2

𝐴
𝑑𝐴∫ |𝐸𝐺𝑅𝐼𝑁2|

2
𝐴

𝑑𝐴
. 

(II-40) 

The nominator in this equation depicts the mode overlap, and the denominator is a normalization 

factor. The beam radius 𝜔𝑓𝑟𝑒𝑒−𝑠𝑝𝑎𝑐𝑒 after transmission of the free-space section scales linearly 

with the free-space section length 𝑧0 (equation (II-36)). For large 𝑧0, the beam radius 𝜔𝑓𝑟𝑒𝑒−𝑠𝑝𝑎𝑐𝑒 

becomes larger than the radius 𝑟𝐺𝑅𝐼𝑁 of the GRIN lens, which means that an increasing amount of 

power gets lost at the coupling interface between the free-space section and the second GRIN lens 

for an increasing 𝑧0. This can be taken into account with a pin hole transmission factor gained by 

integrating over the power within the radius, or aperture, of the GRIN lens 

 

𝑝0 = 1 − 𝑒
−

2𝑟𝐺𝑅𝐼𝑁
2

𝜔𝑓𝑟𝑒𝑒−𝑠𝑝𝑎𝑐𝑒
2

, 

(II-41) 

 

such that the total coupling efficiency becomes 

 𝜂∗ = 𝑝0𝜂. (II-42) 

For small free-space section lengths, this pinhole factor can be neglected since the transmitted 

Gaussian beam is smaller than the radius of the GRIN lens. However, at large free-space sections 

lengths, the beam divergence and 𝑝0 become the dominant loss contribution. For this work, the 

radius 𝑟𝐺𝑅𝐼𝑁 is 62.5 µm. 

The propagation of Gaussian beams with ABCD matrices for GRIN lenses and free-space that were 

introduced within this chapter forms an easy but effective tool to calculate mode overlap integrals 

that determine the coupling loss of on-chip free-space sections. Furthermore, they enable the 

calculation of different solutions for GRIN lens lengths beyond only collimating lenses. For example, 

the solutions for focusing lenses can be calculated as well, which play an essential role in second-

harmonic generation to be introduced in II.D . Chapter III will use the considerations in this section 

and simulate on-chip free-space sections based on Gaussian beam transmission with concrete 

values for two different material systems and GRIN lens characteristics listed in Table II-1. 

C. Nonreciprocal elements 
One of the materials to be integrated with the on-chip free-space section described in the previous 

section are nonreciprocal elements, more specifically magneto-optic Faraday rotators required for 

optical isolators or circulators. Even though these are established components in free-space optics, 

the integration into PICs is challenging and still a field of active research with only a few 

demonstrators available. This section aims to give an overview about optical isolators and 

circulators, starting with a formal definition, the derivation of the Faraday effect, and an overview 

of state-of-the-art isolators and circulators in integrated photonics. At the end of the chapter, the 

concept of the integrated isolator and two different circulators developed within this work are 

described. 
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1. Theory of optical isolators and circulators 
An optical isolator is a device that transmits light in one direction but blocks all light in the backward 

direction. Isolators are especially useful to protect lasers from unwanted optical feedback that 

might cause side modes in the resonator or even a coherence collapse. In more complex PICs, 

optical isolators can be used to block unwanted interactions or light routing between different 

components. The expanded version of the isolator is an optical circulator. A circulator comprises 

three or more ports, and instead of simply blocking the light in the backward direction, the light is 

routed from one port to the consecutive port. Since the initial port where the light was coupled in 

is always optically isolated in backward direction, an optical circulator also functions as an optical 

isolator. Circulators are of particular interest in fiber-based sensing systems, where the 

measurement requires a bidirectional measurement setup for measurement and detection, e.g. in 

optical coherence tomography or in fiber Bragg-grating based optical add-drop multiplexer or 

sensors [19, 20, 50]. 

Definition of an optical isolator and circulator 

One way to find a general-purpose definition for optical isolators and circulators is based on 

scattering matrices that describe optical systems. Figure II-7 depicts the schematic of an optical 

isolator and circulator with incident powers 𝑃𝑖𝑛
𝑖  and the output powers 𝑃𝑜𝑢𝑡

𝑖 , such that the system 

is described by 𝑃⃗ 𝑜𝑢𝑡 = 𝑆̃ 𝑃⃗ 𝑖𝑛: 

 

𝑃⃗ 𝑜𝑢𝑡 = (

𝑠11 𝑠12
𝑠21 𝑠22

𝑠13 …
𝑠23 …

𝑠31 𝑠32
⋮ ⋮

𝑠33 …
⋮ ⋱

) 𝑃⃗ 𝑖𝑛 

(II-43) 

 

Here, 𝑆̃ is the scattering matrix with the coefficients 𝑠𝑖𝑗  that describe the power transfer from port 

𝑗 to port 𝑖.  

 

Figure II-7: Optical circuit with multiple ports and incident powers 𝑃𝑖𝑛
𝑖  and output powers 𝑃𝑜𝑢𝑡

𝑖 . 

In the case of a perfect optical isolator or circulator, where all the power is transferred from one 

port to the consecutive port without any loss and infinite isolation, the transfer matrix can be 

written as 

 𝑃⃗ 𝑜𝑢𝑡 = (
0 0
1 0

) 𝑃⃗ 𝑖𝑛 (II-44) 

for an optical isolator with two ports and for a circulator with four ports as 

 

𝑃⃗ 𝑜𝑢𝑡 = (

0 0
1 0

0 1
0 0

0 1
0 0

0 0
1 0

) 𝑃⃗ 𝑖𝑛. 

(II-45) 
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In a more general sense, taking loss and non-perfect isolation into account, optical isolators can be 

defined as components with an asymmetric scattering matrix, where 𝑠𝑖𝑗 ≠ 𝑠𝑗𝑖  is valid for at least 

one pair of coefficients, or 𝑆̃ ≠ 𝑆̃𝑇. The formal definition of an 𝑛-port optical circulator additionally 

requires all coefficients of the upper secondary diagonal to be larger than the coefficients of the 

lower secondary main diagonal or vice versa: 

 𝑠𝑖+1𝑖 > 𝑠𝑖𝑖+1      ∧         𝑠𝑖𝑖+1 > 𝑠𝑖+1𝑖      (II-46) 

and optionally 

 𝑠1𝑛 > 𝑠𝑛1      ∧         𝑠𝑛1 > 𝑠1𝑛,      (II-47) 

if the circulator also includes a connection between the first and the last port, which is usually not 

the case for optical circulators. 

Lorentz reciprocity theorem 

For a time-harmonic field, the third and fourth Maxwell equation from equation (II-3) and (II-4) are 

 ∇⃗⃗  × 𝐸⃗ =  −𝑖𝜔𝜇𝐻⃗⃗  (II-48) 

 ∇⃗⃗  × 𝐻⃗⃗ =  −𝑖𝜔𝜖𝐸⃗ , (II-49) 

with two electromagnetic fields {𝐸⃗ 1, 𝐻⃗⃗ 1} and {𝐸⃗ 2, 𝐻⃗⃗ 2}, originating from two different excitation 

states, both equations and can be written as 

 𝐻⃗⃗ 2 ∇⃗⃗  × 𝐸⃗ 1 + 𝐸⃗ 2 ∇⃗⃗  × 𝐻⃗⃗ 1 =  𝑖𝜔(𝐸⃗ 2𝜖 𝐸⃗ 1 − 𝐻⃗⃗ 2𝜇 𝐻⃗⃗ 1) (II-50) 

by dot multiplication of equation (II-48) and (II-49) for the excitation {𝐸⃗ 1, 𝐻⃗⃗ 1} with 𝐻⃗⃗ 2 and 𝐸⃗ 2 

respectively and summation of both equations as described in [51]. Interchanging the primes and 

repeating the process yields: 

 𝐻⃗⃗ 1 ∇⃗⃗  × 𝐸⃗ 2 + 𝐸⃗ 1 ∇⃗⃗  × 𝐻⃗⃗ 2 =  𝑖𝜔(𝐸⃗ 1𝜖 𝐸⃗ 2 − 𝐻⃗⃗ 1𝜇 𝐻⃗⃗ 2) (II-51) 

A final subtraction of both equations results in 

 ∇⃗⃗ (𝐸⃗ 1 × 𝐻⃗⃗ 2 − 𝐸⃗ 2 × 𝐻⃗⃗ 1)

=  𝑖𝜔(𝐸⃗ 2𝜖 𝐸⃗ 1 − 𝐸⃗ 1𝜖 𝐸⃗ 2 + 𝐻⃗⃗ 2𝜇 𝐻⃗⃗ 1 − 𝐻⃗⃗ 1𝜇 𝐻⃗⃗ 2) 

(II-52) 

If 𝜇 and 𝜖 are symmetric tensors or scalars, the right-hand side of this equation is zero and the 

equation can be written as the Lorentz reciprocity theorem for a source-less system: 

 ∇⃗⃗ (𝐸⃗ 1 × 𝐻⃗⃗ 2 − 𝐸⃗ 2 × 𝐻⃗⃗ 1) = 0 (II-53) 

It can be shown that the scattering matrix of a system where the Lorentz reciprocity theorem 

applies has to be symmetric [51]. Since optical isolators and circulators, by definition, require an 

asymmetric scattering matrix, reciprocity must not apply, which is why they are called 

nonreciprocal elements. 

Two methods to break reciprocity include nonlinear materials, e.g. utilizing stimulated Brillouin 

scattering [52] and time-dependent modulation of the refractive index [53]. However, the most 

common approach, is the use of magneto-optic materials that exhibit asymmetric tensors 𝜖 and 𝜇 

to break the reciprocity of Equation (II-53) and utilize the Faraday effect or a nonreciprocal phase 
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shift. These types of isolators and circulators will be described more thoroughly in the following 

sections. 

 

2. Faraday effect and free-space isolators 
The most common design of an optical isolator is based on magneto-optic materials that exhibit a 

strong Faraday effect. The Faraday effect describes a nonreciprocal polarization rotation for 

polarized light that is transmitted through a magneto-optic material parallel to an applied static 

magnetic field, where the polarization rotation 𝛽 is linear to the magnetic field: 

 β = νBd. (II-54) 

In this case, 𝜈 is the Verdet constant and 𝑑 the interaction length between the electromagnetic 

wave and the medium and B the magnetic flux of an applied static magnetic field.  

In optically active materials with a helical molecular structure, an electromagnetic wave induces 

circulating currents that generate an electric dipole moment (a polarization density 𝑃⃗ ) proportional 

to the magnetic flux density 𝐵⃗  induced by the electromagnetic field. Taking the electric flux density 

𝐷⃗⃗  introduced in equation (II-5): 

 𝐷⃗⃗ =  𝜖𝐸⃗ + 𝑃⃗ , (II-55) 

𝑃⃗  can then be expressed as 

 𝑃⃗ = 𝑖𝜖0𝜁𝜔𝐵⃗ = −𝜖0𝜁∇ × 𝐸⃗ . (II-56) 

With a plane wave 𝐸⃗ = 𝐸⃗ 0𝑒
𝑖𝑘⃗ 𝑟  approach, equation (II-55) with the substitution (II-56) becomes 

 𝐷⃗⃗ =  𝜖𝐸⃗ + 𝑖𝜖0𝜁𝑘⃗ × 𝐸⃗ = 𝜖𝐸⃗ + 𝑖𝜖0𝐺 × 𝐸⃗ . (II-57) 

The gyration vector 𝐺 , describes an optically active medium with spatial dispersion in this equation 

since the polarization density depends not only on the electric field but also on the wave vector 𝑘⃗  

(analog to temporal dispersion, where a medium's properties depend on 𝜔) and 𝐷⃗⃗  is no longer 

parallel to 𝐸⃗ . As shown in chapter 6 of [45], the normal modes of such a medium correspond to left 

and right circularly polarized waves 𝐸⃗ 𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟 with the refractive index 

 
𝑛+/− = √𝑛0

2 ± 𝐺, 
(II-58) 

leading to 

 𝐷⃗⃗ = 𝜖0𝑛+/−
2𝐸⃗ 𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟 . (II-59) 

If 𝐺 = 0, the refractive index for both circularly polarized waves is equal, and both waves travel 

with the same velocity. For 𝐺 ≠ 0, a circular birefringence is induced that corresponds to a 

polarization rotation. In general, this is a reciprocal effect since the gyration vector is proportional 

to the wave vector 𝐺 = 𝜁𝑘⃗ , where the sign depends on the propagation direction. Thus, the 

polarization rotation of an electromagnetic wave is reversed by subsequent forward and backward 

propagation. 

For magneto-optic materials however the polarization density 𝑃⃗  can be expressed as  
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 𝑃⃗ = 𝑖𝜖0𝐵⃗ 𝑠𝑡𝑎𝑡𝑖𝑐 × 𝐸⃗ , (II-60) 

and as an analogy to optically active media, the magnetic flux density can also be expressed with 

the gyration vector: 

 𝐺 = 𝛾𝐵⃗ 𝑠𝑡𝑎𝑡𝑖𝑐 (II-61) 

In contrast to the time varying magnetic flux density 𝐵⃗  that induces optical activity in helical 

molecular structures, 𝐵⃗ 𝑠𝑡𝑎𝑡𝑖𝑐 describes an applied static magnetic field parallel or anti-parallel to 

the motion of the electromagnetic wave. Thus, magneto-optic materials require an external 

magnetic field, hence the name. Since equation (II-56) does not depend on the wave vector, a 

reversal of the propagation direction does not reverse the sense of rotation of the polarization 

plane. In other words: in contrast to reciprocal polarization rotations, created in optically active 

media like liquid crystals, where the polarization rotation in forward and subsequent backward 

transition cancel each other out, the polarization rotation of the Faraday effect in forward and 

backward transmission are added up.  

This enables an optical isolator design that comprises a 45° Faraday rotor in between two 

polarization filters with 45° crossed transmission axes as depicted in Figure II-8. The standard 

notations of transverse electric (TE) and transverse magnetic (TM) polarization are used to describe 

the isolator's working principle: electromagnetic waves with no electric field along the transmission 

direction of the waveguide and the electric field entirely in the transverse plane are transverse 

electric or TE polarized. Similarly, they are called TM polarized if there is no magnetic field along 

the transmission direction with the magnetic field entirely in the transverse plane. In free-space 

optics, these correspond to s-polarized waves (TE polarization) and p-polarized waves (TM 

polarization), where s-polarized light describes an electromagnetic field with the electric field 

parallel to the laboratory system, or in this case the plane of the waveguides. Accordingly, p-

polarization describes an electromagnetic field with the magnetic field parallel to the waveguide 

plane. For simplicity, the terms TE and TM polarization will be used for both, propagation of 

electromagnetic waves through waveguides and free-space throughout this work. 

 

Figure II-8: Working principle of an optical isolator in forward and backward direction comprising of a 0° polarization 
filter, a 45° Faraday rotator, and a 45° polarization filter as described in the text. 

Suppose an electromagnetic wave travels in forward direction through the isolator. In that case, TE 

polarized light passes the left polarization filter, its polarization state is rotated by 45° after 
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transmission of the Faraday rotator, and it can pass the right polarization filter. In backward 

direction, the intensity of both TE- and TM- polarized light is halved by partial absorption in the 

right polarization filter with a 45° transmission axis. After the nonreciprocal polarization rotation 

of the Faraday rotator, the axis of polarization is perpendicular to the transmission axis of the left 

polarization filter for both initial polarization states. Hence, backward propagating light is absorbed, 

preventing light transmission in the backward direction. In order to maintain TE (TM) polarization 

after transmission of the isolator, an optional 22.5° half-wave plate might be placed at the isolator's 

output.  

This setup of an optical isolator is widely used in free-space optics to create bulk isolators at 

1550 nm. Some of the most suitable magneto-optic materials for this approach are ferrimagnetic 

bismuth-doped rare earth iron garnets (BIG). BIGs can be grown as single crystals by liquid phase 

epitaxy (LPE) and have the composition R3-xBixFe5-zMzO12, where R can be substituted for a rare 

earth element and M = Al, Ga, Si, Ge [54]. The advantages of BIGs over other materials include the 

strong Faraday rotation of up to 93 deg/mm, low insertion loss (<0.05 dB) at 1550 nm, and the 

ability to latch the material in a magnetically saturated single domain without an applied bias field 

[55]. Hence, they do not require an external magnetic field for the Faraday rotation. The latter is 

achieved by a low demagnetization energy compared to the energy of magnetic domain walls 

which makes the creation of new magnetic domains energetically unfavorable, similar to a 

permanent magnet. The integrated isolator developed within this work follows the working 

principle of a free-space isolator as depicted in Figure II-8. It makes use of BIGs as Faraday rotators, 

as will be described in the following sections after a short introduction of alternative concepts of 

integrated isolators and circulators. 

3. Optical isolators and circulators in integrated 

photonics 
Key performance specifications of optical isolators and circulators are the insertion loss (IL) and the 

isolation, defined as the difference between backward and forward IL. Besides these values, high 

optical return loss (ORL) is also essential to avoid intrinsic back reflections at the isolator structure 

itself. Good performance in only one of the first-mentioned parameters is not sufficient. An isolator 

or circulator that features low insertion loss but also low optical isolation or vice versa high optical 

isolation but also high insertion loss would not be suitable for any application. To take this into 

account, a unitless figure of merit (𝐹𝑂𝑀) is introduced within this work as an additional parameter 

to assess isolator performance: 

 
𝐹𝑂𝑀 =

𝑃𝑒𝑎𝑘 𝑖𝑠𝑜𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 [𝑑𝐵]

𝐼𝑛𝑠𝑒𝑟𝑡𝑖𝑜𝑛 𝑙𝑜𝑠𝑠 [𝑑𝐵]
 

(II-62) 

The higher the value, the better the performance. Since the isolation ratio also depends on the 

insertion loss, the chosen figure of merit favors devices with low IL. For example, the best 

performing standalone free-space isolators following the design shown in Figure II-8 feature 

insertion as low as 0.22 dB and typical isolations of 43 dB [56], resulting in 𝐹𝑂𝑀 = 195. Fiber 

coupled isolators following a similar isolator setup achieve equal isolation ratios, but slightly higher 

insertion loss of 0.55 dB resulting in 𝐹𝑂𝑀 = 78 [57]. Polarization-independent fiber-coupled free-

space circulators have a 𝐹𝑂𝑀 = 50 with isolations of 40 dB and typical insertion loss of 0.8 dB [58]. 
These values will serve as a reference to rank some of the following isolators in integrated 

photonics. 

As previously mentioned, optical isolators and circulators must break the Lorentz reciprocity 

(equation (II-53)). Like in free-space optics, magneto-optic materials are also the most common 

approach in literature to achieve nonreciprocity for integrated optical isolators and circulators. 

Even though waveguide integrated Faraday rotators have been reported in [59] and [24], most 
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designs rely on a nonreciprocal phase shift effect (NRPS). In contrast to Faraday rotators where the 

light travels parallel (or anti-parallel) to the magnetic field, rotating the polarization, a NRPS occurs 

when the light travels perpendicular to the magnetic field in a magneto-optic material which alters 

the phase of the electromagnetic wave. This enables isolator and circulator designs based on 

interferometric devices like Mach-Zehnder interferometers (MZIs) [25, 28, 59] or microring 

resonators (MRRs) [23, 60] that were all demonstrated in silicon photonics  except for [28], which 

is fabricated in GaInAsP/InP. As with free-space Faraday rotators, the best performing magneto-

optic materials are Bi or Ce doped yttrium iron garnets (YIGs) that can be wafer bonded 

heterogeneously [23] or deposited [25] for monolithic integration. Even though state of the art 

isolators in SiP reported good optical isolations beyond 30 dB, this approach has two significant 

drawbacks. Firstly, the strong YIG absorption of up to ~60 dB/cm results in an overall higher loss. 

In [23], this was solved with a very small footprint of only 70 µm yielding a loss of 2.3 dB. However, 

the MRR character of this device greatly limits the isolation bandwidth. The second major drawback 

is the polarization-dependent isolation of the reported devices. The NRPS requires a considerable 

mode overlap between the traveling mode in the waveguide and the magneto-optic (MO) material. 

MO deposited on top of the waveguide yields a high mode overlap with TM polarization and low 

overlap for TE polarization and vice versa for a sidewall deposition. Thus, the reported devices do 

not block an arbitrary polarization state but are polarization-dependent in contrast to free-space 

isolators. An overview of different reported integrated isolators and circulators in terms of isolation 

and insertion loss together with the figure of merit introduced in (II-62) is given in Figure II-9. The 

highest 𝐹𝑂𝑀 reported (23.9 for [61]) is still two times smaller than for a fiber-coupled free-space 

circulator which has the lowest 𝐹𝑂𝑀 of the commercially available devices. 

 

Figure II-9: Isolation and insertion loss cross-map of reported integrated isolators and circulators in literature together 
with commercially available free-space isolators and circulators from Thorlabs [23–28, 56–64]. 

