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Summary
Integrated quantum optics is an emerging research field with the potential to revolu-

tionise our society by providing previously unattainable applications. Integrated de-

vices serve as the foundation for many quantum optical applications. In this thesis,

we investigate the fabrication technologies for nonlinear integrated devices, which are

essential to generate photonic quantum states. This research focuses on novel develop-

ments on twomaterial systems for realising periodically poled waveguides in potassium

titanyl phosphate (KTP) and lithium niobate on insulator (LNOI). Both materials have

unique dispersions properties that allow for high integration densities and photon pair

generation. However, the fabrication of these devices is challenging. Detailed investiga-

tions of the periodic poling behaviour andwaveguides in KTPwere conducted, resulting

in a reliably established technology to fabricate periodically poled waveguides in KTP.

Furthermore, this thesis shows the development of fabrication techniques for periodi-

cally poled waveguides in LNOI. Using these new technology approaches devices from

both materials were fabricated and nonlinear optically characterised, demonstrating

the desired functionality. This work lays the foundation for the fabrication of quantum

optical devices in KTP and LNOI.
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Zusammenfassung
Die integrierte Quantenoptik ist ein aufstrebendes Forschungsfeld, welches unsere Ge-

sellschaft revolutionieren wird, indem sie bisher unerreichbare Anwendungen ermög-

licht. Die Basis für viele quantenoptischen Anwendungen bilden integrierte Bauele-

mente. In dieser Dissertation wurden die Technologien entwickelt, die notwendig sind

photonische Quantenzustände zu erzeugen und hohe Integrationsdichten von Kompo-

nenten zu ermöglichen. Diese Arbeit konzentriert sich auf neuartige Entwicklungen

zur Realisierung von periodisch gepoltenWellenleitern in zwei Materialsystemen, Kali-

umtitanylphosphat (KTP) und Lithiumniobat auf einem Isolator (LNOI). Beide Mate-

rialien zeichnen sich durch einzigartigeDispersionseigenschaften aus, die hohe Integra-

tionsdichten und Photonenpaarquellen ermöglichen. Jedoch ist die Herstellung dieser

Bauteile herausfordernd. Es wurden detaillierte Untersuchungen zum Polungsverhal-

ten und Wellenleitern in KTP durchgeführt, wodurch nun periodisch gepolter Wellen-

leiter in KTP verlässlich hergestellt werden können. Darüber hinaus wird die Entwick-

lung vonHerstellungstechniken von periodisch gepoltenWellenleitern in LNOI gezeigt.

Unter Verwendung der neuenTechnologienwurdenBauelemente in beidenMaterialien

hergestellt und nichtlinear optisch charakterisiert, wodurch die gewünschten Funktio-

nalitäten nachgewiesen wurden. Diese Arbeit stellt die Grundlagen zur Herstellung von

quantenoptischen Bauelementen in KTP und LNOI dar.
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E v e r y o n e k n e w i t w a s i m p o ss i b l e ,

u n t i l a f o o l w h o d i d n o t k n o w

c a m e a l o n g a n d d i d i t .

A l b e r t E i n s t e i n

1Preface

The work of this doctoral thesis has been performed during the years 2017-2022 in the

integrated quantum optics (IQO) group of Prof. Dr. Christine Silberhorn at Paderborn

University. The starting point of this thesis was the fabrication of tailored periodically

poled waveguides in potassium titanyl phosphate (KTP) for quantum optical applica-

tions, but we extended this topic after one year with the development of a novel techno-

logy for periodically poled waveguides in lithium niobate on insulator (LNOI).

During the first year I continued the work from my master thesis of corrugated wave-

guides in KTP. In both the EU and the US, we patented the process for producing wave-

guides made of materials from the KTP family [1, 2]. I have further developed and opti-

mised the technology for periodically poledwaveguides in KTP for advanced devices. By

implementing investigation pulses and preconditioning pulses, I could establish a reli-

able periodic poling process in KTP. Additionally, I investigated the back-switching of

domains in KTP and established the periodic poling of rubidium doped KTP (RbKTP),

a crystal of the same crystal family, but with much more stable domain behaviour. In

the last years of my work our main objective was to exploit the unique dispersion pro-

perties of (Rb)KTP and develop the technology to overcome limitations of commercial

state of the art sources and realise a high-quality source of pure heralded single photons

at telecommunication wavelengths around 1550nm [3].