 

 

4. Isolator and circulator designs in this work 
Concept of an integrated isolator within this work 
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Considering the remarkable performance of free-space isolators and the possibility to create on-

chip free-space sections in the PolyBoard, the integration of a free-space isolator as a whole is a 

straightforward and promising approach to realize integrated isolators that outperform other 

proposed designs in integrated photonics. Figure II-10 depicts a design for the integration of a free-

space isolator in the PolyBoard. The device consists of embedded single-mode waveguides coupled 

to GRIN lenses to create an on-chip free-space section. A separately assembled isolator that follows 

the working principle described in Figure II-8 is placed in the free-space section. 

 

Figure II-10: Proposed scheme for an integrated isolator based on integrating a free-space isolator, as depicted in Figure 
II-8, in an on-chip free-space section. In order to maintain TE polarization for TE input, an additional half wave plate is 

bonded at the output of the free-space isolator. 

To test the optical isolator during operation in a more complex PIC, it is also co-integrated with a 

tunable DBR laser. Due to their sensitivity to unwanted optical feedback, the co-integration of 

lasers and optical isolators is highly beneficial for the laser performance, since isolators stabilize 

the operation of the laser. Furthermore, the PolyBoard DBR laser is one of the standard building 

blocks of the platform mainly targeting applications in Telecom and Daracom. Until now it always 

required an external optical isolator within the housing of the laser or a fiber based optical isolator. 

The PolyBoard DBR laser comprises a tunable Bragg-grating, phase shifter, and a coupled InP gain 

element as depicted in Figure II-11. Chapter IV.A.3 will explain the working principle of the laser in 

more detail. 

 

Figure II-11: Schematic layout of a tunable distributed Bragg-reflector laser with integrated optical isolator and direct 
fiber-to-chip coupling via a U-groove. The DBR laser comprises an InP gain element, a Bragg grating, and a phase shifter. 

Concept of an integrated circulator based on nonreciprocal polarization rotation 

The design of a polarization-independent circulator requires two on-chip free space sections both 

equipped with a -45° Faraday rotator and 22.5° half wave plate. A polarization beam splitter at the 

input and output finalize the design. The schematic design is depicted in Figure II-12 and the 

working principle in Figure II-13.  
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Figure II-12: Schematic design of the proposed circulator consisting of an input and output polarization beam splitter 
(PBS) and two free-space sections with inserted Faraday rotator and a half-wave plate. 

Starting from port 1, TE polarized light is transmitted through the PBS in the lower arm, while TM 

polarization is reflected into the upper arm of the circulator. In forward transmission (from left to 

right), the combination of a -45° Faraday rotator and 22.5° half-wave plate induces a nonreciprocal 

polarization rotation, and TE polarization in the lower arm becomes TM polarization and vice versa 

in the upper arm. The second PBS combines both polarizations that are now switched and guides 

them to port 2. In backward transmission, TE and TM polarization are again split at the right-hand 

side PBS and guided through the free-space sections, and the polarization state is maintained in 

both arms. Thus, both polarizations are blocked for transmission to port one and instead guided to 

port three at the left PBS. 

The Faraday rotators are weak permanent magnets that maintain their magnetization state without 

the necessity of an external magnetic field. However, using a strong magnetic flux (>50 mT at room 

temperature), it is possible to reverse the polarity of the magnetization and Faraday rotation. A 

reversed Faraday rotation also reverses the nonreciprocal polarization rotation of the Faraday 

rotator and HWP inside the free-space section depicted in Figure II-12. For a 45° FR and 22.5°HWP, 

TE and TM polarized light maintain their polarization state in forward direction (from left to right), 

and the polarization is reversed from TE to TM and TM to TE in backward direction. For a -45° 

Faraday rotator the polarization is reversed in forward and maintained in backward direction. 

Consequently, light coupled into port 2 is either transmitted to port 1 or port 3, depending on the 

magnetization state of the Faraday rotators. Thus, it is possible to reverse the light circulation and 

use the circulator as a latching switch since the Faraday rotators maintain their magnetization (and 

the switch configuration) and only require an initial magnetic field during active switching (Figure 

II-13).  



Fundamentals 

33 
 

 

Figure II-13: Working principle of the optical circulator depicted in Figure II-12. For a -45° Faraday rotation (FR), light 
travels from port 1 to port 2 to port 3. A +45° Faraday rotation reverses the transmission direction, and light travels 

from port 2 to port 1. 

Concept of an integrated circulator based on a nonreciprocal phase shift 

The previous circulator design is similar to commercially available free-space circulators that utilize 

birefringent walk-off crystals, Faraday rotators, and HWPs. Another design exclusive to integrated 

photonics is based on a Mach-Zehnder interferometric structure with two multimode interference 

couplers first demonstrated in [59] with silica-based waveguides. Like the first circulator, it 

comprises two optical paths with an on-chip free-space section with inserted Faraday rotator and 

a HWP but instead of PBSs for polarization splitting and combining, it uses MMIs for phase-sensitive 

beam splitting and combining. Additionally, a phase shifter and a variable optical attenuator are 

placed in each interferometer arm to stabilize the optical phase and minimize the imbalance in 

both arms. The schematic design is depicted in Figure II-14. 

 

Figure II-14: Four-port Mach-Zehnder-based circulator that comprises of two free-space sections with inserted Faraday 
rotator (FR) and half-wave plate (HWP) and a variable optical attenuator (VOA) and phase shifter (PS) in each arm. 

The working principle of the PBS circulator from Figure II-12 is based on a nonreciprocal polarization 

rotation as described in Figure II-13. The MZI circulator utilizes a nonreciprocal phase shift in 

forward and backward direction. Like the PBS circulator, the integrated Faraday rotator and HWP 

in each arm induce a nonreciprocal polarization rotation, but also a nonreciprocal phase shift. In 

the PBS circulator, this phase shift is not used since the working principle is based on the 

polarization of light. However, in the MZI circulator, this can be utilized due to the working principle 

of MMIs. 
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An easy formalism to describe this phase shift induced by a nonreciprocal polarization rotation is 

the Jones calculus. In the Jones calculus, the polarization state of an electromagnetic wave is 

described by a two-dimensional Jones vector that propagates through optical elements described 

by 2x2 matrices as described in chapter 8 of [65]. The Jones vector 𝐽  for a plane wave electric field 

is given by 

 
(
𝐸𝑥(𝑧, 𝑡)
𝐸𝑦(𝑧, 𝑡)

) = (
𝐸𝑥0𝑒

𝑖𝜙𝑥

𝐸𝑦0𝑒
𝑖𝜙𝑦
)

⏟      
𝐽 

𝑒𝑖(𝑘𝑧−𝜔𝑡), 
(II-63) 

where 𝐸𝑖0  describes the amplitude in 𝑥 and 𝑦 direction and 𝜙𝑖 contains the phase information. 

Here, TE polarized light is described by a (
1
0
) vector and TM polarized light by a (

0
1
) vector. The 

matrices for a half-wave plate and a Faraday rotator are given by  

 
𝑀𝐻𝑊𝑃 = 𝑒

−
𝑖𝜋
2 (
cos(2𝜃) sin(2𝜃)

sin(2𝜃) −cos(2𝜃)
) 

 

(II-64) 
 
 

 
𝑀𝐹𝑎𝑟𝑎𝑑𝑎𝑦 = 𝑒

−
𝑖𝜋
2 (
cos(𝜎) −sin(𝜎)
sin(𝜎) cos(𝜎)

), 

 

(II-65) 

where 𝜎 = 45° is the Faraday rotation and 𝜃 = ±22.5 the optical axis of the HWP. The upper MZI 

circulator comprises a -22.5° HWP and a 45° Faraday rotator, while the lower arm consists of a 45° 

Faraday rotator and a 22.5° HWP. The multiplication of the elements describes transmission 

through these elements according to the order of propagation. For example, forward transmission 

through the upper arm of the MZI circulator with an HWP and a Faraday rotator is given by 

 
(
𝐸𝑥(𝑧, 𝑡)
𝐸𝑦(𝑧, 𝑡)

)
𝑓𝑖𝑛𝑎𝑙,   𝑢𝑝𝑝𝑒𝑟 𝑎𝑟𝑚

= (𝑀𝐹𝑎𝑟𝑎𝑑𝑎𝑦 ∙ 𝑀𝐻𝑊𝑃) (
𝐸𝑥(𝑧, 𝑡)
𝐸𝑦(𝑧, 𝑡)

)
𝑖𝑛𝑖𝑡𝑖𝑎𝑙,   𝑢𝑝𝑝𝑒𝑟 𝑎𝑟𝑚

. 

 

(II-66) 

 Table II-1 depicts the Jones matrices in forward and backward direction of the lower and upper 

arm of the MMI for a -22.5° HWP in the upper arm and a 22.5° HWP in the lower arm together with 

a 45° faraday rotator as depicted in Figure II-14. 

Table II-2: Jones matrices for a -22.5° HWP and 45° Faraday rotator in the upper arm and a 22.5° and 45° Faraday 
rotator in the lower arm of the MZI circulator. 

 Forward transmission Backward transmission 
Upper arm (

−1 0
0 1

) (
0 1
1 0

) 

Lower arm (
−1 0
0 1

) (
0 −1
−1 0

) 

 

From Table II-2 two things are apparent. First, the Jones matrix in both arms is an identity matrix in 

forward transmission, meaning both arms maintain their polarization state. The negative sign in 

the first matrix entry indicates that TE polarization experiences a phase shift of 𝜋 in both arms. In 

backward transmission, an antisymmetric matrix corresponds to a nonreciprocal polarization 

rotation from TE → TM and TM→ TE. This behavior also explains the operation of the PBS-based 

circulator in Figure II-13. Secondly, a phase shift is introduced in backward transmission between 

both arms since the first antisymmetric matrix is positive and the second negative. This 

nonreciprocal phase shift between both arms in combination with the MMIs that switch their 
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output port according to the input light's phase relation is the MZI circulator's underlying 

mechanism. A 2x2 MMI introduces a phase shift of 𝜋 between both outputs, which means that the 

initial polarization in the upper and lower arm for a mixed TE and TM polarization state is given by 

 
(
𝐸𝑥(𝑧, 𝑡)
𝐸𝑦(𝑧, 𝑡)

)
𝑢𝑝𝑝𝑒𝑟 𝑎𝑟𝑚

= (
𝐸𝑥0𝑒

𝑖𝜙𝑥

𝐸𝑦0𝑒
𝑖𝜙𝑦
) 𝑒𝑖(𝑘𝑧−𝜔𝑡) 

(II-67) 

 

and  

 
(
𝐸𝑥(𝑧, 𝑡)
𝐸𝑦(𝑧, 𝑡)

)
𝑙𝑜𝑤𝑒𝑟 𝑎𝑟𝑚

= −(
𝐸𝑥0𝑒

𝑖𝜙𝑥

𝐸𝑦0𝑒
𝑖𝜙𝑦
) 𝑒𝑖(𝑘𝑧−𝜔𝑡) 

 

(II-68) 

respectively for light entering port 1 [66]. In forward direction, both electromagnetic waves 

maintain their phase relation (first column in Table II-2) in the upper and lower arm. They are 

combined in the second MMI and guided towards the lower port, port 2, of the circulator. In 

backward direction, the induced phase shift of the MMI is canceled by the phase shift of HWP and 

Faraday rotator (second column in Table II-2) and guided to the lower port, port 3, instead of port 

1. Thus, it can be shown with the Jones calculus that light inside the circulator travels from port 1 

to port 2 to port 3 to port 4 and from port 4 back to port 1. 

D. Nonlinear elements 
Besides nonreciprocal elements for isolators and circulators described in the previous section, this 

work also demonstrates second-harmonic generation in the PolyBoard. After introducing the 

nonlinear wave equation and a model for SHG, Boyd’s and Kleinmann’s theory for SHG with focused 

Gaussian beams is briefly discussed within this section. Furthermore, periodic poling for phase 

matching in nonlinear crystals is introduced, and conversion efficiency values for state-of-the-art 

integrated SHG sources in literature are reported.  

1. Nonlinear polarization density and nonlinear wave 

equation 
In the first section of this chapter, Maxwell’s third and fourth equation in a medium (equation (II-3) 

and (II-4)) with 

 𝐷⃗⃗ =  𝜖0𝐸⃗ + 𝑃⃗ (𝐸⃗ ) (II-69) 

were introduced, where the polarization density 𝑃⃗  can be defined as the sum of the electric dipole 

moments induced by an electric field in a medium. Thus, it describes the response of a medium to 

an interaction with the electromagnetic field. A linear dielectric medium is represented by a linear 

response of the medium to the electric field. In II.C.2, 𝑃⃗  was used to describe the linear response 

of a magneto-optic medium to an electromagnetic field, resulting in the Faraday effect.  In contrast, 

nonlinear media are defined by their nonlinear response that can result either from the individual 

dipole moments of the material or the number density of the dipoles. Since electric fields of light 

are typically small compared to interatomic electric fields, the response of the medium to the 

electric field can be approximated by the Taylor expansion: 

𝑃⃗ = 𝜖0χ
(1)𝐸⃗ + χ(2)𝐸⃗ 2 + χ(3)𝐸⃗ 3 +⋯⏟            

𝑃⃗ 𝑁𝐿

. (II-70) 

Here, χ(𝑖) describes the 𝑖th-order susceptibility of the medium. The first term represents the linear 

response of the medium that dominates for small electric fields, whereas the second term, third 
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term, etc. describe the second-order, third-order nonlinear response summarized as 𝑃⃗ 𝑁𝐿. For 

simplicity, anisotropy, dispersion, and inhomogeneity are ignored in this consideration. 

Nonlinear Wave equation 

In Equations (II-7) and (II-8) the wave equation for an electromagnetic field was obtained from 

Maxwell’s equations to derive the Gaussian beam solution in the paraxial approximation. In this 

case 𝑃⃗  was assumed to be proportional to the electric field. Considering a nonlinear response of 𝑃⃗ , 

like in equation (II-70), the wave equation can be written as 

 
∇⃗⃗  2𝐸⃗ −

𝑛2

𝑐0
2

𝛿2𝐸⃗ 

𝛿𝑡2
= 0

⏟            
𝐿𝑖𝑛𝑒𝑎𝑟 𝑤𝑎𝑣𝑒 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛

+ 𝜇0
𝛿2𝑃⃗ 𝑁𝐿
𝛿𝑡2⏟      

,

𝑁𝑜𝑛𝑙𝑖𝑛𝑒𝑎𝑟 𝑝𝑎𝑟𝑡

 
(II-71) 

known as the nonlinear wave equation (derivation in chapter 19 of [45]). In general, the nonlinear 

wave equation is a nonlinear partial differential equation that can be physically interpreted as the 

electromagnetic wave propagating in a linear medium, where the nonlinear term acts as a radiating 

source. Considering only the second-order nonlinearity term 

 𝑃⃗ 𝑁𝐿 = Χ
(2)𝐸⃗ 2 (II-72) 

and assuming an electric field comprising of two optical frequencies 𝜔1 and 𝜔2 described by 

 𝐸⃗ = 𝐸⃗ 1𝑒
−𝑖𝜔1𝑡 + 𝐸⃗ 2𝑒

−𝑖𝜔2𝑡 + 𝑐. 𝑐., (II-73) 

where 𝑐. 𝑐. is the complex conjugates of the first two terms, the 𝑃⃗ 𝑁𝐿 can be rewritten as: 

 𝑃⃗ 𝑁𝐿~ 𝐸⃗ 1
2
𝑒−𝑖2𝜔1𝑡 + 𝐸⃗ 2

2
𝑒−𝑖2𝜔2𝑡 + 2𝐸⃗ 1𝐸⃗ 2𝑒

−𝑖(𝜔1+𝜔2)𝑡

+ 2𝐸⃗ 1𝐸⃗ 2𝑒
−𝑖(𝜔1−𝜔2)𝑡 + |𝐸⃗ 1|

2
+ |𝐸⃗ 2|

2
+ 𝑐. 𝑐. 

(II-74) 

Hence, the nonlinear polarization density is proportional to terms with the frequency components 

2𝜔1, 2𝜔2, 𝜔1+𝜔2, 𝜔1−𝜔2 and a DC signal corresponding to |𝐸⃗ 1|
2
+ |𝐸⃗ 2|

2
 term. Processes 

involving second-order nonlinearity are called three-wave mixing and include second-harmonic 

generation, sum-frequency generation, difference-frequency generation, and optical rectification. 

 

2. Second-harmonic generation 

For degenerate pump frequencies 𝜔 = 𝜔1 = 𝜔2, 𝑃⃗ 𝑁𝐿 has a source term of frequency 2𝜔 resulting 

in second-harmonic generation, and equation (II-74) simplifies to 

 𝑃⃗ 𝑁𝐿~ 𝐸⃗ 1
2
𝑒−𝑖2𝜔1𝑡 + |𝐸⃗ 1|

2
+ 𝑐. 𝑐. (II-75) 

Thus, the nonlinear medium acts as a radiating source that creates an electromagnetic field at twice 

the pump light frequency. However, this nonlinear polarization density does not take the phase of 

the incident light into account. In a more general consideration, the phase relation of the incident 

electrical fields also plays a role, and the electrical field in equation (II-73) for a single frequency 

field can be written as 

 𝐸⃗ = 𝐸⃗ 1𝑒
𝑖(𝑘⃗ 𝑥 −𝜔1𝑡) + 𝑐. 𝑐., (II-76) 

where 𝑘⃗  is the wave vector and 𝑥  is the position of the electric field, which again results in a 

nonlinear polarization density of  
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 𝑃⃗ 𝑁𝐿~ 𝐸⃗ 1
2
𝑒𝑖(2𝑘⃗

 1−2𝜔1𝑡) + |𝐸⃗ 1|
2
+ 𝑐. 𝑐. (II-77) 

Taking the nonlinear wave equation (II-71) for the second harmonic 2𝜔 with 𝑃⃗ 𝑁𝐿  and asserting the 

slowly varying envelope approximation, negligible loss, and an electrical field of the second 

harmonic much smaller than the pump field, the nonlinear wave equation can be simplified to 

 ∇⃗⃗ 𝐸⃗ 2𝜔~𝐸⃗ 𝜔
2𝑒𝑖(∆𝑘⃗

 𝑥 −𝜔1𝑡) + 𝑐. 𝑐., (II-78) 

with the phase-matching condition ∆𝑘⃗ = 𝑘⃗ 2𝜔 − 2𝑘⃗ 𝜔. This equation can be solved by integration 

and written in terms of optical intensity 𝐼 =
𝑛

2
√
𝜖0

𝜇𝑜
|𝐸|2 as shown in chapter 2.2 of [67]: 

 

𝐼2𝜔 =
2𝜔2𝑑𝑒𝑓𝑓

2 𝑙2

𝑛2𝜔𝑛𝜔
2 𝑐3𝜖0

(
sin (

1
2
∆𝑘𝑙)

1
2
∆𝑘𝑙

)

2

𝐼𝜔
2 . 

(II-79) 

In this formula, the three-dimensional description of 𝐸⃗  was simplified to the one-dimensional case 

resulting in scalars for the position and the wave vector. In equation (II-79), 𝑙 denotes the 

interaction length of the nonlinear medium, 𝑛2𝜔 the refractive index of the second harmonic, 𝑛𝜔 

the refractive index of the incident field and 𝑑𝑒𝑓𝑓 the effective nonlinear coefficient, which is the 

scalar form of the 𝜒(2) tensor in the one-dimensional case. Formula (II-79) is a general description 

of the second harmonic intensity that can be used as a rule of thumb to estimate the conversion 

efficiency 𝜂 = 𝐼2𝜔/𝐼𝜔 for second-harmonic generation. The intensity of the second harmonic scales 

quadratically with 𝑑𝑒𝑓𝑓, a material property of the nonlinear medium, the interaction length 𝑙 and 

pump intensity 𝐼𝜔. Thus, the conversion efficiency scales linearly with the pump intensity. Since the 

intensity is defined as power per cross-sectional area, the best conversion efficiency is achieved by 

focusing the highest possible power to the smallest possible area with a long interaction length in 

a medium with a high nonlinear coefficient. The ∆𝑘 term in equation (II-79) describes the phase-

matching condition. For perfect phase matching it becomes equal to 1, which is due to material 

dispersion in a medium usually not the case. An approach to optimize phase matching is quasi-

phase-matching (QPM) via periodic poling that will be discussed in section 4. 

 

3. Boyd-Kleinman condition 
The previous chapter describes SHG for plane waves and equation (II-79) offers a good intuition 

about the different parameters involved in SHG, especially the phase matching condition. However, 

the electric field in space is usually localized, requiring the electric field's description by a Gaussian 

beam. Boyd and Kleinman [30] derived a formula for the conversion efficiency of a Gaussian beam 

similar to the plane wave solution in (II-79). In [30] they showed that the conversion efficiency for 

a Gaussian beam in terms of optical power is described by 

 
𝑃2𝜔 =

2𝜔2𝑑𝑒𝑓𝑓
2 𝑙𝑘𝜔

𝜋𝑛2𝜔𝑛𝜔
2 𝑐3𝜖0

𝑃𝜔
2ℎ(𝜎, 𝐵, 𝜉), 

(II-80) 

which can also be derived from the nonlinear wave equation and the nonlinear polarization density 

for a Gaussian beam. Here, ℎ(𝜎, 𝐵, 𝜉) is given by the non-elementary integral 

 

ℎ(𝜎, 𝐵, 𝜉) =
1

4𝜉
∬
𝑒𝑖𝜎(τ−τ

′)𝑒−𝐵
2(𝜏−𝜏′)

𝜉(1 + 𝑖𝜏)(1 − 𝑖𝜏′)
𝑑𝜏𝑑𝜏′

𝜉

−𝜉

, 

(II-81) 
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that can only be solved numerically. The parameters in this equation are the focusing parameter 

𝜉 = 𝑙/𝑏, the walk-off parameter 𝐵 = 𝜃√𝑙𝑘𝜔/2 and 𝜎 = 𝑏∆𝑘/2 with the Gaussian beam confocal 

parameter 𝑏, the walk-off angle 𝜃, and the substitute 𝜏(′) = 2(𝑧(′) − 𝑓)/𝑏 with the focal point 𝑓, 

based on Boyd’s and Kleinman’s approach to solving the wave equation from an observer's point 

of view 𝑧 outside the crystal and the radiating source 𝑧’ inside. Like the phase-matching term in 

(II-79), ℎ(𝜎, 𝐵, 𝜉) has to be maximized for efficient SHG. Values of ℎ(𝜎, 𝐵, 𝜉) are plotted in Figure 

II-15 for an approximated solution derived by Chen and Chen [68], where 𝜎 = 0 is assumed for 

perfect phase matching (∆𝑘 = 0). 

 

Figure II-15: Numerical approximation for the solution of the non-elementary integral ℎ(𝜎, 𝐵, 𝜉) depending on the 
confocal parameter 𝜉 and the walk-off parameter 𝐵. 

For zero walk-off (𝐵 = 0), the maximum conversion efficiency is at a focusing parameter of 𝜉 =

2.84, known as the Boyd Kleinman condition for optimal focusing. In general, optimizing this value 

is not too critical, with broad tolerances between 1.52 < 𝜉 < 5.3 still covering 90% of the 

efficiency. The zero walk-off assumption is generally not valid for crystals with birefringent critical 

phase matching due to the spatial walk-off of the focusing beam for the extraordinary polarization. 

Still, it holds for noncritical phase matching e.g. the later introduced quasi-phase-matching. Overall, 

the Boyd Kleinman condition limits the efficiency of focusing inside the crystal for Gaussian beams. 

This lies within the different Gouy phase shifts of the pump beam and the second harmonic due to 

the nonlinear polarization density that induces an increasing phase mismatch. Since the Gouy 

phase is larger for stronger focusing, this results in an increasing phase mismatch and thus lower 

conversion efficiency. 

The derived formulas for the second harmonic for a plane wave approach and a Gaussian beam are 

similar concerning the different parameters. However, one crucial difference besides the non-

elementary integral in the Boyd Kleinman solution is the dependency of the second harmonic on 

the length 𝑙 of the crystal. The second harmonic intensity scales quadratically with the length for 

the plane-wave solution and only linearly for the Gaussian beam solution. This can be explained by 

the inherent beam divergence of Gaussian beams, which results in a continually decreasing beam 

intensity, affecting the conversion efficiency. In contrast, the intensity of a plane wave is constant. 

Both approaches assume a constant pump field corresponding to low conversion efficiencies.  

At high conversion efficiencies, pump depletion has to be considered and the overall conversion 

efficiency is diminished with respect to the equations (II-79) and (II-80). Using a Green’s-function 

analysis together with a perturbation theory approach as described in [69, 70], the following 

solution for the second-harmonic power of a Gaussian beam can be derived: 

file:///C:/Users/kleinert/AppData/Roaming/Microsoft/Word/Analytical%23_CTVL00107918fc07f8f40e4a47703f55857b20d
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 𝑃2𝜔 = Κ 𝑃𝜔
2ℎ(𝜎, 𝐵, 𝜉) − Κ2 𝑃𝜔

3ℎ2(𝜎, 𝐵, 𝜉) + Κ
3 𝑃𝜔

4ℎ3(𝜎, 𝐵, 𝜉) + ⋯. (II-82) 

The first term in this equation equals equation (II-80), with the fractional term abbreviated as Κ. 

With pump depletion, additional higher-order terms diminish the overall conversion efficiency. This 

work uses a continuous-wave laser source and a femtosecond laser source to pump a nonlinear 

crystal. For the CW source with a few milliwatts of output power, equation (II-80) is sufficient to 

describe the conversion efficiency. With a peak output power of a few kilowatts, pump depletion 

is not negligible and equation (II-82) is more accurate for the description of SHG. 

It is noteworthy that the second harmonic has the same confocal parameter as the fundamental 

beam but with a reduced waist of 𝑤2𝜔 =
𝑤𝜔

√2
 or half the effective mode area, later of interest for 

the coupling efficiency of second-harmonic Gaussian beams into GRIN lenses. This smaller waist 

can be explained by the magnitude of the nonlinear polarization density being proportional to the 

square of the electric pump field, which for a Gaussian beam again results in a Gaussian beam but 

with a smaller radius.  

4. Phase-matching with periodic poling 
In equation (II-79), the intensity of the second harmonic follows a squared 𝑠𝑖𝑛𝑐-function of the 

phase-matching condition 

 ∆𝑘⃗ = 𝑘⃗ 2𝜔 − 2𝑘⃗ 𝜔 (II-83) 

plotted in Figure II-16. For efficient SHG, the difference between the pump and the SH wave vectors 

must be zero or close to zero.  

 

Figure II-16: Intensity of the second harmonic depending on the phase-matching condition ∆𝑘. With an increasing 
phase mismatch, the second harmonic power drops significantly. 

In a nonlinear crystal without any phase matching, this is usually not the case due to dispersion, 

which leads to contributions of the second harmonic from different positions in the crystal with a 

continuously varying phase relation. If the phase mismatch created by a crystal length of 𝐿𝐶  is 

smaller than 𝜋, SH waves from different points of the interaction length interfere constructively. If 

it is larger than 𝜋, the electromagnetic fields start to interfere destructively with amplitude 

contributions of previously created SH waves. This results in a diminished net output power of the 

second harmonic, as depicted in Figure II-16. 𝐿𝐶  is called the coherence length of the crystal [71], 

defined as 
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 𝐿𝐶 =
𝜋

∆𝑘
. (II-84) 

One way to avoid a dispersion-related phase mismatch is birefringent phase matching. In 

birefringent phase matching, the crystal orientation (critical phase matching) or temperature 

(noncritical phase matching) can be used to achieve phase matching. A second method described 

by Armstrong et al. is a periodic sign reversal of the nonlinear susceptibility χ(𝑖) inside the crystal, 

known as periodic poling or quasi-phase-matching [72]. A QPM crystal allows a small phase 

mismatch between pump and SH within the coherence length, but whenever a reversal of energy 

flow due to an increasing phase mismatch would occur, χ(𝑖) and thus, the nonlinear coefficient 

utilized for SHG is reversed. This ensures a maximized SH at the output of the crystal. Figure II-17 

depicts the SH intensity from equation (II-79) for a plane wave depending on the crystal length for 

different phase matching techniques. 

 

Figure II-17: Quasi-phase-matching in a periodically poled nonlinear crystal with highlighted sign reversal of the 
nonlinear coefficient, compared to perfect phase-matching and no phase-matching at all. The efficiency of QPM 

compared to ideal phase-matching is reduced by 22/𝜋². 

Figure II-17 shows that for QPM, the effective nonlinear coefficient 𝑑𝑄𝑃𝑀 given by 

 
𝑑𝑄𝑃𝑀 =

2

𝜋𝑚
𝑑𝑒𝑓𝑓, 

(II-85) 

is reduced by 2/𝜋 compared to perfect phase matching [71] since a small phase mismatch is always 

allowed between both electromagnetic fields. Here, 𝑚 is the phase-matching order. Even though 

the nonlinear coefficient is reduced for QPM compared to perfect phase matching, QPM can utilize 

coefficients with a higher nonlinearity, where the pump and second harmonic wave have the same 

polarization. This is usually not the case in birefringent phase matching and is referred to as type 0 

phase matching. For example, in lithium niobate birefringent phase matching utilizes the 𝑑31 =

4.35pm/V coefficient, whereas QPM uses the 𝑑33 = 27pm/V tensor entry [73]. The period length 

of a QPM crystal, defined as the length of two consecutive domains with a reversed sign of the 

nonlinear coefficient, is given by twice the crystal coherence length  

 Λ = 2𝑚𝐿𝐶 , (II-86) 

used to calculate the required domain width and period length of a QPM crystal. Here, 𝑚 again is 

the phase-matching order. Due to higher order phase matching 𝑚, one crystal can support multiple 

file:///C:/Users/kleinert/AppData/Roaming/Microsoft/Word/Interactions%23_CTVL001d44bf8f15d784be6a8da50ae71ad9392
file:///C:/Users/kleinert/AppData/Roaming/Microsoft/Word/Quasi-phasematching,%23_CTVL001544a7c2f529e4d7498dcdc3423e6152f


Fundamentals 

41 
 

nonlinear interactions with only one poling period. This will be observed for the SHG measurements 

in V.D.3, where also higher-order frequency conversions occur. 

The most common fabrication method for periodically poled crystals is ferroelectric domain 

engineering, as described in [74]. In ferroelectric domain engineering, a strong electric field is 

applied to reverse the domains according to the period length with the help of patterned electrodes 

at the crystal surface.  

5. Materials for second-harmonic generation 
Materials used for SHG exhibit no inversion symmetry and a high nonlinear coefficient. Typical 

nonlinear crystals include beta-barium borate (BBO), potassium titanyl phosphate (KTP), or lithium 

niobate (LN). While BBO and KTP are primarily used in free-space setups, LN can also be utilized to 

inscribe waveguides for integrated SHG sources. Other materials with a high χ(2) for waveguide 

fabrication include AlN and Si3N4 [75]. Conversion efficiencies in literature are either reported as 

total efficiencies in % or as relative efficiencies in %/W. The latter, favoring low pump power 

sources, is often used in integrated photonics. Some noteworthy publications for integrated 

devices and free-space setups are listed below: 

• The highest %/W conversion efficiency was achieved in [76] with 250,000 %/W. Lu et al. 

used a high Q microring resonator in lithium niobate with a total conversion efficiency of 

15 % to achieve this value. 

• In [36], Jankowski et al. demonstrated a conversion efficiency of 50 % for a 6 mm long 

periodically poled nanophotonic lithium niobate waveguide for SHG from 2050 nm to 

1025 nm with a femtosecond pulsed laser. 

• Several publications on SHG in AlN are available with the highest conversion efficiency of 

12 % achieved by Guo et al. in 2016 with a high Q-factor microring resonator. This 

corresponds to a 2500 %/W conversion efficiency with a continuous wave laser from 

around 1550 nm to 775 nm [77]. 

• Even though Si3N4 has no inversion symmetry, Lu et al. demonstrated up to 22 % SH 

efficiency (2500 %/W) for a photo-induced Χ(2) in high Q microring resonators for a 

continuous wave laser from 1550 nm to 775 nm [75]. 

• A conversion efficiency of 36 % was achieved for a single pass 40 mm ppLN bulk crystal by 

Sané et al. [78]. 

• In a free-space double resonant cavity, a conversion efficiency of 52 % was achieved for a 

ppLN bulk crystal in [79]. 

• For a femtosecond pulsed laser pumped ppLN bulk crystal, conversion efficiencies of 83 % 

were reported in [80]. 

In this work, periodically poled Mg:O doped lithium niobate crystals are used for SHG fabricated by 

Covesion1 for frequency conversion from 1540 nm to 770 nm. The crystals have a length of 1 mm 

and the highest nonlinear coefficient of χ(2) for this material is 𝑑33 = 25 pm/V. This corresponds 

to a typical effective nonlinear coefficient of 𝑑𝑄𝑃𝑀 = 14 pm/V for the periodically poled crystal. 

The period length calculated with Equation (II-86) for first-order phase-matched SHG with a 

1540 nm pump source and an Mg:O doped lithium niobate crystal at room temperature is 19.1 µm, 

which is also the periodicity stated by Covesion. To calculate the period length, 𝑘𝑖 =
2𝜋𝑛(𝜆𝑖)

𝜆𝑖
 with 

the Sellmeier equation for Mg:O doped lithium niobate in the Appendix A.1 was used. 

 
1 https://www.covesion.com/en/ 
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The crystals will be inserted into an on-chip free-space section with collimating and focusing lenses 

that have a focusing parameter of 𝜉𝑐𝑜𝑙𝑙𝑖𝑚𝑎𝑡𝑒𝑑 = 0.1 and 𝜉𝑓𝑜𝑐𝑢𝑠𝑒𝑑 = 3.3 respectively (see Figure 

II-15). This corresponds to maximized ℎ parameters of ℎ𝑐𝑜𝑙𝑙𝑖𝑚𝑎𝑡𝑒𝑑 = 0.1 and ℎ𝑓𝑜𝑐𝑢𝑠𝑖𝑛𝑔 = 1.06. In 

other words using focusing lenses for SHG should be roughly ten times as efficient as as collimated 

lenses. Following Equation (II-80), a conversion efficiency of 0.07 %/W should be expected for the 

focusing lenses. Figure II-18 depicts a schematic layout of the chip used for the integration of the 

ppLN crystal. Similar to the free-space section used to integrate an optical isolator in Figure II-10, it 

comprises an input and output waveguide with a GRIN lens-created free-space section in between. 

For chip characterization, cleaved standard single-mode fibers for 1550 nm are coupled directly to 

the input and output waveguide and fixed with glue. 

 

Figure II-18: Schematic layout of the polymer PIC for second-harmonic generation. The device consists of an on-chip 
free-space section with an inserted ppLN crystal. For better handling, an input and an output cleaved SMF-28 are 

coupled and glued to the polymer waveguides. 
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III. Simulation 
In II.B a model for the on-chip free-space sections based on the propagation of Gaussian beams 

with ABCD matrices was derived. This chapter uses the approach to calculate the coupling loss of 

free-space sections based on GRIN lenses with two different numerical apertures and two 

waveguide geometries. The first section calculates the optical modes of the polymer waveguides 

that are coupled to the GRIN lenses. These are used afterwards to calculate the overall coupling 

loss of different free-space sections regarding the free-beam section's propagated length and the 

GRIN lens length. 

A. Optical modes in polymer waveguides 
The polymer waveguides from which the Gaussian mode is launched into the free-space section 

comprise a higher refractive index core material embedded in a polymer cladding. In this work, two 

different waveguide geometries with two different core refractive indexes are used. The first 

waveguide has a cross-section of 3.2 x 3.2 µm² with a core refractive index of 𝑛𝑐𝑜𝑟𝑒 = 1.48 

embedded in a cladding with 𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 = 1.45. The second waveguide geometry has a cross-

section of 7.3 x 7.3 µm² and a core refractive index of 𝑛𝑐𝑜𝑟𝑒 = 1.455 embedded in the same 

cladding material. Based on these values, the beam propagation solver of Fimmwave is used to 

calculate the optical modes of both waveguides at 1550 nm. In addition to the quadratic cross-

section with a width of 3.2 x 3.2 µm², an inversely tapered waveguide with the same height but 

reduced width of 0.8 x 3.2 µm² is simulated. The different geometries with their corresponding 

mode field diameters are depicted in Figure III-1. 

 

Figure III-1: Simulated mode field diameters (MFD, 1/e²) of three waveguide geometries and their corresponding 
waveguide (WG) dimension at 1550 nm. 

The mode field diameters, calculated as 1/e² values, for different geometries range between 

4 µm x 4 µm for the ∆𝑛 = 0.030 waveguide without taper and 9.5 µm x 9.5 µm for ∆𝑛 = 0.005. 

The latter one being close to the MFD of a standard single-mode fiber with a MFD of 10.4 µm. A 

0.8 µm inversely tapered waveguide enlarges the MFD of the ∆𝑛 = 0.030 waveguide to 

5.0 µm x 5.6 µm. Since larger mode field diameters increase the alignment tolerances, the inversely 

tapered waveguide is used for the ∆𝑛 = 0.030 material system instead of the non-tapered 

waveguide for the following coupling calculations. 

B. Simulation of on-chip free-space sections 
The on-chip free-space section comprises an input waveguide coupled to a GRIN lens followed by 

the free-space section to insert optical bulk crystals. Finally, a second GRIN lens couples the light 

back into the output waveguide. Based on the Gaussian beam propagation with ABCD matrices and 

overlap integrals introduced in II.B, it is possible to calculate the coupling loss of the on-chip free-
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space section for incident optical modes of the polymer waveguides calculated in the previous 

section. For waveguides with high confinement (∆𝑛 = 0.030), the materials to be inserted are 

Faraday rotators (𝑛 = 2.31) with polarization filters for optical isolators or Faraday rotators with 

HWPs for optical circulators. These waveguides offer the smallest bend radii and other optical 

functionalities like tunable DBR lasers that will be co-integrated within this work. On the other 

hand, low confinement waveguides with ∆𝑛 = 0.005 offer a better coupling efficiency to single-

mode fibers, beneficial to increase the conversion efficiency of SHG. Thus, it is used to integrate 

ppLN crystals with a refractive index of 𝑛 = 2.21 at 1550 nm. In the analysis, the free-space section 

length and input/output GRIN lens lengths (with equal lengths for both lenses) are varied to 

calculate the coupling efficiency. As listed in Table II-1, there are two different GRIN lenses with a 

numerical aperture of 0.14 and 0.24 available. Since ∆𝑛 = 0.030 waveguides have a small mode 

field diameter and a large beam divergence at the waveguide facet, they are combined with the 

𝑁𝐴 = 0.24 GRIN lenses of a larger acceptance angle. Accordingly, the ∆𝑛 = 0.005 waveguides will 

be paired with the 𝑁𝐴 = 0.14 GRIN lenses due to the smaller beam divergence. 

All optical crystals within this work have an anti-reflective coating and the effective refractive index 

of the GRIN lenses matches very well with the polymer waveguides and the index-matching glue 

used to fix the crystal and the lenses. Thus, all losses due to Fresnel reflection and also material 

absorption are neglected within this chapter. The latter will be discussed later within the analysis 

of the different PICs. 

The coupling efficiency of nonreciprocal elements 

The results for integrating RIG crystals (Faraday rotators) are shown as a color-coded two-

dimensional coupling efficiency plot in Figure III-2, with the GRIN lens length variation on the y-

scale and the RIG crystal length on the x-scale.  

 

Figure III-2: Simulated 2D coupling efficiency for a RIG crystal inside a free-space section with variation of the RIG 
crystal and GRIN lens length. The dashed line represents the cross-section from Figure III-3, corresponding to a RIG 

crystal with a length of 1 mm. 

There are four solutions for maximum coupling efficiency at low crystal lengths that converge into 

two for increasing crystal lengths. For a crystal length of 0 mm (GRIN lens back to back coupling), 

these correspond to the GRIN lens pitches 0.25, 0.5, 0.75 and 1, introduced in II.B.2. For even longer 

GRIN lens lengths, this pattern would repeat with the optical beam oscillating over an increasing 

number of sinusoidal periods inside the GRIN lens. The upper branch of the bifurcation corresponds 

to an intensely focused beam that results in a beam waist with high confinement. For increasing 
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free-space lengths, the ability to strongly focus the beam together with a good coupling efficiency 

decreases, and the upper and lower branch converge into a solution for a nearly collimated beam. 

In theory, free-space sections with a length of up to 10 mm with a coupling efficiency below 1 dB 

can be achieved for perfect alignment in this material system. This coupling efficiency is achieved 

for a GRIN lens length of 520 µm. It is mainly limited by the beam divergence and an increasing 

curvature (or phase mismatch) of the Gaussian beam at the coupling interface back into the 

polymer waveguide. For comparison, the coupling efficiency in the lower-left corner of Figure III-2 

corresponds to a free-space section without lenses that can be used to integrate thin-film filters up 

to a length of ~19 µm for coupling loss below 1 dB. For the integration of RIG materials, only 

collimated free-space sections are of interest. In contrast to focused beams, one GRIN lens length 

corresponding to a pitch slightly larger than 0.25 can cover a large variety of different free-space 

section lengths in collimated beams. A core application for the RIG material is the integration of 

optical free-space isolators with a total length of ~1 mm. Figure III-3 depicts the coupling efficiency 

for a fixed free-space length of 1 mm. 

 

Figure III-3: Coupling efficiency for a 1 mm long free-space isolator crystal depending on the GRIN lens length. 

It is noted that the isolator comprises not only the Faraday rotator with a refractive index of 2.31 

but also two polarization filters and a HWP with a refractive index of 𝑛 ≈ 1.5. Therefore, the results 

shown in Figure III-3 differ slightly from the 2d map in Figure III-2, where a free-space section filled 

only with RIG material was assumed. An optimal coupling loss of less than 0.1 dB is achieved for 

GRIN lens lengths of 500 µm for lenses with a numerical aperture of 𝑁𝐴 = 0.24. This corresponds 

to a pitch slightly larger than 0.25. Within ±15 µm fabrication tolerances of the GRIN lenses, the 

coupling loss is less than 1 dB. 