Within one year of starting my PhD, we decided to extend our material portfolio by

adding LNOI as a new material platform for our research. LNOI offers the possibility

of high-performance integrated nano-photonic components as well as modulators ope-

rating at CMOS compatible voltages, due to the high index contrast between lithium

niobate and silicon dioxide/air. Our group has a lot of experience with conventional

lithium niobate, particularly titanium in-diffused waveguides and bulk poling. This

prior knowledge aided me understanding the material properties. Nevertheless the re-

quired structures differed strongly from those of conventional lithium niobate. As a

result, simultaneously to the optimisation of the (Rb)KTP technology, I started to de-

velop an entirely new technology for LNOI from scratch. For this reason, I spent the
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Chapter 1 Preface

following years developing the process for periodic poling and waveguide fabrication

in LNOI. We are highly fortunate in this technology that a major part of the following

projects is based on my development on LNOI and without my preliminary work the

entry into this topic, would not have been possible.

The technology is the foundation for any quantum optics application. Future quantum

networks will depend on reliable integrated devices. Fabrication and optimisation of

such integrated optical devices is challenging and the arising challenges of the under-

lying technology are significantly more complicated and time-consuming. It requires a

deep understanding of the material properties to determine which process steps have

themost impact and should be improved. To be able to build high-performance devices,

numerous process steps have to be established and optimised. I would like to empha-

sise that, in order to overcome the aforementioned challenges, a full understanding of

the fundamental physics underlying the sample fabrication process, as well as the simu-

lation and characterisation, is required.

Therefore, I expanded my personal portfolio by adding simulations in (Rb)KTP and

LNOI to my comprehensive technological knowledge. I used the pre-existing simula-

tion tools and procedures to comprehend the geometrical influence on the modes. I

gained a deeper insight into the quantum optical implications, e.g., the term decorrela-

tion and its importance. My direct engagement in the fabrication of devices resulted in

a thorough understanding of waveguide processing and its limitations. This aided the

simulations in overcoming the difficulties posed by the fabrication process for nonlinear

systems. This was a key aspect in my ability to adjust the simulations to our technolo-

gical constraints. At the same time, the simulations have evolved my understanding of

key features that I need to optimise in the technology for efficient and unique sources.

For a synergetic environment of design modelling, fabrication, and application and to

enable the realisation of future quantum optical systems, I have started to establish

the optical characterisation of LNOI. This was challenging as we were not familiar with

these strongly confining and geometrically very small waveguide structures compared

to conventional lithium niobate waveguides. I built a new setup that was mechanically

stable and reproducible for efficient waveguide coupling. The analysis and work to-

wards determining the losses of these waveguides stimulated interesting discussions

and a collaboration with the group of Prof. Dr. Thomas Pertsch (Friedrich-Schiller-

University - Jena).

This thesis focuses on the technological development of (Rb)KTP and LNOI processing

and the sources I have directly developed and implemented. This research has resulted

in the following patents and papers:

Padberg et al., Patent: Herstellung vonWellenleitern aus Materialien

der KTP-Familie, Az. 10 2018 108 636.9. (2018)

We patented the fabrication of corrugation free waveguides in materials from the
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KTP family. I fabricated the periodic poling, the rubidium-exchanged waveguides

and optimised the corrugation effect.

Padberg et al., Patent: Production of waveguides made of materials

from the KTP family, US 11.181.802 B2 (2021)

We patented the fabrication of corrugation free waveguides in materials from the

KTP family. I fabricated the periodic poling, the rubidium-exchanged waveguides

and optimised the corrugation effect.

Padberg etal., “Characterisationofwidth-dependentdiffusiondynam-

ics in rubidium-exchanged KTP waveguides”, Opt. Express, 28(17),

24353-24362. (2020)

We showed that the waveguide depth depends on the width of the waveguide and

that narrower waveguides are deeper. We demonstrated that we can model the

diffusion introducing stress in the waveguides. I fabricated the waveguide sam-

ples, characterised the diffusion process and developed the model.

Padberg et al., “Decorrelated photon pair source at 1550nm in perio-

dically poled Rb doped KTiOPO4 waveguides”, in preparation (2022)

Wewill demonstrate a decorrelated type II photon pair source at 1550nmwith in-

distinguishable photons. I fabricated the periodic poling the rubidium-exchanged

waveguides and performed the linear and nonlinear optical characterisation of

this device.