The coupling efficiency of nonlinear elements 

Similar to Figure III-2, the coupling efficiency for a SHG free-space section filled with MgO:LN (𝑛 =

2.13) depending on the GRIN lens length and the free-space section length is depicted in Figure 

III-4. Here, a refractive index difference of ∆𝑛 = 0.005, and MFDs of 9.4 µm were set for the 

polymer waveguides at 1550 nm and a 𝑁𝐴 = 0.14 was chosen for the GRIN lenses.  
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Figure III-4: Simulated 2D coupling efficiency for a ppLN crystal inside a free-space section with a variation of the ppLN 
crystal and GRIN lens length. The dashed line represents the cross-section from Figure III-5, and the highlighted 

positions (a) and (b) are depicted as a radial intensity distribution in Figure III-6. 

Free-space sections up to a length of 8.2 mm can be covered with loss below 1 dB, according to 

Figure III-4. This value is slightly smaller than for the previously simulated free-space section in 

Figure III-2, where more than 10 mm with less than a dB of loss could be bridged. This is due to the 

slightly larger beam waist of 42 µm that is created by the 𝑁𝐴 = 0.24 GRIN lenses compared to the 

38 µm of the 𝑁𝐴 = 0.14 GRIN lenses. According to Equation (II-17), a larger beam waist reduces 

the beam divergence, which is the limiting factor of the theoretical maximum of achievable lengths 

of free-space sections. Furthermore, for the RIG material the beam divergence is additionally 

reduced by the slightly higher refractive index compared to lithium niobate. 

For a fixed crystal length of 1 mm, the GRIN lens length is plotted in Figure III-5. Most efficient 

coupling is achieved for GRIN lens lengths of 840 µm with less than 0.1 dB loss and a 1 dB loss 

fabrication tolerance of ±30 µm for a collimated beam. For a focusing beam, equally good coupling 

efficiencies can be achieved for a GRIN lens length of 1330 µm within the same fabrication 

tolerances. 

 

Figure III-5: Coupling efficiency for a 1 mm long ppLN crystal depending on the GRIN lens length. 
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The two solutions for a 1 mm ppLN crystal, highlighted in Figure III-4, are depicted as cross-sectional 

intensity distributions in Figure III-5. The collimated beam has a 38 µm beam waist inside the free-

space section, while the focusing lenses create a beam waist of 6 µm. The latter beam waist 

corresponds to a confocal parameter of 150 µm and a 3.3 ratio from crystal length to confocal 

parameter close to the Boyd Kleinman condition of 2.84 introduced in II.D.3.  

 

Figure III-6: Radial intensity distribution for a free-space length of 1 mm with ppLN crystal inserted and a GRIN lens 
length of 840 µm (a) and 1330 µm (b) at a wavelength of 1550 nm, corresponding to the parameter combinations [a] 

and [b] in Figure III-4. 

The coupling efficiencies calculated in Figure III-4 and Figure III-5 correspond to the coupling 

efficiency at 1550 nm that describes the general behavior of the free-space section. However, for 

SHG the coupling efficiency of the second harmonic back into the waveguide is crucial. As described 

in section II.D.3, the waist of the second harmonic is related to the pump beam by 𝜔𝑝𝑢𝑚𝑝 = √2𝜔𝑆𝐻 

with matching phase fronts. Starting from the SH created in the free-space section, this enables the 

calculation of the coupling efficiency back into the waveguide similar to the previous analyses. Since 

the polymer waveguides are single-mode and thus the Gaussian pump beam is in the fundamental 

𝑇𝐸𝑀00 mode, the created SH is also created in the 𝑇𝐸𝑀00 mode. However the output polymer 

waveguide designed for 1550 nm is multimode at 775 nm. Thus, the SH can also couple in higher-

order modes. The simulated coupling efficiency into the two fundamental modes of the waveguide 

at 775 nm is less than 0.1 dB for both the collimated and the focusing beam, yielding a similar loss 

than for 1550 nm. Due to dispersion, the 0.25 pitch length of the GRIN lenses is slightly longer at 

lower wavelengths, requiring 5 µm longer lenses from 1550 nm down to 775 nm. Still, this effect is 

negligible and within the fabrication tolerances of the GRIN lenses. 

Alignment offsets for on-chip free-space sections 

The previous two simulation sections are based on paraxial Gaussian beam transmissions that 

enable the calculation of coupling efficiencies with only little complexity involved. This covers the 

case of perfect alignment and no consideration of interface reflections. The latter can be neglected 

because all interfaces are covered with index-matching glue, and interfaces with a high refractive 

index (the nonlinear and nonreciprocal materials) are coated with an anti-reflection coating. 

However, alignment tolerances are still critical. The GRIN lenses fabricated from a GRIN fiber exhibit 

an intrinsic core to cladding offset, and also the polymer U-groves have a depth variation across 

the fabricated wafers. To determine the alignment tolerances, simulations with Zemax’s physical 

optics propagation method using the underlying methods described in [81], were carried out. The 

results are depicted in Figure III-7. Simulations include an offset corresponding to a U-groove that 

was etched too deep or too shallow and a rotational tilt along the input facet of the output lens. 

file:///C:/Users/kleinert/AppData/Roaming/Microsoft/Word/Optical%23_CTVL001941d9a2c72e84bce956635735da30a41
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Figure III-7: Simulation of a GRIN lens alignment offset that corresponds to a U-groove that was etched too deep or too 
shallow for a numerical aperture of 0.24 with ∆𝑛 = 0.030 waveguides (red curve) and 𝑁𝐴 = 0.14 GRIN lenses with 
∆𝑛 = 0.005 waveguides (blue curve). Additionally, a tilt of the output GRIN lens was simulated for ∆𝑛 = 0.005 GRIN 

lenses (grey). 

For a numerical aperture of 0.24, and ∆𝑛 = 0.030 polymer waveguides, coupling losses of 0.8 dB 

within a vertical offset of ±1 µm are achievable compared to the 0.1 dB for a zero offset. In 

comparison, ∆𝑛 = 0.005 waveguides with 𝑁𝐴 = 0.14 GRIN lenses and a ±1 µm tolerance yield 

coupling losses of 0.4 dB. The higher alignment tolerances of the 𝑁𝐴 = 0.14 lenses result from the 

larger mode field diameter of 9.5 µm of the ∆𝑛 = 0.005 compared to the ∆𝑛 = 0.030 waveguides 

with a MFD of 4.0 µm. An angular offset of ±1° with respect to the optical axis corresponds to a 

coupling loss of 6 dB. Even though a tilt offset of ±1° is much more critical than a vertical offset of 

±1 µm, a rotational offset of the GRIN lenses can be reduced and neglected since the bottom 

surface of the U-grooves are used to align the GRIN lenses parallel to the polymer waveguides with 

a negligible rotational error. 
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IV. Fabrication 
The hybrid integration platform PolyBoard was already briefly introduced in II.A, where an overview 

of the platform's different optical functionalities was given. The first part of this chapter will provide 

an overview of the technical aspects of the PolyBoard and the waveguide and U-groove fabrication 

methods. Since the fabrication of both waveguides and U-grooves that hold the GRIN lenses used 

for the on-chip free-space sections were already established prior to this work, these aspects will 

be covered only in short detail. Besides free-space sections, other optical functionalities used in 

this work include thin-film filter slots for the insertion of polarization beam splitters, thermo-optic 

components like variable optical attenuators, phase shifters, and a tunable DBR laser that will also 

be described briefly. The second part of this chapter elaborates on the fabrication of GRIN lenses 

from a graded-index fiber established within this work. Lastly, the preparation of suitable materials 

for the on-chip free-space section is described. This includes the bonding process of free-space 

isolators and Faraday rotators plus half-wave plates and preparation of the ppLN crystals for SHG. 

A. The PolyBoard 
The PolyBoard is a hybrid integration platform that comprises polymer waveguides with a higher 

refractive index material embedded in a cladding polymer with a low refractive index. The standard 

fabrication process of the PolyBoard includes an electrode layer a few microns beneath the 

waveguide layer, used for thermo-optic components like tunable gratings, phase shifters, or 

variable optical attenuators. Additionally, U-grooves and etched slots are used for fiber coupling, 

creating the on-chip free-space sections and inserting thin-film filters. Overall, the combination of 

buried electrodes, U-grooves plus filter slots, and waveguides requires a set of five lithographic 

masks in the fabrication process for the 4’’ wafer technology. Three masks are required to fabricate 

the U-grooves and one each for the buried electrodes and the waveguide layer. There are four 

different core materials and one cladding material available for the waveguide layer, as listed in 

Table IV-1, commercially available in the ZPU line from ChemOptics Inc. 

Table IV-1: Refractive index values for the cladding material, the four different core materials and the corresponding 
refractive index difference between core and cladding at 1550 nm. The standard waveguide geometries for single-mode 
waveguides at 1550 nm and their corresponding (Gaussian 1/e²) mode field diameter are listed below. 

 𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 𝑛𝑐𝑜𝑟𝑒005 𝑛𝑐𝑜𝑟𝑒011 𝑛𝑐𝑜𝑟𝑒020 𝑛𝑐𝑜𝑟𝑒030 

𝑛 1.45 1.455 1.461 1.470 1.480 
∆𝑛 - 0.005 0.011 0.020 0.030 

Cross-section - 7.3 x 7.3 µm² 6.0 x 6.0 µm² 3.5 x 3.5 µm² 3.2 x 3.2 µm² 
MFD - 9.5 x 9.5 µm² 7.2 x 7.2 µm² 4.7 x 4.7 µm² 4.0 x 4.0 µm² 
Bend radius  14.0 mm 4.0 mm 3.0 mm 1.3 mm 

 

Depending on the application, there are waveguides with a refractive index difference between 

0.005 and 0.03 available. The refractive index ∆𝑛 = 0.005 offers large mode field diameters that 

match the MFD of SMFs very well and allow fiber coupling with low loss (∆𝑛 = 0.005) down to 

0.2 dB per interface. While the ∆𝑛 = 0.005 material system does not allow any waveguide bends 

due to high waveguide bending loss, the ∆𝑛 = 0.030 material system is most versatile in its 

applications. It offers the smallest bends in the PolyBoard platform at the cost of higher fiber 

coupling and thin-film filter loss due to the smaller waveguide mode field diameters. The two other 

refractive indexes offer a trade-off between the two mentioned ones, and they are of particular 

interest for smaller wavelengths since the waveguide width for single-mode condition scales with 

the wavelength [45]. Thus, structures at low wavelengths get increasingly small and challenging to 

fabricate in ∆𝑛 = 0.030. 
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As already mentioned, ∆𝑛 = 0.030 is the material system of choice for the integration of 

nonreciprocal elements since it also offers the co-integration of other functionalities like a tunable 

laser or waveguide bends required for the circulator. In contrast, ∆𝑛 = 0.005 offers low fiber 

coupling loss beneficial for high conversion efficiencies in nonlinear optics. 

1. Waveguide fabrication 
For the waveguide fabrication, polymer layers are deposited as liquid resin with a spin coater, and 

subsequently UV cured and hard-baked. After deposition of the bottom cladding, the waveguide 

layer polymer is deposited, etched to the thickness according to Table IV-1, and structured with a 

photolithographic process. Waveguide patterning involves the deposition of a titanium mask and 

reactive ion etching of the waveguide structures. After removal of the Ti mask, a top cladding is 

deposited, resulting in buried polymer waveguides. A schematic fabrication process of the 

waveguides is shown in Figure IV-1. 

 

Figure IV-1: Waveguide fabrication process of the PolyBoard. First, the bottom cladding and core material are deposited 
(1. and 2.). After structuring the waveguides with a Ti mask and reactive ion etching (3. And 4.), the Ti mask is removed, 

and the top cladding is deposited. 

2. U-groove fabrication and GRIN lens alignment 
U-groove fabrication requires three additional photolithographic steps besides the waveguide 

lithography.  It comprises a supporting surface at the bottom designed to level the GRIN lens center 

with the waveguide center; thus, the height difference between the bottom surface and the 

waveguide center is 62.5 µm. Two etched sidewalls with a distance slightly smaller than the 125 µm 

GRIN lens diameter are used to clamp and fix the lens in the lateral dimension. The schematic layout 

of a fabricated U-groove and a picture of a U-groove cross-section are depicted in Figure IV-2. 
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Figure IV-2: Schematic layout of a U-groove to insert GRIN lenses and single-mode fibers (left). Right: cross-section of a 
fabricated U-groove with an indicated position of a GRIN lens. 

Insertion and alignment of the GRIN lenses inside the U-grooves is done with a tweezer under an 

optical microscope. The U-grooves provide the horizontal and vertical precision that the GRIN 

lenses are coupled to the waveguides when the lenses are aligned with the U-grooves' bottom 

surface, which can be achieved by applying a small amount of force on the lenses. Application of 

this force is possible with a micromanipulator during an active alignment where the transmitted 

signal is maximized if the lenses are aligned correctly in the U-groove. In general however, the pre-

alignment under the microscope is sufficient, and the additional micromanipulator adjustment is 

not required, enabling a passive alignment of the lenses. Nonlinear crystals are inserted parallel to 

the etched edges inside the free-space section, while optical isolators are rotated by a 4° angle to 

increase the optical isolation. Alignment of the optical materials is also done with a 

micromanipulator. After the alignment, all components are fixed with a UV curing glue with a 

refractive index of 1.46 at 1550 nm, close to the effective index of the polymer waveguides and the 

GRIN lenses. 

3. Additional optical functionalities 
Besides the U-grooves used for GRIN lens alignment and the integration of optical crystals and 

waveguides, several other building blocks are required. This includes thin-film filters to integrate 

polarization beam splitters for the PBS circulator, phase shifters and optical attenuators for the MZI 

circulator, and a tunable DBR laser for the co-integration with the optical isolator. All additional 

building blocks will be covered in short detail within this section. 

Thin-film filters 

Collimated on-chip free-space sections can span up to a few millimeters with the help of GRIN 

lenses according to the results from chapter III. However, it is also possible to create small slots 

with unguided free-space sections to insert thin-film filters. Due to the lack of collimating optics, 

the slots are limited to the width of a few microns without significantly increasing loss due to an 

increasing beam divergence. This is also shown in Figure III-2 and Figure III-4 of chapter III and 

indicated by the bright part in the lower-left corner of both plots: when no lenses are used, free-

space sections of up to 20 µm can still be bridged with propagation loss of around 1.1 dB for ∆𝑛 =

0.030 waveguides. The TFF slots are etched inside the polymer waveguides similar to the deep 

etching process of the U-grooves, and are used to insert thin-film filters for spectral and polarization 

filtering or polarization rotation. The polarization can be rotated with commercially available HWPs 

based on birefringent polyimide films. Filtering of polarization and wavelength is done with thin-

film filters that consist of dielectric layer stacks deposited on a polymer film. Typical polymer layers 

for TFFs are 4 µm thick, with a 8.3 µm thick layer stack of up to a few hundred alternating layers of 
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SiO2 and TiO2. The layer design and deposition is done at the Laserzentrum Hannover. After 

deposition, the filters are cut into smaller pieces and removed from the substrate, ready to be 

inserted into the filter slot. Figure IV-3 depicts a schematic layout of a PBS slot with inserted filter. 

 

Figure IV-3: Assembled polarization beam splitter thin-film filter in an etched PolyBoard slot with two input and two 
output ports. 

Electrode layers for thermo-optic elements 

The polymers used for waveguide fabrication have a thermo-optic coefficient of -10-4/K, meaning 

that the effective refractive index of the waveguides is temperature-dependent. This can be used 

to build thermo-optic components ranging from simple phase shifters and MMI-based variable 

optical attenuators to Y-branch switches or tunable Bragg-gratings. Thermal energy is deployed 

with buried Au/Ti electrodes beneath the waveguide layer. The phase shifter electrode is placed 

beneath the waveguide, as depicted on the right-hand side in Figure IV-4. Two air trenches are 

placed next to the waveguide and the electrode to increase the thermal isolation, enhancing the 

heater efficiency. 

 

 

Figure IV-4: Micrograph of a variable optical attenuator consisting of a 1x1 MMI with a buried heater electrode (left) 
and a phase shifter (right). 

For a phase shifter length of 400 µm, a temperature increase of ~28 K is required for a phase shift 

of 𝜋. This temperature increase is achieved for electrical currents of 10 mA in the electrode. The 
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optical attenuator consists of a 1x1 MMI with a buried electrode that has an offset to the center of 

the MMI. Heating induces an asymmetric refractive index distribution inside the multimode 

interference section that gradually increases the coupling loss back into the single-mode depending 

on the temperature as described in [82]. The right part of Figure IV-4 depicts a VOA consisting of a 

1x1 MMI with the buried heating electrode. Peak attenuations that can be achieved with the VOAs 

are 19 dB for an applied current of 37.5 mA. 

Tunable DBR laser 

One of the most used PolyBoard building blocks is a hybrid integrated tunable distributed Bragg-

reflector laser consisting of an active indium phosphide gain section, coupled to a polymer 

waveguide with integrated phase shifter and a tunable Bragg grating. Figure IV-5 depicts a 

schematic layout of the tunable DBR laser together with a micrograph of a fabricated device. The 

InP-waveguide is butt-coupled to the polymer chip with an AR coating against polymer at the InP 

waveguide facet. Angled waveguides between polymer and InP additionally reduce any back 

reflections that might occur at the coupling interface. The optical cavity of the laser is formed by a 

broadband high-reflective (HR) coating at the rear facet of the InP gain element and a corrugated 

waveguide Bragg grating on the polymer side. The Bragg grating acts as a wavelength selective 

mirror that only reflects a narrow linewidth of the broad gain spectrum as depicted in Figure IV-5c. 

Similar to the phase shifter design, a heater electrode enables tuning of the Bragg grating which 

enables the selection of different longitudinal modes of the laser cavity and therefore wavelength 

tuning. The phase shifter additionally enables tuning of the longitudinal modes inside the cavity, 

which improves the side mode suppression ratio and allows fine tuning of the laser wavelength. 

 

Figure IV-5: Schematic layout of the DBR laser comprising an InP gain element with high-reflective (HR) coated back 
facet and anti-reflective (AR) coated front facet coupled to a polymer chip consisting of a thermo-optic phase shifter 

and Bragg grating. The fabricated device is depicted in b) with the working principle explained in c) as described in the 
text. 

The reflectivitiy of the Bragg grating is around 25 % and typically output powers of a few milliwatts 

can be achieved with this laser design, depending on the gain element size. The standard tuning 

range is 20 nm for a linewidth of a few hundred kilohertz. Overall, the tunable DBR laser is a 

complex building block that is covered only in short detail within this work. More about the general 

file:///C:/Users/kleinert/AppData/Roaming/Microsoft/Word/Compact%23_CTVL0010603dd79f3b846fd9615787204b1ab6e
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working principle, applications and different design variations can be found in [83]. Within this work 

the DBR laser will be integrated together with the isolator. 

B. GRIN lens fabrication 
Typical applications for commercially available GRIN lenses include fiber coupling of laser diodes 

and photodetectors, fiber-to-fiber coupling or fiber collimators [84, 85], and endomicroscopic 

applications [86]. The diameters of GRIN lenses for these primarily fiber-based applications are in 

the range of 1 mm – 2 mm, and the smallest commercially available diameters range down to 

250 µm. However, this is still two times as large as the diameter of a SMF and the diameter of the 

PolyBoard U-grooves. In principle, it would be possible to use GRIN lenses with a 250 µm diameter, 

but this would require a significant amount of technology development in the PolyBoard fabrication 

process regarding the co-integration of two differently sized U-grooves for SMFs and GRIN lenses.  

Since there are no commercially available GRIN lenses that fit the already existing SMF U-grooves 

with a diameter of 125 µm, a fabrication process for GRIN lenses was developed within this work. 

The fabrication is based on a lapping and polishing process of graded-index fiber pieces shortened 

to the required length and subsequently polished on both facet sides. A schematic of the fabrication 

process is shown in Figure IV-6. 

 

Figure IV-6: Schematic fabrication process of the GRIN lenses. After insertion and fixation in a 3d printed mold (a) and 
b)), the lenses are shortened to the targeted length and polished on both sides (c) and d)). As a final step, the lenses are 

removed from the 3d mold, separated, and cleaned (e). 

The fabrication process is as follows: a batch of a few hundred GRIN fiber pieces is fixed and glued 

in a 3d printed mold. The mold facets are then parallelized in an Al2O3  lapping process, and the 

GRIN facets of the first side are polished with a diamond suspension ranging from 1 µm down to 

0.1 µm diamond grain size. Afterwards, the mold is fixed on a carrier with the polished side facing 

towards the carrier. Following the simulations of chapter III, the batch of GRIN fibers is shortened 

to the required length and the second facet side is polished. An optional anti- or high-reflective 

coating can be applied to the block at this stage. Generally, this is not required since the refractive 

index of the lenses matches very well with the polymer waveguides and the index-matching glue. 

The final block is then resolved in acetone to remove the lenses from the mold, and the lenses are 

ready for usage after final cleaning in a ultrasonic bath. GRIN lens facets after the final polishing 

step and a mold with an array of polished lenses and applied high reflective coating is depicted in 

Figure V-14. 

file:///C:/Users/kleinert/AppData/Roaming/Microsoft/Word/Polymer-Based%23_CTVL0013cbdec5c23c74b39897d5c5dd1f421a9
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Figure IV-7: a) Microscopic image of a GRIN lens facet after the final polishing step with highlighted interface between 
core and cladding. b) Scanning electron microscope image of a polished GRIN lens facet. c) 3D printed slot with an array 

of high-reflective coated GRIN lenses. 

Three different types of GRIN lenses are used in this work. For the GRIN lenses with a numerical 

aperture of 0.24 used for the ∆𝑛 = 0.030 waveguides, the targeted length is 500 µm. For the ∆𝑛 =

0.005 waveguides, the targeted GRIN lens length of the 𝑁𝐴 = 0.14 lenses is 840 µm for the 

collimating lenses and 1330 µm for the focusing lenses. Figure IV-8 depicts a lens from each batch 

with a length scale. The length of the 500 µm and 840 µm lenses is well within the targeted length 

specifications with 500 µm±10 µm and 840 µm±10 µm. Due to a measurement error, the 1330 µm 

lenses are slightly shorter than targeted with an average value of 1285 µm±20 µm. 

 

Figure IV-8: Fabricated GRIN lenses from each batch. (a) targeted 500 µm GRIN lens length with 𝑁𝐴 = 0.24, (b) 
targeted GRIN lens length of 840 µm with 𝑁𝐴 = 0.14, (c) targeted GRIN lens length of 1330 µm with 𝑁𝐴 = 0.14. 
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C. Preparation of nonreciprocal and nonlinear materials 
The optical crystals to be integrated include nonreciprocal materials for optical isolators and 

circulators and nonlinear materials for SHG. All materials to be integrated are commercially 

available, and the requirements include: 

• Small footprint: the length of materials in the free-space section is limited to 

materials with amaximum optical transmission length of 5-10 mm in accordance 

with the simulation results in III.B. 

• Low insertion loss: the integration of on-chip free-space sections with low loss 

(<<1 dB) offers an easy integration method for optical materials. In order to keep 

the advantage over other integration methods, e.g. bonding of magneto-optic 

materials in silicon photonics, the optical materials also require low loss in terms 

of material absorption. 

• Entirely usable material aperture: the GRIN lenses are fixed and aligned on the 

supporting surface of the U-grooves that also support inserted crystals. Therefore, 

the optical beam transmits the inserted material at the lower edge of the aperture. 

This requires total magnetization in the whole magneto-optic material, including 

the crystal edges close to the surface, and periodic poling of nonlinear crystals 

covering the entire transmittable aperture. Furthermore, diced materials require 

low chipping at the edges. 

1. Nonreciprocal elements 
The Faraday rotators required for optical isolators and circulators are bismuth-doped rare earth 

iron garnets as described in II.C, commercially available by II-VI Inc. They exhibit a strong Faraday 

effect that achieves a 45° polarization rotation at a thickness of 485 µm without the requirement 

of an external magnet and low insertion loss of <0.05 dB. To reduce back reflections and 

transmission loss, they are anti-reflection (AR) coated against polymer on both sides. In optical 

isolators, these are paired with polarization filters from Codixx AG with a thickness of ~220 µm and 

intrinsic insertion loss of <0.2 dB. The polarization filters provide a polarization extinction ratio of 

>40 dB that matches the <0.5° error of Faraday rotation provided by the Faraday rotators to achieve 

an overall optical isolation of >40 dB. To maintain TE polarization after isolator transmission in 

forward direction, an additional half-wave plate with a thickness of 91 µm is bonded at the output 

side of the isolator. Both the polarization filters and the HWPs refractive index match the refractive 

index of the polymer waveguides and thus need no AR coating. This sums up to a total thickness of 

~1000 µm and overall insertion loss of 0.4 dB for the optical isolator. Integrated circulators require 

a Faraday rotator bonded to a HWP without the need for polarization filters. All components are 

bonded together as 11 x 11 mm² slabs and diced into smaller pieces as depicted in Figure IV-9 for 

the free-space isolator. With a 10 x 10 dicing grid and a 0.2 mm thick dicing blade, every bonded 

slab yields 121 isolators with an aperture of 0.9 mm x0.9 mm. Chipping at the edges is within 10 – 

15 µm, which is well outside the beam aperture of the GRIN lenses. 
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Figure IV-9: Left: 11 x 11 mm² Faraday rotators, polarization filters, and half-wave plates. Center: bonded and diced 
free-space isolators. Right: cross-section and side view of an isolator. 

2. Nonlinear elements 
Periodically poled lithium niobate crystals for SHG with a length of 1 mm are purchased from 

Covesion Ltd, AR coated against polymer and diced into smaller pieces as depicted in Figure IV-10. 

In contrast to the nonreciprocal elements, one purchased crystal only yields three separated 

crystals for the PolyBoard integration. The surface of the ppLN crystals is etched to make the 

periodic poling with a period length of 19.1 µm visible. For type-0 phase matching, the polarization 

of the pump light must be aligned with the thickness of the crystal, which corresponds to on-chip 

TM polarization if the poling is visible from the top view. 

 

Figure IV-10: Side and top view of a ppLN crystal for the PolyBoard insertion. The side view shows the input facet of the 
crystal, with almost no visible chipping at the upper and lower crystal edge. In the top view image, the mask used for 

periodic poling is still visible. 
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V. Results 
The previous chapters described the fundamentals behind the integration of nonreciprocal and 

nonlinear elements into a polymer photonic integrated circuit, derived optimal free-space section 

designs for the integration of different materials, and explained the fabrication and preparation 

techniques for the devices. Overall, four different designs for an isolator, two circulators, and a 

second-harmonic generation source were proposed in chapter II. Before characterization of these, 

free-space sections filled with index-matching glue instead of bulk crystals and resonant cavity 

designs are characterized in section V.A to measure fundamental properties of the on-chip free-

space sections. Afterwards, the integrated isolator depicted in Figure II-10 is characterized as a 

standalone device and co-integrated with a DBR laser (Figure II-11). The optical circulator is 

fabricated based on the polarization beam splitter design, schematically depicted in Figure II-12, 

and the Mach-Zehnder interferometric design, as illustrated in Figure II-14. The results are shown 

in V.C. In V.D, the second-harmonic generation source based on the ppLN integration as depicted 

in Figure II-18 is characterized. 

A. On-chip free-space sections 

1. Glue-filled free-space sections 
Overview 

Three free-space sections with a free-space length of 1 mm are characterized before the insertion 

of nonlinear or nonreciprocal materials into the on-chip free-space section. This helps to test the 

fabricated GRIN lenses' quality and verify the theoretical model derived in II.B and III. To avoid back 

reflections at the GRIN lens facets that would create a Fabry-Pérot resonator, the whole free-space 

section is filled with index-matching glue. Figure V-1 depicts such a polymer chip with inserted GRIN 

lenses and applied glue. 

 

Figure V-1: On-chip free-space section with inserted GRIN lenses filled up with index-matching glue. 

The three chips are fabricated in the ∆𝑛 = 0.030 refractive index material system equipped with 

𝑁𝐴 = 0.24 GRIN lenses. 

Measurements 

The chip in Figure V-1 is measured with input and output lensed fiber with a spot size diameter of 

6 µm. Figure V-2 shows the optical transmission and excess loss measurements for three such free-

space sections together with an adjacent reference waveguide. The transmission measurements 

include fiber-to-chip coupling loss of 1 dB per facet for each input and output coupling interface. 
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Figure V-2: Optical transmission for three free-space sections with a length of 1 mm and a reference waveguide. 

At 1550 nm, insertion loss of 2.6 dB ± 0.1 dB for the reference waveguide and average loss of 

3.3 dB ± 0.2 dB for the three free-space sections were measured. This corresponds to excess loss 

of 0.7 dB ± 0.2 dB with respect to the reference waveguide. The excess loss is obtained by 

subtracting the insertion loss of the reference waveguides from the insertion loss of the free-space 

sections. Minimal loss is observed in the range of 1560 nm to 1600 nm with calculated excess loss 

of 0.6 dB ± 0.2 dB. The spectral oscillations in all measurements are caused by the waveguide-air 

interfaces from the measurement with lensed fibers that create a weak Fabry-Pérot 

interferometer. 

Discussion 

According to the theoretical model in Figure III-7 in III.B, total loss of less than 0.1 dB are calculated 

for perfectly aligned 500 µm GRIN lenses with a numerical aperture of 0.24 and ∆𝑛 = 0.030 

waveguides for the on-chip free-space section. This coupling loss simulation includes the GRIN lens-

waveguide interfaces and the propagation in the free-space section, but not the absorption loss of 

the index-matching glue. The glue would add 0.5 dB/mm to the simulated value for a theoretical 

coupling loss of 0.6 dB. This absorption loss value was provided by Panacol, the distributor of the 

Vitralit-glue used within this work. The on-chip free-space section measurements in Figure V-2 yield 

excess loss values of 0.7 dB ± 0.2 dB at 1550 nm and 0.6 dB ± 0.2 dB at 1580 nm for a free-space 

section of 1 mm filled with index-matching glue.  In order to compare the excess loss measurement 

to the simulation, 0.14 dB have to be added to the excess loss values since the reference waveguide 

measurement is simply subtracted from the insertion loss measurement of the free-space section. 

Adding 0.14 dB to the excess loss takes into account that the reference waveguide is 2 mm longer 

than the two waveguides in the optical path of the free-space section with an additional waveguide 

propagation loss of 0.7 dB/cm. Thus, the measured coupling loss of the free-space section are 

0.84 dB ± 0.20 dB at 1550 nm. This includes the GRIN lens/waveguide interfaces, the propagation 

in the free-space section, and 0.5 dB absorption loss of the glue. Neglecting all other possible loss 

sources, e.g. facet defects or imperfections inside the GRIN lenses, the additional loss of 

0.24 ± 0.2  dB corresponds to a U-groove offset of 0.5 µm±0.2 µm that is in good accordance with 

the etching precision of the U-groove (see Figure III-7). Across a 4’’ wafer, around 60% of all U-

groove depths are within 0.5 µm deviation of the target value. Thus, taking glue absorption and the 

GRIN lens misalignment due to U-groove-depth-variation into account, the measurements are in 

good agreement with the theoretical model derived earlier. 
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2. Fiber-coupled free-space sections 
Overview 

The second device characterized in this section comprises a U-groove connected to the chip edge 

without input waveguide. Instead, a standard single-mode fiber is coupled directly to the free-space 

section as depicted in Figure V-3. 

 

Figure V-3: On-chip free-space section coupled directly to a single-mode fiber (SMF). The length of the free-space 
section can be varied by pushing the left GRIN further into the free-space section. The image was taken before applying 

the index-matching glue. 

This is also how fiber-to-chip coupling is achieved for the tunable DBR laser with an integrated 

isolator in section V.B.2. Since no input waveguide is required, this reduces the number of coupling 

interfaces from the input SMF to the free-space section without any waveguide interfaces. In 

addition, it also provides a simple way to characterize the propagation loss inside the free-space 

section and the overall loss for different lengths of free-space sections. This is done by measuring 

the insertion loss for a fixed length and subsequent reduction of the length of the free-space section 

by pushing the GRIN lens and SMF further into the free-space section as depicted in Figure V-3. 

These measurements are taken with glue that is not yet cured and therefore fluid. Different lengths 

of free-space sections ranging from 0 mm to almost 5 mm are characterized with this method. This 

chip is fabricated in a ∆𝑛 = 0.011 material system with equipped 𝑁𝐴 = 0.14 GRIN lenses. 

 

Measurements 

The fiber-coupled free-space section is measured with a coupled SMF at the input and a lensed 

fiber at the output. Figure V-4 depicts the measurement results with a simulated curve derived by 

the theoretical model of the free-space section from II.B and III. Since the simulation model only 

considers the coupling from the polymer waveguide to the free-space section into the SMF and not 

the coupling loss from the polymer waveguide to the lensed fiber, all additional losses not related 

to the free-space section were subtracted from the measurements. This includes 1 dB coupling loss 

from the lensed fiber and waveguide propagation loss of 0.5 dB for a 7 mm long waveguide 

between the free-space section and the waveguide facet to the lensed fiber. This allows a direct 

comparison of the measurement and simulation results. An absorption loss of 5 dB/cm was 

assumed for the index-matching glue inside the free-space section for the simulation model. 
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Figure V-4: Free-space transmission measurements depending on the free-space section length together with simulated 
values. The first simulation does not consider any additional absorption from the glue. In the second simulation, an 

absorption loss of 5 dB/cm was assumed for the glue. 

For back-to-back aligned GRIN lenses with a space of only 0.2 mm between both lenses, 

transmission losses of 2.2 dB inside the free-space section were measured. This value gradually 

increases up to 6.8 dB for a free-space length of 4.6 mm.  

Discussion 

The overall slightly higher values for the measurements compared to the simulation can be 

explained with small misalignments of the GRIN lenses, but the simulation in Figure V-4 fits the 

measurement data very well. The higher values of the measurement and simulation curve in Figure 

V-4, compared to the simulations in III.B where values below 1 dB are measured, can be explained 

with the asymmetric coupling interface. In III.B, the mode field diameter for the input and output 

waveguide are identical. At the same time, the results from Figure V-4 are obtained for an input 

SMF with a mode field diameter of 10.4 µm and an output waveguide with a MFD of 6.8 µm. Thus, 

overall higher loss are expected. One significant loss contribution in this measurement is the high 

absorption of ~0.5 dB/mm from the index-matching glue. Especially for longer free-space lengths, 

one-third of the total loss can be attributed to the index-matching glue. Materials with lower 

absorption, e.g. ppLN crystals with an absorption of <0.01 dB/cm, improve the overall loss of free-

space sections, to be demonstrated for the ppLN integration in section V.D. An additional possibility 

to reduce the loss of the free-space section besides the integration of low-loss materials is the GRIN 

lens length optimization. The GRIN lenses for the measurements in Figure V-4 have a fixed length 

of 840 µm. However, the 2D coupling efficiency plots of Figure III-2 and Figure III-4 in chapter III 

show a slight curvature for optimized coupling efficiency, indicating that longer free-space sections 

also require slightly longer GRIN lenses. For example, optimal coupling for the 10 mm free-space 

length is achieved with 875 µm long GRIN lenses instead of the 840 µm lenses, the latter being the 

ideal GRIN lens length for 1 mm long free-space sections. Overall, the derived model of the free-

space section matches very well with the measurement data. Therefore, the transfer matrix 

analysis for Gaussian beam transmission in II.B.3 offers an accurate model to describe the free-

space sections. 
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3. Resonant cavity design 
Overview 

In the last set of test measurements before characterization of functional devices, the GRIN 

lenses are coated with a reflective coating to build a resonant cavity. The targeted reflectivity for 

these measurements is 80%, with the coated GRIN lens facets facing toward the waveguides and 

not the free-space section, as highlighted in Figure V-5. Facing the coating towards the 

waveguides helps to stabilize the resonator, as will be discussed later. The space between both 

GRIN lenses is 1.475 mm for the first and 2.920 mm for the second GRIN lens resonator. In both 

cases the free-space section is filled with air.  

 

Figure V-5: Free-space sections with a free-space length of 1.475 mm (upper etalon) and a free-space length of 
2.920 mm. In both cases the GRIN lenses have a length of 500 µm. 

 

Measurements 

The GRIN lens resonators are measured with an input and output lensed fiber. In order to 

determine the intrinsic resonator loss and the actual reflectivity of the GRIN lens coating, an Airy 

transmission function 𝐴𝑡𝑟𝑎𝑛𝑠 (see Appendix VI.2 ) is fitted to the data. Figure V-6a depicts the 

measurements for the GRIN lens resonator with a free-space length of 1.475 mm in between both 

GRIN lenses. A modulation depth of 12.1 dB ± 0.2 dB, a reflectivity of 𝑅 =  80 % ± 5 % and intrinsic 

resonator loss of 𝐿𝑂𝑅𝑇𝐿 =  2.6 dB ± 0.4 dB were derived from the Airy fit model. The calculated 

free-spectral range is 𝐹𝑆𝑅 = 50.1 GHz ± 0.1 GHz. Similarly, the resonator with a free-space length 

of 2.920 mm is depicted in Figure V-6b. For this measurement, a modulation depth of 

9.6 dB ± 0.2 dB, a reflectivity of 𝑅 = 80 % ± 5 % and intrinsic resonator loss of 

𝐿𝑂𝑅𝑇𝐿 =  4.0 dB ±  0.4 dB are obtained. The calculated free-spectral range is 

𝐹𝑆𝑅 = 34.2 GHz ± 0.1 GHz. It is noted that due to the measurement with lensed fibers a weak 

second Fabry-Pérot resonator between the waveguide facets and the GRIN lens coatings with a 

free-spectral range corresponding to the waveguide length is created. This creates a wavelength 

beating visible in Figure V-6. To take this into account, a superposition of two Airy functions for 

each measurement, one for the actual resonator and one for the waveguide resonances is used to 

fit the data. The asymmetric shoulders in the spectrum in Figure V-6a were neglected for the Airy-

fit in order to get a better fit of the peak itself. The shoulders origin most likely from a non-perfect 

polarization adjustment during the measurement.  
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Figure V-6: Spectral measurement of a resonant cavity formed by two HR coated GRIN lenses, with a free-space length 
of 1.475 mm and 2.920 mm between both lenses. 

Discussion 

The GRIN lens resonator characterized in this work is build up with the reflective coating facing 

towards the waveguides (outer coating) and not the free-space section as indicated in Figure V-5. 

Even though a coating facing towards the free-space section (inner coating) might be the more 

obvious approach. However, an inward-facing coating will always result in an unstable resonator 

due to beam divergence of Gaussian beams. Stable resonator designs must fulfill the inequality  

 
0 ≤ (1 +

𝐿

𝑅1
)(1 −

𝐿

𝑅2
) ≤ 1, 

(V-1) 

described in chapter 4 of [87]. Here, 𝐿 is the resonator length, thus the free-space section length 

plus the length of both GRIN lenses and 𝑅𝑖 is the radius of curvature of the Gaussian beams at the 

left and right GRIN lens interfaces, facing towards the free-space section (see Equation (II-15)). In 

case of reflective coatings on the inner sides of the GRIN lenses, 𝑅1 will always be positive and 𝑅2  

always negative due to the reflection on a plane surface and beam divergence of Gaussian beams. 

Thus, (1 +
𝐿

𝑅1
) (1 −

𝐿

𝑅2
) becomes larger than 1, indicating an unstable resonator. If the coating is 

on the outer side, the GRIN lenses can be designed to create a Gaussian beam with negative 𝑅1 

(positive 𝑅2). In this case the inequality can be smaller than 1 (larger than 0) and the resonator is 

stable. It is noted that the sign of the first resonator term in Equation (V-1) is changed from negative 

to positive compared to 4.4-2 in [87], since it is adjusted to the radius of curvature of Gaussian 

beams in equation (II-15). Figure V-7 visualizes both resonator cases and explains the previous 

mathematical explanation visually. 
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Figure V-7: Visualization of the resonator stability described in the text. The thick blue line describes the Gaussian beam 
radius of the resonator mode. For an outward facing coating, the GRIN lenses act as curved mirrors that refocus the 

optical beam with every roundtrip. The inward facing coating results in a continuously expanding beam, thus an 
unstable resonator. 

For the shorter GRIN lens resonator, intrinsic resonator loss of 2.6 dB ± 0.4 dB with a coating 

reflectivity of 80 % ± 5 % are measured and calculated with the Airy fit, resulting in a modulation 

depth of 12.1 dB ± 0.2 dB. The calculated 𝐹𝑆𝑅 = 50.1 GHz ± 0.1 is in good accordance with the 

targeted value of 50.0 GHz. The Finesse for the resonator, defined as the ratio between 𝐹𝑆𝑅 and 

full width half maximum (𝐹𝑊𝐻𝑀) of the transmission peaks is 2.7 ± 0.3. In comparison, the Finesse 

of an ideal resonator without any intrinsic loss and a reflectivity of 80 % would be 14.1, or roughly 

five times larger. This is partially due to the asymmetric peak side-modes visible in Figure V-6b, 

most likely originating from a non-perfect polarization adjustment, but mostly related to the 

intrinsic resonator loss.  

The longer GRIN lens resonator resonator yields loss of 4.0 dB ±  0.4 dB, a modulation depth of 

9.6 dB ± 0.2 dB and a free-spectral range of 34.2 GHz ± 0.1 GHz, again close to the targeted value 

of 34.0 GHz. The higher loss of the longer free-space section can be explained with a deviation from 

the ideal length of the GRIN lenses for a longer free-space section, similar to the free-space length 

variation measurements. GRIN lenses with a length of 500 µm were used for both resonators, but 

for the 2.92 mm long free-space section, the ideal length would be 515 µm, contributing around 

1.0 dB to the resonator loss. Additionally, an increase in free-space length also leads to tighter 

alignment tolerances.  

The current round trip loss of 2.6 dB are already a promising first result for a GRIN lens resonator 

integrated into a PIC, but a further loss reduction would be greatly beneficial for the resonator 

performance. The inwards facing facets of the GRIN lenses are not anti-reflection coated against 

air, meaning an additional AR coating would suppress unwanted internal reflections inside the 

resonator and reduce loss from internal reflections. This would reduce the loss per GRIN lens-to-

air interface by 0.15 dB, or 0.6 dB per resonator roundtrip to roundtrip loss of 2.0 dB. Further 

improvements could be achieved by reducing angular errors during facet polishing in the GRIN lens 

fabrication. Suppose free-space sections are used for transmission only, e.g. for the integration of 

optical isolators. In that case, angular errors are negligible because the refractive index of the GRIN 

lenses and the surrounding index-matching glue match very well. However, if the lenses are used 

as reflective interfaces for a resonator, a small angular tilt can already greatly affect the stability of 

a resonator similar to a tilted mirror in a normal resonator. By reducing this angular facet error, 

together with an additional AR coating, roundtrip loss well below 1.0 dB can be expected. The 

transmission measurements in Figure V-2 indicate it should be possible to reduce the loss below 

1.0 dB since free-space section loss of 0.84 dB ± 0.20 dB (corresponding to half a roundtrip) were 

measured, including the intrinsic 0.5 dB loss of the index-matching glue. 
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Even though the GRIN lens resonator measurements carried out in this section are only a small part 

of this work, they are among the most promising perspectives for future developments and 

improvements of the on-chip free-space section. The possibility of building on-chip resonators with 

GRIN lenses offers many additional applications for the on-chip free-space sections. Besides the 

already demonstrated wavelength locking in [44], one of the most obvious applications is a 

resonant cavity design for second-harmonic generation, further discussed in V.D.4. It could also be 

used to build passive Q-switched mode-locked lasers with the integration of active gain media and 

saturable absorber mirrors (SAMs) into the free-space section [88]. Furthermore, spectroscopy 

applications like cavity ring-down spectroscopy also make use of resonant cavities [89]. GRIN lenses 

have already been used to improve the stability of optical resonators in [90]. However to the best 

of our knowledge, the fabrication of a stable resonator using only coated GRIN lenses has not been 

demonstrated yet apart from this work. 

B. Integrated optical isolator 

1. Stand-alone isolator 
Overview 

Before integration with a tunable laser, the optical isolator, schematically shown in Figure II-10, is 

built up as a standalone device as depicted in Figure V-8. The standalone isolators consist of straight 

input and output waveguides inversely tapered towards the GRIN lenses to enlarge the mode field 

diameter and reduce the alignment tolerances as simulated in III. In order to test the influence of 

the angle of the free-space isolator onto the optical isolation, the isolator can be rotated inside the 

free-space section between 0° and 4°. Due to the high refractive index of the Faraday rotator, an 

angled isolator requires an offset between the input and output waveguide of the free-space 

section to compensate for the beam offset. For example, a 4° angled free-space isolator requires a 

13 µm waveguide offset. 

 

Figure V-8: Integration of a free-space isolator before applying index-matching glue. The isolator is inserted into a free-
space section formed by two GRIN lenses coupled to the polymer waveguides. 

 

Measurements 

The stand-alone integrated isolator is characterized by measuring the optical transmission in 

forward direction for TE polarized light (the input polarization filter blocks TM polarized light) and 

backward direction for TE and TM polarized light. The measurement results are depicted in Figure 

V-9 together with the transmission of a straight adjacent reference waveguide. The device is 

file:///C:/Users/kleinert/AppData/Roaming/Microsoft/Word/Polymer-based%23_CTVL0017e12c838d8f34beb9f831f7deeacc254
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measured with 6 µm spot size lensed fibers at the input and output that contribute 1.0 dB coupling 

loss per facet.  

 

Figure V-9: a) Forward TE and backward TE/TM transmission of a 4° angled integrated optical isolator with a reference 
waveguide and highlighted C-band. b) Forward TE transmission with adjusted axis scale. 

The excess loss with respect to the adjacent reference waveguide is 0.8 dB at 1550 nm and the 

device has a peak isolation of >44 dB at 1544 nm for TE polarization and >60 dB for TM polarization, 

both calculated with respect to forward TE transmission. The isolation bandwidth across the C-band 

spanning from 1530 nm to 1565 nm is 32 dB for TE polarization and 42 dB for TM polarization. A 

good indication that the isolation works as expected is also visible in the reduced spectral 

oscillations of Figure V-9(b) of the isolator measurement compared to the reference waveguide. 

Since the measurement was taken with lensed fibers, the waveguide-to-air interfaces create a weak 

Fabry-Pérot for the reference waveguide. For the waveguide including the isolator, the back 

reflections and, therefore the resonator modes, are mostly suppressed. The spectral optical 

isolation is depicted in Figure V-10. 

 

Figure V-10: Optical isolation for TE and TM polarization with highlighted C-band. 

The higher isolation for TM isolation with respect to TE is due to the HWP at the isolator output. TE 

polarized light is rotated into the transmitting axis of the right polarization filter, while TM polarized 

light is rotated into the blocking axis of the polarization filter. Thus, it gets blocked at both 

polarization filters while TE polarized light is blocked only by the left polarization filter. Since the 

minimal optical isolation (in this case TE isolation) defines the overall optical isolation in a system 

with random polarization rotations, e.g. in a standard single-mode fiber, the lower TE values define 

and limit the overall optical isolation values for the isolator. 
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The polarization filters inside the free-space isolator suppress the polarization partially by 

absorption and partially by reflection. Due to partial reflectivity, the polarization filters form a 

Fabry-Pérot resonator, and the light circulates between both polarization filters. To prevent a 

resonator effect that limits the achievable isolation, the results in Figure V-9 are obtained for a 4° 

angled isolator that destabilizes the cavity between the polarization filters and additionally reduces 

back reflections at the interfaces. The influence of the isolator angle is depicted for four angles 

between 0° and 4° in Figure V-11. 

 

Figure V-11: Influence of the isolator angle on optical transmission in backward direction with a 0° angled isolator and 
27 dB peak isolation (a), a 2° angled isolator and 36 dB isolation (b), a 3° angled isolator (42 dB isolation) and a 4° 

angled isolator. With increasing angle, the spectral oscillations vanish and the optical isolation increases. 

The optical peak isolation improves from 27 dB, 36 dB, 42 dB up to 44 dB with an increasing angle. 

Angling the free-space isolator results in a beam offset that is caused by the high refractive index 

Faraday rotator. This must be compensated with an offset between input GRIN lens and output 

GRIN lens and thus, also the polymer waveguides to obtain optimal coupling efficiencies.  

The measurement results in Figure V-9 depict the best device that was measured in terms of 

insertion loss and isolation ratio. However, typical isolators might yield slightly worse performance. 

Figure V-12 depicts the excess loss of a dozen different assembled isolator chips. The average loss 

of these devices is 1.5 dB ± 0.5 dB. Even though there are a few statistical outliers, most devices 

exhibit excess loss below 1.5 dB at 1550 nm. Discarding the three assembled devices with >1.5 dB 

excess loss, this value improves to 1.2 dB ± 0.2 dB, which can be considered the typical excess loss 

value of the integrated isolator. 
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Figure V-12: Spectrum of the excess loss calculated with respect to their corresponding adjacent reference waveguides 
for a dozen integrated isolators and a histogram of the excess loss at 1550 nm. 

Discussion 

Typical peak isolations for the integrated isolators that can be achieved with the presented isolator 

design are >44 dB with an isolation bandwidth of >30 dB across the C-band. These values can be 

achieved very reliably due to the use of commercially available materials for the free-space isolator 

inserted into the on-chip free-space section, resulting in a yield close to 100 %. Thus, the optical 

isolation is also unaffected by deviations in the PolyBoard fabrication or the manual assembly 

process. In terms of excess loss, the best devices achieved values below 1 dB excess loss with 

respect to a reference waveguide. Considering average assemblies with excess loss below 1.5 dB, 

corresponding to a yield of ~75%, the typical excess loss is 1.2 dB ±  0.2 dB. Loss variations arise 

primarily from the manual assembly and deviations in the fabrication process, e.g. the depth of the 

etched U-grooves for the GRIN lens alignment or the GRIN lens length during GRIN lens fabrication. 

As mentioned in IV.C.1, the inserted free-space isolator inhibits intrinsic loss of <0.4 dB, leaving 

0.6 dB ± 0.2 dB to 0.8 dB ±  0.2 dB caused by the on-chip free-space section, depending on the 

quality of the assembly. This includes coupling loss from the polymer waveguides to the GRIN lenses 

due to lens misalignment and additional losses from the interfaces filled with index-matching glue. 

In section II.C.3, a figure of merit (𝐹𝑂𝑀) defined as the ratio between the optical isolation and the 

insertion loss was introduced to compare different isolator designs in integrated optics. In this 

work, a 𝐹𝑂𝑀 of 55 for the best performing isolator and typical values between 31 and 44 were 

achieved for the integrated isolators. As a comparison, the highest 𝐹𝑂𝑀𝑠 for an integrated isolator 

in literature are 14 and 24 reported by Pintus et al. and Cheng et al. [23, 61]. Figure V-13 depicts 

the two-dimensional plot of insertion loss and optical isolation from Figure II-9 with the addition of 

this work’s isolator. In terms of insertion loss, only commercially available free-space isolators 

outperform the isolator demonstrated in this work, with values of 0.2 dB and 0.6 dB, while the 

optical isolation is equally good. 
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Figure V-13: Literature overview of isolator performance in terms of optical isolation and insertion loss with the 
isolator's added values from this work. 

2. Isolator integration with a tunable DBR laser 
Overview 

The tunable laser co-integrated with the optical isolator consists of an InP gain section with a high 

reflection (HR) coated back facet and a thermo-optic Bragg-grating and phase shifter at the polymer 

side as described in IV.A.3. The free-space section output of this device is coupled directly to a SMF 

instead of a polymer waveguide. Figure V-14 depicts the assembled tunable laser with an 

integrated isolator that is mounted on a submount, according to the design proposed in Figure II-11 

in II.C.4. 

 

Figure V-14: Assembled tunable DBR laser with an integrated free-space isolator coupled directly to a single-mode fiber. 
The DBR laser consists of an indium phosphide gain element coupled to the polymer chip with a waveguide inscribed 

thermo-optic Bragg grating and a thermo-optic phase shifter (PS). The output GRIN lens on the right-hand side is 
coupled directly to a SMF. 

Including the tapered waveguides inside the polymer, the optical isolator has a footprint of 

3 x 1 mm². The tunable laser with an integrated isolator has a total footprint of 7 x 2 mm². This 

includes the 0.3 x 0.3 mm² InP gain element on a submount. The chip is fabricated in the ∆𝑛 = 0.03 

refractive index material system. 
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Measurements 

Similar to the characterization of the stand-alone isolator, the tunable laser with integrated isolator 

is first characterized as a bare polymer chip without coupled gain element, but with already coupled 

output fiber, enabling the direct characterization of the polymer chip with integrated isolator. The 

input waveguide of the polymer chip has a 17.8° angled waveguide to reduce back reflections at 

the polymer/InP interface. Accordingly, the device is measured with a ~27° angled lensed fiber on 

the input side due to the air/polymer interface. As a reference, a polymer chip with similar grating 

and phase shifter parameters but without isolator is measured with an angled lensed fiber on the 

left and a cleaved fiber at the output side. The measurement results in forward and backward 

direction are depicted in Figure V-15. 

 

Figure V-15: (a) Forward and backward transmission of the tunable laser polymer chip with integrated isolator and 
coupled output fiber, measured before coupling the gain element. (b) Forward transmission with a reference grating 

and adjusted axis scale. The dips in both spectra are caused by the reflection of the polymer Bragg grating. The 
highlighted area corresponds to the tuning range of the DBR laser. 

The measured excess loss (with respect to the reference grating) for the isolator is 1.0 dB at 

1550 nm with a peak isolation of >47 dB and an isolation of >38 dB across the 17 nm tuning 

bandwidth of the laser. Besides low excess loss and high isolation, an integrated isolator should 

also yield low back reflections or high optical return loss to enable good isolation of the laser. The 

measured ORL is depicted in Figure V-16 together with the reference grating. 

 

Figure V-16: Optical return loss measurement of the PolyBoard chip with integrated isolator and the reference grating 
chip. 
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The devices are measured with an AR-coated input lensed fiber that contributes ORL of ~36 dB, 

that were subtracted from the measurement. Since the input fiber is angled, the back reflections 

of the input facet are negligible. At the output side of the reference grating, immersion oil with a 

refractive index of 1.51 between the waveguide and fiber facet correspond to an ORL signal of 

~32 dB, calculated with Fresnel’s equations (chapter 6 in [45]). Thus the immersion oil is the major 

contribution of back reflections in the reference grating. The ORL of the integrated isolator are 

lower, indicating that the angled free-space isolator does not contribute additional back reflections, 

while additionally blocking any reflections that might occur behind the isolator. 

After this preliminary characterization, an InP gain element on submount is coupled to the polymer 

chip, and the output power and tuning range of the laser is measured. The results are depicted in 

Figure V-17. For a gain current of 100 mA, a fiber-coupled output power of 5.6 mW and continuous 

tuning over 17 nm is demonstrated. 

 

Figure V-17: (a) P-I curve of the laser measured at the fiber output. (b) Demonstrated tuning of the laser across a 
bandwidth of 17 nm. Different colors correspond to different tuning currents of the Bragg grating. 

To verify the functionality of the isolator during laser operation, a transmission experiment with 

10 Gbit/s non-return-to-zero (NRZ) direct modulation of the gain element is performed. The 

measurement setup is depicted in Figure V-18. 

 

Figure V-18: Schematic layout of the 10 GBit/s measurement setup with optical feedback. The 10 Gbit/s modulation 
created with a signal generator (SG) and a pulse pattern generator (PPG) is applied to the DC-biased gain element. A 

feedback loop with variable optical attenuator (VOA) returns up to -10 dB of optical feedback to the tunable laser with 
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integrated isolator. After a 10 km fiber link, an erbium-doped fiber amplifier (EDFA) with bandpass filter (BPF), the 
signal is detected and visualized with an optical spectrum analyzer (OSA) and an oscilloscope. 

The 10 Gbit/s NRZ bit pattern is generated by a 10 GHz signal from a signal generator and a pulse 

pattern generator. The modulated signal with a peak to peak voltage of 500 mV is applied to the 

DC biased gain element. The isolator is tested by introducing controlled optical feedback created 

via a fiber-based optical circulator and a 3 dB coupler. Half of the optical power is transmitted 

through the fiber link for the transmission experiment, while the other half is fed back into the 

tunable laser via a variable optical attenuator and the optical circulator. In total, the feedback loop 

consisting of a circulator, 3 dB coupler, VOA, and the coupled SMF of the PIC corresponds to a loop 

length of ~5 m and adjustable maximum feedback of up to -10 dB. This maximum value of -10 dB 

also takes the fiber-to-chip coupling loss of ~1.5 dB into account. After the fiber link with a length 

of 10 km, the signal is amplified with an erbium-doped fiber amplifier (EDFA). After an inline power 

monitor, the optical signal is converted into an electrical signal and visualized with an oscilloscope. 

An optical spectrum analyzer for monitoring the optical spectrum during laser modulation is placed 

after a 20:80 splitter between the EDFA and the inline power monitor. As a reference, the 

measurements were also carried out with a tunable laser without an optical isolator. Eye diagrams 

for no optical feedback, optical feedback of -20 dB, and maximum optical feedback of -10 dB are 

depicted in Figure V-19. In this instance, no optical feedback means that the fiber-based feedback 

loop's optical feedback is less than -50 dB. 

 

Figure V-19: 10 Gbit/s over 10 km eye diagram of the laser with integrated isolator with no optical feedback (a), -20 dB 
optical feedback (b), and -10 dB optical feedback. Similarly, a reference laser without an integrated isolator was 

measured with the respective optical feedback (d-f). It is noted that (a-c) and (d-f) are in scale within both subsets but 
not in scale to each other. 

Unaffected by the amount of optical feedback, the eyes for the tunable laser with integrated 

isolator are clearly open with an extinction ratio of 2.9 dB and only a slightly decreasing signal-to-

noise ratio (SNR) from 4.3 dB to 4.2 dB for Figure V-19 (a-c). With no optical feedback, the eye 
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diagram of the reference laser without isolator is also clearly open with a SNR of 3.9 dB and an 

extinction ratio of 4.0 dB. However, for increasing optical feedback, the eye diagram starts to close, 

resulting in a drop of the SNR below 2 dB for -20 dB feedback and a completely closed eye diagram 

at -10 dB optical feedback. 

Discussion 

The measured peak isolation of the tunable DBR laser with >47 dB and excess loss of 1 dB are in 

good agreement with the values of the measured standalone isolators. Furthermore, the achieved 

output power of 5.6 mW is in the same range as tunable DBR lasers without the integrated isolator 

characterized prior to this work. 

Even though defined optical feedback in lasers can benefit linewidth and chirp reduction or 

bandwidth enhancement [91, 92], uncontrolled feedback can lead to linewidth broadening and 

other unwanted effects. In [92], Tkach and Chraplyvy defined different regimes of optical feedback, 

today known as T-C diagrams, depending on the feedback power and distance. In the transmission 

experiment in section V.B.2 with the tunable DBR laser, the length of the optical feedback loop was 

5 m with optical feedback of up to –10 dB. This corresponds to the fourth regime of the T-C 

diagram. In this regime, a significant linewidth broadening, known as coherence collapse and the 

creation of side modes might occur in the laser, that is observed in Figure V-19 during the 

transmission experiment with the reference laser. Thus, transmission is no longer possible, and no 

open eye is observable for the DBR laser without an integrated isolator in Figure V-19. Since the 

integrated isolator provides optical isolation of >38 dB across the tuning bandwidth of the laser, 

optical feedback from the loop is reduced to less than -48 dB, and stable operation for all levels of 

optical feedback is ensured. In the T-C diagram, optical feedback below ~-45 dB for a 5 m feedback 

length corresponds to the second regime. Even though mode splitting or hopping might occur in 

this regime due to out of phase feedback [93], this was not observed during the experiment for the 

DBR laser with integrated isolator. Thus, the transmission for the laser is stable at all levels of 

feedback with only a minor drop in the signal-to-noise ratio from 4.3 dB to 4.2 dB and clearly open 

eyes at all levels of optical feedback (Figure V-19a-c). In contrast, besides the aforementioned 

coherence collapse of the reference laser for -10 dB feedback that completely prevents any form 

of transmission, already at moderate optical feedback of -20 dB, a significant drop in the 

transmission quality is observed together with a SNR drop to around one dB in the reference laser 

(Figure V-19e). 

Besides good values in terms of optical loss and isolation, the stable transmission for all levels of 

optical feedback shows that the co-integration of the isolator with other optical components on 

the PolyBoard platform is also possible. Even though the integration of laser and isolators has been 

demonstrated before for a distributed feedback laser in indium phosphide [29] (but with very poor 

performance) , to the best of our  knowledge this is the first co-integration of a DBR laser with an 

optical isolator in a PIC. 

3. Integrated optical isolators at other wavelengths 
The optical isolators demonstrated in this work are designed to work at a center wavelength of 

1550 nm. However, the basic concept of the free-space isolator integration is also applicable to 

other wavelengths provided that Faraday rotators at the targeted wavelength are available since 

the polymers are also transparent at visible wavelengths. In this work, rare-earth-doped iron 

garnets provide the 45° Faraday rotation required for optical free-space isolators, that have a 

transparency range with low absorption from the C-band down to the O-band. Thus, the proposed 

isolator design could be directly used for all telecom and datacom wavelengths with an adjusted 

Faraday rotator length (smaller wavelengths require shorter Faraday rotators) and appropriate 
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polarization filters. Within two wavelength regions commonly used in laser physics at 1064 nm and 

785 nm, RIGs are also transparent, offering two additional windows for applications, even though 

the material absorption is higher than at 1550 nm (see Appendix VI.4). However, isolators in the 

visible light regime require a new material. The most commonly used material is terbium gallium 

garnet (TGG) that provides a large transparency range from 400 nm to 1500 nm, except for a small 

window of high absorption in the green spectrum [94]. The main disadvantage compared to RIGs 

are the paramagnetic characteristics of TGGs compared to the ferrimagnetic RIGs. As described in 

II.C.2, the ferrimagnetic RIGs act as weak intrinsic permanent magnets that require no external 

magnetic field, and the magnetic permeability strongly enhances the magnetization resulting in a 

small footprint for a 45° Faraday rotation. In contrast, even though TGG has a relatively high Verdet 

constant (see Equation (II-54)), it requires a strong external magnetic field to operate in an optical 

isolator. For example, with a typical Verdet constant of 130.6 Rad/(T m) at 633 nm [95], an applied 

magnetic flux density of 1 T, a length of 5.9 mm would be required for a 45° Faraday rotation, 

compared to the 0.5 mm of the Faraday rotators based on RIGs used within this work. Even though 

the integration of isolators based on TGG might be challenging, other emerging materials like 

cadmium manganese telluride which offer an up to six times higher Verdet constant, might be a 

suitable material for isolators in the visible regime [96]. 

C. Integrated optical circulator 

1. Polarization-based circulator 
Overview 

The first integrated circulator comprises a three-port design based on a nonreciprocal polarization 

rotation as described and schematically depicted in II.C.4. After the input waveguide, a PBS thin-

film filter separates TE and TM polarized light into different waveguides that each include a free-

space section. Inside the free-space sections, a -45° Faraday rotator and a 22.5° HWP induce a 

nonreciprocal polarization rotation in forward and a polarization conservation in backward 

direction. A second PBS thin-film filter combines the TE and TM path and guides it to the second 

port. Figure V-20 depicts the assembled device characterized within this work. Similar to the 

tunable laser with integrated isolator, the circulator is fabricated in the ∆𝑛 = 0.030 material 

system with 3.2 x 3.2 µm² waveguides. 

 

Figure V-20: Assembled integrated circulator comprising an input and output polarization beam splitter (PBS) and two 
free-space sections with an integrated Faraday rotator and half-wave plate (HWP). 
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Circulator measurements 

All port combinations of the PBS circulator are measured with an input and output lensed fiber in 

forward and backward direction. For a -45° magnetized Faraday rotator, the measurement results 

are depicted in Figure V-21(a). After the initial characterization, the measurements were repeated 

but with a reversed Faraday rotation of +45°. Reversal of the intrinsic magnetization is achieved 

with a strong permanent magnet that is brought temporarily in close proximity of the chip, as 

described in section II.C.4. The results of the repoled PIC with +45° Faraday rotators are depicted 

in Figure V-21(b). 

 

Figure V-21: Transmission measurements in forward and backward direction for TE and TM polarization of the 
integrated circulator with -45° Faraday rotators (a) and +45° Faraday rotators (b). 

Reversal of the Faraday rotation also reverses the port order of transmission. Whereas for the initial 

-45° rotation, the port transmission was from port 1 to port 2 to port 3, the order reversed to 

transmission from port 3 to port 2 to port 1 for +45° Faraday rotation. The excess loss (EL) at 

1550 nm with respect to a reference waveguide for both magnetization states are depicted 

together with the achieved optical isolation in Table V-1. It is noted that the optical isolation is 

calculated as a polarization-independent isolation. Thus it is calculated with respect to TE or TM 

polarization, whichever is lower, as it was also done for the optical isolator in V.B.  

Table V-1: Excess loss at 1550 nm for a -45° and +45° Faraday rotation for all port configurations and the corresponding 
isolation of the different ports. Pairs of highlighted shades of yellow correspond to optical transmission in the same 

optical path, while shades of grey correspond to optical isolation in the same optical paths for the differently polarized 
Faraday rotators. 

 -45° Faraday rotation +45° Faraday rotation 
 EL (TE) EL (TM) Isolation EL (TE) EL (TM) Isolation 
Port 1 to 
port 2 

5.6 dB 5.9 dB 10.6 dB 16.4 dB 17.5 dB - 

Port 2 to 
port 3 

7.5 dB 4.8 dB 9.0 dB 17.9 dB 16.0 dB - 

Port 3 to 
port 2 

18.1 16.3 - 7.5 dB 5.3 dB 9.5 dB 

Port 2 to 
port 1 

17.8 16.5 - 6.3 dB 5.8 dB 10.1 dB 
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Overall, the measured excess loss are within 4.8 dB and 7.5 dB, with an optical isolation of >9 dB at 

1550 nm. Each measurement in Table VI-1 follows a different path that involves different optical 

elements depending on the polarization and entrance port. For example, transmission from port 1 

to port 2 for TE polarized light involves transmission of the first PBS filter and the lower free-space 

section and reflection at the second PBS filter. TM polarization from port 1 to port 2 involves 

reflection at the first PBS, transmission of the upper free-space section, and the second PBS. Thus, 

the different paths allow a good estimation of the losses contributed by the different elements. 

The free-space sections with integrated Faraday rotator and HWP are estimated to contribute loss 

of 1.5 dB, and the PBSs add 3 dB of loss in transmission and 1 dB loss in reflection.  

Integrated circulator as a latching switch 

Repoling of the Faraday rotator inverses the transmission direction of the circulator as depicted in  

Figure II-13. Besides the operation as a passive circulator, the device can function as an optical 1x2 

switch that can switch between port 1 and 3 with port 2 as the input. Since the Faraday rotators 

conserve their magnetization state and only require a temporary external magnetic field (thus 

energy) during the repoling process, the circulator acts not only as a switch but a latching switch 

that requires energy only during the switching process and maintains its state otherwise. The two 

switching states are depicted in Figure V-22. For this measurement, repoling of the Faraday rotators 

was done manually with a strong permanent magnet brought in close proximity of the optical 

circulator. 

 

Figure V-22: Demonstrated switching between ports 1 and 3 with port 2 as the input port for a -45° Faraday rotation (a) 
and +45° Faraday rotation (b). 

Discussion 

For the PBS circulator, an excess loss of 4.8 dB to 7.5 dB and optical isolation of 9.0 dB to 10.6 dB 

are measured depending on the different port configurations. The loss breakdown yields a loss 

contribution of 1.5 dB from each free-space section and 3 dB transmission, and 1 dB reflection loss 

for the PBS. These PBS values are in good agreement with measured test structures and a loss of 

1.5 dB for the free-space section is a good estimation, considering the average measured loss of 

the different free-space isolators measured in Figure V-12 between 1.0 dB and 1.5 dB. Thus, with 

3 dB transmission loss, the PBS filter design used in this work is the limiting factor in terms of optical 

loss of the circulator. The high PBS loss stems from the width of the filter slot that is etched inside 

the waveguide. The filter itself is designed to have a width of 14 µm to fit the TFF. Due to the 45° 

orientation of the filter slot and an estimated undercut of 2 µm in both directions created during 

the etching process, the unguided transmission path of the optical mode is larger than 24 µm which 
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results in significant propagation loss. A solution would be the integration of the PBS filter within 

the on-chip free-space section, as it will be discussed later in this section.  

The most likely reason for the limited optical isolation of the circulator are also the PBS filters in 

combination with the waveguide bends and not the free-space section with integrated Faraday 

rotator and HWP. The latter showed a high polarization extinction ratio (PER) of >30 dB when 

tested separately in a free-space setup, whereas the PER of separately measured PBS test 

structures showed average values of 15 – 18 dB if the polarization is adjusted with respect to the 

lab system (see Appendix VI.5).  

In II.C.1, the formal definition of an optical circulator is given by an asymmetric scattering matrix. 

For TE operation and a -45° Faraday rotation, the scattering matrix of the circulator can be 

calculated from the second row in Table II-1. Similarly, the scattering matrix for TE polarization and 

a +45° Faraday rotation is given by the fifth row in Table II-1. Both scattering matrices are depicted 

in the table below, where any optical return loss are neglected and set to zero. 

Table V-2: Scattering matrix of the PBS circulator based on the measurement results of Table II-1 for a positive and a 
negative Faraday rotation. 

𝑺𝑻𝑬,−𝟒𝟓°𝑭𝑹 𝑺𝑻𝑬,+𝟒𝟓°𝑭𝑹 

(
0 0.02 0
0.28 0 0.02
0 0.18 0

) (
0 0.23 0
0.02 0 0.18
0 0.02 0

) 

 

Neglecting any imbalances that arise from the different optical paths that the light takes, the 

reversal of the Faraday rotation sign transponses the scattering matrix of the circulator: 

 𝑆𝑇𝐸,−45°𝐹𝑅 = (𝑆𝑇𝐸,+45°𝐹𝑅)
𝑇 . (V-2) 

The second row from both matrices describes the light propagation from port 2 to the other ports. 

Due to the transponsed scattering matrix, the circulator acts as an optical switch with integrated 

isolator. 

In this work, the magnetic field was applied manually with a permanent magnet, but switching 

could also be achieved by a small electromagnet bonded on top of the Faraday rotators. This would 

enable the development of a latching-type optical switch that maintains its state without power 

consumption. Even though integrated latching switches, e.g. based on micro-electromechanical 

systems (MEMS) [97] or plasmonic memory effects have already been reported, integrated latching 

switches based on magneto-optic materials have not been demonstrated yet. 

 

2. Phase shift based optical circulator 
Overview 

The second circulator is based on a Mach-Zehnder interferometer that induces a nonreciprocal 

phase shift, as described in II.C.4. The assembled device before GRIN lens alignment and glue 

application is depicted in Figure V-23. It comprises a MZI interferometric structure formed by two 

MMI couplers with a phase shifter and variable optical attenuator in each arm. Two free-space 

sections with a 45° Faraday rotator and a 22.5° HWP in each arm induce the nonreciprocal phase 

shift. The MZI circulator is also fabricated in the ∆𝑛 = 0.030 material system with 3.2 x 3.2 µm² 

waveguides. 
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Figure V-23: Fabricated optical circulator based on a Mach-Zehnder-interferometric design that comprises a Faraday 

rotator plus HWP together with a phase shifter and VOA in each arm 

Measurements 

Like the PBS-based circulator, the interferometric circulator is measured in forward and backward 

direction for all port configurations. For TE polarization and a phase shifter current of 10.2 mA in 

the upper arm, the results are depicted in Figure V-24. In forward transmission excess loss between 

3.9 dB – 4.1 dB were measured, resulting in an imbalance below 0.2 dB. Depending on the port 

configuration, an optical isolation between 15.1 dB and 19.1 dB was measured. 

 

Figure V-24: Forward and backward transmission of all possible port combinations for TE polarized light and a phase 
shifter current of 10.2 mA. 

The measurement results for TM polarization are depicted in Figure V-25. In forward transmission 

excess loss between 3.7 dB and 4.3 dB with respect to an adjacent reference waveguide were 

measured for TM polarized light and the optical isolation ranges between 10.9 dB and 18.7 dB. The 

TM polarization measurements were taken at a phase-shifting current of 14.8 mA at the upper 

phase shifter. 
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Figure V-25: Forward and backward transmission of all possible port combinations for TM polarized light and a phase 
shifter current of 14.8 mA. 

Similar to the PBS filter based circulator, the excess loss can be attributed to the different optical 

components. The 2x2 MMIs add 0.5 dB of excess loss each and the typical VOA loss is 1.0 dB, while 

excess loss of the phase shifter can be neglected. This would leave around 2 dB of loss for the on-

chip free-space section with integrated Faraday Rotator and HWP. 

Since a thermo-optic phase shifter is integrated into both arms of the circulator, it is possible to 

tune the operation range of the circulator within a window of more than 40 nm by adjusting the 

phase current. Figure V-26 depicts this tuning behavior for different phase shifter currents at the 

phase shifter in the upper arm of the chip. 

 

Figure V-26: Tuning of the optical isolation by the adjustment of the phase shifter current. For increasing phase shifter 
currents, the peak isolation is shifted to lower wavelengths. 

Discussion 

For the MZI circulator, excess losses between 3.7 – 4.3 dB and a peak isolation between 10.9 dB and 

19.1 dB is measured. The losses can be accounted to the excess loss of the MMIs, the VOAs, and 

the free-space sections. The optical attenuators were integrated to reduce the potential optical 
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imbalance in both arms due to the manual assembly and alignment of the two free-space sections. 

However, VOA operation neither improved the extinction nor the structure's excess loss, indicating 

an already low imbalance in both arms. Since they add an additional loss of 1.0 dB, the overall loss 

of the circulator could be reduced below 3 dB by removing the VOAs form the circulator design. 

The achieved optical isolation is most likely limited by the imbalance of the output MMI, resulting 

in a slight coupling mismatch between the two ports on one side. It is noted that the overall loss of 

all structures, including the reference waveguides, showed a much higher loss than normally 

expected. All devices of this wafer showed significantly higher waveguide propagation loss of 

around 3 – 4 dB/cm in contrast to the normally expected 0.7 dB/cm, indicating a wafer fabrication 

error during the waveguide structuring. But since the optical loss of the circulator are calculated 

with respect to a reference waveguide, the additional waveguide propagation loss can be factored 

out of the shown excess loss measurements.  

Even though designed for a center wavelength of 1550 nm, adjustment of the optical phase with 

the phase shifter also allows the circulator to operate at other wavelengths besides 1550 nm. In 

Figure V-26, the optical peak isolation is shifted between 1530 nm and 1570 nm for applied phase 

shifter currents by variation of the phase shifter current, similar to the circulator design proposed 

by Huang et al. in [26].  

During the measurement, a strong polarization dependence between TE and TM polarization was 

observed. That is why TE operation is demonstrated at a phase-shifting current of 10.2 mA dB and 

TM operation at a phase shifter current of 14.8 mA. This polarization dependence is observed not 

only in the circulator structure itself but also in additional Mach-Zehnder interferometric test 

structures (see Appendix VI.6). In fact, the phase shift between both polarizations is close to 𝜋, 

meaning that while the circulator and the test structures transmit TE polarized light, they block TM 

polarized light. The reason for this behavior is most likely the small birefringence of the polymer 

waveguides, which induces a phase shift of ~ 𝜋 between both polarizations. Simulations show that 

due to the material birefringence, optical modes with TE polarization have an effective refractive 

index of 1.4620 in ∆𝑛 = 0.030 / 3.2 x 3.2 µm² waveguides, while the simulated effective refractive 

index of the TM mode is 1.4633. This means that for a propagation distance of ~600 µm, a phase 

shift of 𝜋 between TE and TM polarization is induced. In other words, increasing or decreasing the 

length of the waveguides in both arms by 600 µm of the MZI should remove the polarization 

dependence.  

3. Comparison between both circulator designs 
In direct comparison, the MZI circulator has lower loss of 0.5 – 3.2 dB than the PBS circulator, 

depending on the port configuration and an optical isolation that is a few dBs higher. By simply 

removing the VOA from the MZI design, the overall loss could be reduced by an additional decibel. 

Reducing the total excess loss below 3 dB is of particular interest because it offers the possibility of 

exchanging 3 dB couplers in photonic circuit designs requiring bidirectional operation with the 

optical circulator. One drawback in the current design is the polarization dependence that could be 

fixed with the previously mentioned propagation length adjustment. However, the most significant 

drawback is that the MZI circulator requires an active phase stabilization to work. In contrast, the 

PBS circulator operates completely passive, making it the favorable circulator design to improve. 

Figure V-27 depicts the 2D chart of insertion loss and optical isolation from Figure II-9 with the 

added values of both circulator designs. 
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Figure V-27: Comparison of optical loss and isolation of the PBS and MZI circulator with values from other devices 
reported in the literature. 

While the integration of an optical isolator that was demonstrated in V.B works exceptionally well, 

outperforming any other reported devices in integrated optics, the more complex circulators still 

require a redesign to improve both insertion loss and optical isolation. However, the PBS circulator 

design works polarization independent, while all the other designs in Figure V-27, except for the 

work from Sugimoto et al. [59], work only polarization dependent. In the current PBS design, the 

performance limiting factor are the waveguide integrated PBS filters that add up to 3 dB of loss in 

transmission due to the beam divergence in the etched slots. One idea to reduce these loss would 

be a new design that shifts the PBS filters into the on-chip free-space section, as depicted in Figure 

V-28. The PBS filters are placed behind the GRIN lenses inside the free-space section in the 

proposed design, removing any excess loss of the TFF slots inside the waveguides. In order to guide 

the light, two additional mirrors would be required in the design. But at the same time, it requires 

only three instead of four GRIN lenses and only one Faraday rotator plus HWP, making the design 

much smaller than the design tested within this work. One could also think about integrating a 

separately assembled commercially available free-space circulator, but these require birefringent 

walk-off crystals that are relatively large, making the proposed design much smaller and beneficial 

for the total loss inside the on-chip free-space section. 

 

Figure V-28: Proposed design for an integrated circulator where the PBS filters (red) are not waveguide integrated but 
placed inside the free-space section. In addition to the PBS filters, two 90° mirrors (orange) are required inside the free-

space section. 
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A unique feature of the circulators is the latching ability due to the magnetization preserving 

Faraday rotators, not possible in other integrated circulator designs depicted in Figure V-27.  

With the demonstrated isolator already working exceptionally well, further improvement of the 

circulator should be the priority in nonreciprocal applications. Especially applications beyond 

Telecom/Datacom in sensing like Fiber-Bragg-sensing or lidar greatly benefit from the 

implementation of integrated circulators. 

D. Integrated second-harmonic generation 

1. Overview 
In contrast to the previously characterized PICs, the waveguides for the SHG have a cross-section 

of 7.3 x 7.3 µm² with a refractive index difference of ∆𝑛 = 0.005, that benefit from lower fiber-to-

chip coupling loss. As discussed in III.B, these waveguides correspond to GRIN lenses with a 

numerical aperture of 0.14. Two sets of GRIN lenses are fabricated to create a collimated and a 

focused free-space section to compare both results in terms of conversion efficiency with each 

other. The focusing lenses with a calculated ideal length of 1330 µm correspond to a beam waist 

of 6 µm inside the center of the crystal, as indicated by the simulation in Figure III-6. Corresponding 

calculated values for the collimating lenses are 840 µm and a waist of 38 µm. The GRIN lenses 

fabricated for the collimating beam have a length of 840 µm in good accordance with the targeted 

840 µm from the simulation. In comparison, the fabricated length of the focusing lenses of 1300 µm 

deviates slightly from the targeted length of 1330 µm. Both devices are assembled with a 1 mm 

long AR coated ppLN crystal as depicted in Figure V-29. After assembly of the free-space section, 

both devices are butt coupled to an input and output 1550 nm SMF. 

 

Figure V-29: Fabricated devices with collimating (a) and focusing (b) GRIN lenses with highlighted waveguides before 
fixation with index-matching glue. 

2. Characterization with a continuous wave laser 
Before characterization of SHG, the insertion loss of both chips at 1550 nm is measured. Figure 

V-30 depicts the insertion loss measured with input and output lensed fiber, together with an 

adjacent reference waveguide of the collimated chip. The coupling loss with 6 µm spot-size lensed 

fibers is estimated to be 1.5 dB ± 0.2 dB per facet. Excess losses below 0.7 dB ± 0.1 dB and 

1.8± 0.1 dB dB at 1550 nm are measured for the device with collimating lenses and focusing lenses 

respectively. After this pre-characterization, SMF-28 fibers are aligned and fixed at the input and 

output of both chips. Due to the better matching optical modes, the coupling loss is reduced to 

0.5 dB± 0.1 dB per facet, and the overall insertion loss is reduced by 2 dB ± 0.1 dB for both 

devices, leaving insertion loss of 1.6 dB ± 0.1 dB and 2.8 dB ± 0.1 dB for the fiber-coupled devices.  
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Figure V-30: (a) Insertion loss of the fabricated PolyBoards with integrated ppLN with 840 µm GRIN lenses for a 
collimated beam (blue curve), 1300 µm GRIN lenses for a focused beam (orange), and an adjacent straight reference 
waveguide (grey), measured with lensed fibers. (b) Insertion loss for both devices after fixation of input and output 

cleaved SMF-28 fibers. 

The SH conversion efficiency is determined with a tunable continuous-wave laser with adjusted TM 

polarization at a fixed chip temperature of 40° C. Different power levels for the measurements are 

set with an erbium-doped fiber amplifier. The output spectrum is measured with an optical 

spectrum analyzer (OSA) from Yokogawa, and all optical powers measured with the OSA are 

calculated within the 3 dB bandwidth of the measured SH power. Figure V-31 depicts the SH peaks 

of both PICs for a pump power of 10 dBm. The output power for the collimating lenses is -57 dBm, 

which corresponds to a conversion efficiency of 0.005 %/W. The output power increases by 8 dB 

up to -49 dBm for the focusing lenses or a conversion efficiency of 0.03 %/W.  

 

Figure V-31: Comparison of the second harmonic spectrum for the PIC with collimating lenses (blue) and focusing 
lenses (red). 

According to equations (II-79) and (II-80), the SH power depends quadratically on the pump power. 

In order to verify this relationship, the SH power is measured for different pump powers (Figure 

V-32(a)) and plotted in a double logarithmic scale against the pump power (Figure V-32(b)). A linear 

regression of the values in Figure V-32(b) yields a slope of 2.02 ± 0.02 that is in good agreement 

with the predicted quadratic relationship. 
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Figure V-32: (a) Influence of pump power onto the SH output spectrum. (b) SH power vs. pump power in a double 
logarithmic scale with a linear fit of slope 2.02 ± 0.02 that corresponds to a quadratic relationship between pump and 

SH power. 

As a last continuous-wave measurement, the SH bandwidth is measured by variation of the pump 

wavelength between a wavelength of 1540 nm and 1550 nm at a fixed temperature of 40 °C (Figure 

V-33).  

 

Figure V-33: Tuning of the SH signal for a fixed temperature of 40° C. 

3. Characterization with a pulsed laser 
Since the conversion efficiency of SHG scales with the optical power, a significant increase in 

conversion efficiency can be expected for a femtosecond pulsed laser pump source. The 

femtosecond laser used for the following measurement has an output power of 19 dBm, a 100 MHz 

repetition rate, and a pulse duration of ~120 fs. This results in peak powers of 68 dBm, or 6.7 kW. 

The optical spectrum of the chip with focusing lenses measured with an OSA is depicted in Figure 

V-34. Besides the second harmonic, the third harmonic at 517 nm and the fourth harmonic at 

388 nm are also visible in the spectrum. 
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Figure V-34: Optical spectrum of higher harmonic generation with focusing lenses on-chip and the femtosecond laser 
pump around 1550 nm, the SH at 775 nm, the third harmonic (THG) at 517 nm, and the fourth harmonic (FHG) at 

388 nm. 

The SH output power increases to 8.2 dBm compared to the -49 dBm achieved with the continuous-

wave laser. The output power of the third and fourth harmonics are -20.6 dBm and -28.0 dBm 

respectively. Corresponding conversion efficiencies are -11 dB, -40 dB, and -47 for the second, third 

and fourth harmonic. It is noted that even though pump peak powers of 6.7 kW were transferred 

into the waveguides, no deterioration of the polymers was observed. However, after one hour of 

testing, the glue used to fix the input fiber started degrading, posing a limit for the overall power 

that can be used to pump the crystal inside the PolyBoard. 

4. Discussion 
The measured insertion losses for the fiber-coupled devices in Figure V-30 are 1.6 dB and 2.8 dB 

for the collimating and focusing lenses respectively. These values also include the input and output 

fiber-to-chip coupling loss that correspond to 0.5 dB per facet. The excess loss with respect to a 

reference waveguide are 0.7 dB and 1.8 dB at 1550 nm. The higher loss for the PIC with focusing 

lenses can be explained by the length of the fabricated GRIN lenses that are 30 µm shorter than 

the targeted length of 1330 µm. Since ppLN crystals have very low absorption loss of ~0.01 dB/cm 

at 1550 nm, the overall loss for the integrated ppLN crystal is also lower than for the integration of 

the optical isolator from chapter V.B with typical values of 1.2 dB ± 0.2 dB. At 1600 nm, the values 

are even lower with less than 0.5 dB of excess loss, making it the lowest loss measured for any free-

space section in PolyBoard yet. 

Overall a conversion efficiency of 0.005 %/W and 0.03 %/W is achieved for the collimating and the 

focusing lenses in CW operation. Even though the insertion loss of the chip with focusing lenses are 

1.2 dB higher compared to the collimating lenses, the conversion efficiency is increased by a factor 

of 6. Figure VI-30 SH shows a linear relationship with a slope of 2.02±0.02 in a double logarithmic 

scale between the SH and pump power. This corresponds to a quadratic relationship between the 

powers as predicted in the equations (II-79) and (II-80). Based on the theory of SHG derived by Boyd 

and Kleinman elaborated in II.D.3, the achievable conversion efficiency for the PolyBoard 

integrated ppLN crystal was predicted to be 0.07 %/W for the focusing lenses. Considering the 

additional loss of the chip, this is in good agreement with the measured conversion efficiency. 

SHG with a femtosecond pulsed laser yields a SH power of 8 dBm for an input power of 19 dBm. 

This corresponds to a conversion efficiency of -11 dB (~8 %) or 100 %/W. Compared to the CW SHG, 

this is an improvement of four orders of magnitude in terms of conversion efficiency. The SH peak 
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in Figure V-34 has a 3 dB bandwidth of 6 nm, while the pump bandwidth is much larger with a 

bandwidth exceeding 100 nm. This means that only a fraction of the pump is actually contributing 

to SHG. Within the 12 nm bandwidth at 1550 nm that actually contributes to SHG, the conversion 

efficiency is significantly higher with 45% compared to the 8 % total conversion efficiency 

calculated with respect to the full bandwidth of the pump. Since the phase-matching acceptance 

bandwidth scales inversely with the length according to equation (II-79), reducing the crystal length 

would be beneficial for the overall conversion efficiency to access the whole bandwidth of the 

femtosecond laser.  

An overview of different conversion efficiencies in literature was given in section II.D.5. So far, the 

highest conversion efficiencies in percent were reported for free-space setups. For example, 

Taverner et al. achieved a conversion efficiency of 83 % with a pulsed setup [80], and Zhou et al. 

achieved 52 % with a double resonant cavity scheme [79]. In integrated photonics, mainly two 

different approaches yielded the highest conversion efficiencies in the last years. The first is based 

on waveguide inscribed nonlinear crystals, e.g. in [36], where a conversion efficiency of 50 % was 

reported for femtosecond pulses. The second utilizes nonlinear microring resonators with reported 

conversion efficiencies between 15 % and 22 % that are especially useful for low power operation 

with efficiencies of up to 250,000 %/W [75–77]. With 8 % total conversion or 100 %/W conversion 

efficiency, femtosecond pulse SHG with the free-space section integrated ppLN crystal within this 

work already yields a good conversion efficiency with a high SH optical power of 8 dBm. Since the 

experiments were carried out with the chip with focusing lenses with slightly higher loss, two-digit 

efficiencies in percent should be possible by simply reducing the loss due to offset from the 

targeted GRIN lens length. A shorter crystal with a higher phase-matching acceptance bandwidth 

would also be beneficial for the femtosecond laser used in the experiment. Vice versa, using a 

pulsed laser with a smaller bandwidth and longer pulses would also increase the conversion 

efficiency.  

Even though the conversion efficiency with laser pulses yields much higher efficiencies than the 

CW experiment, further improvement of the CW efficiency should be the focus in future works 

because most laser applications require continuous-wave laser sources. The most obvious way to 

improve the conversion efficiency would be an increased crystal length. According to (II-80), SHG 

scales linearly with the length of the crystal for a Gaussian beam. The longest possible crystal 

length, where the Boyd-Kleinman condition would still be fulfilled in close proximity for the GRIN 

lens free-space section, would be 4 mm. Thus, the conversion efficiency could be improved by a 

factor of 4 with a longer crystal. 

In V.A, the first experiments and promising results for the development of a resonant cavity were 

discussed. The GRIN lens resonator in V.A had a reflectivity of 80% and intrinsic resonator loss of 

2.0 dB, if additional loss of uncoated interfaces are neglected. These values result in an external 

cavity enhancement factor of 𝐴𝑐𝑖𝑟𝑐
′ = 1.5, meaning that the internal power of the resonator is 1.5 

times higher than the pump power [98]. This value of 𝐴𝑐𝑖𝑟𝑐
′  is only a minor improvement compared 

to pump power but would already increase the SH power by a factor of 2.25, since SHG scales 

quadratically with the pump power. One way to improve 𝐴𝑐𝑖𝑟𝑐
′ , is to build an impedance matched 

resonant cavity, where the input reflectivity matches the total loss in the resonator, including the 

transmission from the output mirror. Assuming intrinsic resonator loss of 2 dB measured for the 

resonator, impedance matching would be achieved for an input reflectivity of 80% and an output 

reflectivity of >99.9%, resulting in 𝐴𝑐𝑖𝑟𝑐
′ = 2.5 and a 6.25 times increased SH power. Reducing the 

cavity loss from 1.0 dB to 0.5 dB would further enhance these values to 𝐴𝑐𝑖𝑟𝑐
′ = 5.2 and an 

increased SH power by a factor of 27.2. Boyd and Kleinman found that the conversion efficiency 

can also be improved by building a resonant cavity for the second harmonic and not only the pump 
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wavelength [30]. Thus, the SH conversion efficiency would benefit the most from the development 

of a double resonant cavity. A final possibility to improve the conversion efficiency would be the 

hybrid integration of ppLN waveguides instead of bulk crystals. This would be beneficial in two ways 

because the waveguide confinement offers a higher power density and also the possibility to 

integrate crystals with a higher length. Even though not covered in this work, first experiments for 

the coupling of ppLN waveguides and PolyBoard chips to develop a single photon Heralded source 

were already carried out successfully. 

During the experiment with the pulsed laser, not only the second harmonic but also the third and 

fourth harmonic were observed in the spectrum (Figure V-34). In an experiment where the SH at 

775 nm is used explicitly for an application, this would be considered an unwanted parasitic effect, 

since the higher harmonics might interfere with the application and would require additional 

filtering. However, since the optical power of the higher harmonics is 29 dB and 36 dB smaller than 

the second harmonic, this would only be a very weak effect. Nevertheless, this is the first time that 

wavelengths of green (517 nm) and ultraviolet (387 nm) light were created in the PolyBoard. Similar 

to second-harmonic generation, a second-order nonlinearity also creates the third and fourth 

harmonic. Besides SHG, the second-order nonlinearity (equation (II-70)) also enables sum-

frequency generation (SFG). In Figure V-34, the third harmonic is created via SFG of the pump 

wavelength and the second harmonic. The fourth harmonic is created by SHG of the second 

harmonic. Both processes are enabled by higher-order phase matching (see equation (II-85)), that 

allows multiple conversion processes to happen simultaneously. For example, third-order phase 

matching would yield a domain width of 21.1 µm required for SFG from 1550 nm + 775 nm → 

517 nm, close to the 19.1 µm period of the crystal for first-order phase matching of SHG ((II-86)).  
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VI. Conclusion 
This work successfully demonstrated the possibilities to realize optical isolators, circulators, and 

SHG in polymer photonic integrated circuits. The challenge of introducing nonreciprocities and 

nonlinearities in the polymer platform is solved by the creation of on-chip free-space sections that 

make the insertion of magneto-optic materials and nonlinear crystals with low loss possible. Within 

this work a theoretical model utilizing Gaussian beam propagation with complex ABCD matrices is 

applied to the system to predict coupling loss and derive parameters for waveguide-coupled GRIN 

lenses that create the free-space sections. Based on these findings, a fabrication process for GRIN 

lenses from GRIN fibers was established. Four PICs, one isolator, also co-integrated with a DBR 

laser, two circulator designs and one SHG source were demonstrated in the PolyBoard platform. 

The integrated isolator, enabled by the integration of a free-space isolator in the PolyBoard, 

showed a performance close to its well-established free-space counterparts, with measured excess 

loss below 1 dB for the best devices and an optical peak isolation exceeding 40 dB. This 

performance is comparable to regular free-space isolators and is to our best knowledge the best-

working isolator in integrated photonics. Furthermore, the co-integration of a DBR laser and an 

optical isolator on a single chip was demonstrated for the first time. During a 10 Gbit/s transmission 

experiment over a 10 km fiber link, the integrated isolator ensured a stable operation of the DBR 

laser even at high amounts of optical feedback. Overall, this promises a simplification in photonic 

packaging designs for lasers, e.g. in fiber-to-the-home applications, because the necessity of free-

space components for the isolator implementation is moved from the packaging towards the 

photonic chip. Even though not shown in this work, the integrated Polyboard isolator was also 

already successfully co-integrated with a silicon nitride based DBR laser and complex hybrid 

photonic circuits for Thz communication. 

Besides the optical isolator, optical circulators based on a nonreciprocal polarization rotation in the 

first and a nonreciprocal phase shift in the second design were demonstrated. With minimal excess 

loss of 4.8 dB and a maximum optical isolation of 10.6 dB, the passively working PBS based 

circulator is a first demonstration of a polarization-independent optical circulator in the PolyBoard 

platform. The design still requires a further reduction of the excess loss and improved optical 

isolation for commercial applications as discussed in V.C.3, but different possibilities to reduce the 

loss are also discussed within this work. Unique in integrated photonics is the possibility to build a 

latching switch based on the reversal of the Faraday rotation direction of the magneto-optic 

crystals with the integrated circulator. 

In the second part of this work, second-harmonic generation with an integrated periodically poled 

lithium niobate crystal was demonstrated. A second harmonic output power of 8 dBm or 6 mW was 

achieved with a femtosecond laser source. The generation of the third and fourth harmonic in the 

green and violet wavelength regime respectively also mark the first generation of visible light on 

the PolyBoard platform. Even though the conversion efficiency demonstrated with a continuous-

wave laser source is significantly lower, three options are discussed to improve it. The first is the 

integration of a longer crystal. The second is the utilization of a resonant cavity design with some 

promising first results shown in VI.A and the third is the hybrid integration of ppLN waveguides 

instead of bulk crystals. 

Besides demonstrating functional devices like optical isolators and second-harmonic generation 

sources, this work describes the methods involved in implementing on-chip free-space sections in 

photonic integrated circuits. This includes a theoretical model of the free-space sections, the 

fabrication of GRIN lenses for different applications, and the preparation of bulk crystals to be 

inserted into the PolyBoard. All these methods form a toolset now easily applicable to applications 
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beyond the ones shown in this work. Thus, the micro-optical bench is established as a fully 

functional building block of the PolyBoard platform. This opens up many new application fields 

apart from nonreciprocal and nonlinear elements by simply interchanging the material inside the 

free-space section. For example two other materials currently being investigated are ppKTP crystals 

for the creation of entangled photon pairs with parametric down-conversion based on the work of 

Laudenbach et al. [99], and the integration of diamonds with high nitrogen concentrations are 

investigated as miniaturized magnetometers for magnetic field measurements similar to the setup 

described in [100]. Nevertheless, even beyond this, many more potential integrations might come 

into mind. Together with the resonant cavity design described in V.A.3, the integration of laser gain 

media and saturable absorbers might enable the development of Q-switched laser, and atomic 

vapor cells can potentially be used for absolute frequency referencing, opening up branches of new 

applications that were previously mostly limited to laboratory setups with free-space optics. 
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Appendix 

1. Sellmeier equation for Mg:O doped ppLN 
Sellmeier’s equation is an empiric function that describes the refractive index of transparent media 

in dependence of the wavelength 𝜆 (in microns), the temperature 𝑇 (in °C) and the Sellmeyer 

coefficients 𝑎𝑖  and 𝑏𝑖. For 5% MgO:LN used in this work, the Sellmeyer equation is given by [101]: 

 
𝑛𝑒
2 = 𝑎1 + 𝑏1𝑓 +

𝑎2 + 𝑏2𝑓

𝜆2 − (𝑎3 + 𝑏3𝑓)
2
+
𝑎4 + 𝑏4𝑓

𝜆² − 𝑎5
2 − 𝑎6𝜆

2, 
(0-1) 

with the temperature dependence 

 𝑓 = (𝑇 − 24.5°𝐶)(𝑇 + 570.82) (0-2) 

and the coefficients 

Sellmeier coefficient Value 
𝑎1 5.756 
𝑎2 0.0983 
𝑎3 0.202 
𝑎4 189.32 
𝑎5 12.52 
𝑎6 1.32E-02 
𝑏1 2.86E-06 
𝑏2 4.70E-08 
𝑏3 6.11E-08 
𝑏4 1.52E-04 

Figure 0-1 depicts a plot of the wavelength dependent refractive index calculated from the 

Sellmeier equation. 

 

Figure 0-1: Wavelength-dependent plot of the refractive index for the ppLN crystal used in this work, calculated from 
Sellmeier’s equation. 

2. Fabry-Pérot resonator and the Airy function 
The Airy transmission function 𝐴𝑡𝑟𝑎𝑛𝑠, describes the spectral transmission of a Fabry-Pérot 

resonator: 

 
𝐴𝑡𝑟𝑎𝑛𝑠 =

𝐼𝑡𝑟𝑎𝑛𝑠
𝐼𝑙𝑎𝑢𝑛𝑐ℎ

=
(1 − 𝑅)2√1 − 𝐿𝑂𝑅𝑇𝐿

(1 − 𝑅)2 + 4𝑅√1 − 𝐿𝑂𝑅𝑇𝐿 sin(
𝜋

∆𝜆𝐹𝑆𝑅
𝜆 + 𝜙)²

 
(0-3) 
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Here, 𝑅 describes the reflectivity of the coated GRIN lenses, 𝐿𝑂𝑅𝑇𝐿 the one-way roundtrip loss, and 

∆𝜆𝐹𝑆𝑅  is the free-spectral range. More about the physics behind Airy distributions and the Fabry-

Pérot resonator can be read in [102]. The free-spectral range can be used to calculate the total 

length of a resonator, which indicates if the GRIN lenses in the GRIN lens resonator are correctly 

inserted with the coating facing towards the waveguides. The free-spectral range is defined as the 

distance between two consecutive transmission maxima in the Fabry-Pérot spectrum and is 

connected to the length 𝐿 of the cavity via 

 
∆𝜆𝐹𝑆𝑅 =

𝜆2

2𝑛𝐿
, 

(0-4) 

 

where 𝜆 is the wavelength in vacuum and 𝑛 the refractive index.  

3. Measurements on thermo-optic components 
Figure 0-2 depicts the transmission of an isolated variable optical attenuator structure as described 

in IV.A.3. At 1550 nm typical excess loss of 1.0 dB with respect to an adjacent reference waveguide 

can be expected. An optical attenuation of 19 dB is measured for a heater electrode current of 

37.5 mA. The spectral oscillations result from the lensed fiber measurement setup used for the 

characterization. 

 

Figure 0-2: Measured optical transmission (a) and an extinction curve (b) of the variable optical attenuator 
implemented in the MZI circulator. 

4. Transparency of rare-earth-doped iron garnets 
Figure 0-3 depicts insertion loss measurements of rare-earth-doped iron garnets, similar to those 

used in this work. Besides high transparency at telecom wavelengths, from 1250 nm – 1600 nm, 

two additional transparency windows for common laser wavelengths are available. At 1064 nm, 

the measured loss of the RIGs are slightly below 1 dB and at 785 nm measured insertion loss are 

around 2 dB. 
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Figure 0-3: Insertion loss measurements of RIGs at different wavelengths, measured at GRANOPT CO., LTD. [103]. 

5. Measurements on PBS test structures 
In order to determine the PER of the PBS structures used in the PBS circulator design in V.C.1, a test 

structures as depicted in Figure 0-4 is characterized for TE and TM polarization. This helps to 

determine the reason for the low extinction of the PBS circulator. 

 

Figure 0-4: Mask layout of the PBS test structure with a four-port configuration similar to the input PBS in the PBS 
circulator depicted in Figure V-20. 

The polarization extinction ratio is measured for two different polarization adjustments. First, the 

polarization is adjusted within the lab system using an optical lens, a free-space polarization filter, 

and a detector. Afterwards an output fiber replaces the free-space setup without touching the 

input fiber, thus maintaining the output polarization of the laboratory system. After a full 

characterization of the chip, the polarization is adjusted directly at the PBS structure a second time 

by maximizing the extinction from port 1 to port 2 for TM polarization. After a complete 

characterization, the measurements are repeated but with a maximized extinction for TE 

polarization from port 3 to port 2. The three different polarization measurements and the insertion 

loss measurement are depicted in Figure 0-5. 
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Figure 0-5: Polarization extinction ratio (PER) of the PBS chip depicted in Figure 0-4 for differently adjusted 
polarizations. In (a), the polarization was adjusted in a free-space setup, while the polarization in (b) to (d) was adjusted 

on-chip for different port configurations. 

For the polarization adjusted in free-space (Figure II-1(a)), a PER of 15.5 dB – 17.5 dB is measured 

depending on the port and polarization configuration. No distinct peak is visible in this 

measurement. In the following two measurements (Figure II-1(b-d)), the directly adjusted 

polarization shows a high peak PER beyond 40 dB, but changing the port configuration results in a 

significant PER drop to values between 10.0 dB and 22.8 dB for the different port and polarization 

configurations. Since the separately measured Faraday rotator and HWP show a good PER beyond 

30 dB, the PBS filters in combination with the (bent) polymer waveguides is most likely the reason 

for low optical isolation measured in the PBS circulator in section V.C.1. 

6. Measurements on Mach-Zehnder-interferometric test 

structures  
Before characterization of the actual circulator structure in V.C.2, a MZI without any free-space 

sections but with integrated phase shifters and VOAs is characterized. Depending on the relative 

optical phase in both arms of the MZI that can be adjusted with the phase shifters, it is possible to 

switch between transmission and extinction for all input and output port combinations. Figure 0-6 

depicts the measurements for TE and TM polarization from port 1 to port 2.  
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Figure 0-6: Optical transmission from port 1 to port 2 for a Mach-Zehnder interferometric test structure for TE and TM 
polarization. 

For a phase shifter current of 0 mA, TM polarized light is transmitted, while TE polarized light is 

blocked at 1550 nm. At a phase shifter current of 33 mA, transmission and extinction are reversed 

for both polarizations, and the TE polarized light is transmitted and TM polarized light blocked. 

Even though switching with the phase shifter works as expected, the fabricated MZI has a strong 

polarization dependence. If TE polarized light is transmitted, TM polarized light is blocked and vice 

versa. This indicates that a phase shift of ~𝜋 is induced between both polarizations during the 

propagation of the MZI.  
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