The applications that evolved as a result of the innovative technology capabilities, go

far beyond the scope of this written thesis. The following papers partly presented here

benefited strongly from the technology:

Padberg et al., “DC ionic conductivity in KTP and its isomorphs: pro-

perties,methods for suppressionand its connection to gray tracking.”,

in preparation (2022)

We investigated the DC conductivity in KTP and its isomorphs. Furthermore, we

introduced a method to reduce the overall ionic conductivity in KTP by a potas-

sium nitrate treatment and showed that a thermal treatment in oxygen rich at-

mosphere removes gray tracking from KTP crystals. I was partly involved in the

fabrication and characterisation of those samples.

Brockmeier etal., “Non-InvasiveVisualizationofFerroelectricDomain

Structures on the Non-Polar y-Surface of KTiOPO4 via Raman Imag-

ing”, Crystals 11(9), 1086 (2021)

We showed that is is possible to visualise domain grids of the non-polar y-surface

of KTP via confocal Raman-spectroscopy. This gave us insights into the domain-

growth. I fabricated the periodically poled KTP sample that was investigated in

this work.
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Eigner et al., “Spatially single mode photon pair source at 800nm in

periodically poled Rubidium exchanged KTP waveguides”, Opt. Ex-

press 28(22), 32925-32935 (2020)

We realised singlemode waveguides in periodically poled KTP for frequency-non-

degenerate type II parametric down-conversion to generate photonpairs at around

800nm. I was partly involved in the fabrication of those samples.

Eigner et al., “Periodically poled ridge waveguides in KTP for second

harmonic generation in the UV regime”, Opt. Express 26(22), 28827-

28833 (2018)

Wehave demonstrated the first periodically poled ridgewaveguides inKTP.More-

over, we analysed a type-II second harmonic generation at around 800 nm. I was

partly involved in the fabrication of those samples.

Ansari et al., “Heralded generation of high-purity ultrashort single

photons inprogrammable temporal shapes”,Opt. Express26(3), 2764-

2774 (2018)

We fabricated and demonstrated a source of nearly pure single photons in arbi-

trary temporal shapes heralded from a parametric down-conversion. I modelled

and fabricated the KTP waveguide sample.

Volk et al., “Fabrication of low-loss Rb-exchanged ridgewaveguides in

z-cut KTiOPO4”, Opt. Mater. Express 8(1), 82-87 (2018)

Wereported on the first realisation of ridgewaveguides in planar exchangedwave-

guides, single mode at 1550nm, in z-cut KTP. I fabricated the planar waveguide

sample and characterised the diffusion.

Padberg etal., Patent: Gradientenfilter zur strahlversatzfreien,wellen-

längenselektivenModifikationderLichteigenschaften, Az. 102019 130

532.2 (2018)

We patented the concept of a gradient filter for beam offset-free, wavelength-

selective modification of the light properties. I contributed to the modelling of

the coating layer design.
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I t i s n ' t w h a t w e s a y o r t h i n k

t h a t d e f i n e s u s , b u t w h a t w e d o .

J a n e A u s t e n

2Introduction
The first quantum computer in Germany, launched by IBM in June 2021, sparked a

lot of excitement. Quantum computing is a rapidly-emerging technology that can solve

certain classes of problems that go far beyond the capabilities of classical (super) com-

puters by exploiting the peculiar laws of quantum mechanics. Quantum computing as

well as quantum communication will revolutionise our society by offering previously

unattainable benefits, e.g., new tools to secure bank transactions [4] or encrypt commu-

nications [5]. However, the realisation of a quantum computer is a daunting challenge

and requires a wide range of complimentary skills. Different approaches to building

a functional quantum computer are pursued, e.g., trapped ions [6], superconducting

qubits [7], and photonics [8]. The latter is appealing because the only known way to

share quantum information in a quantum internet is by means of photons. Light-based

quantum computers would seamlessly integrate into such an architecture. In addition,

photonic quantum computers could leverage the power of the classical photonics indus-

try for mass production, given that quantum-compatible materials and process steps

can be developed. Without much thought, one will come to the conclusion that a prac-

tical photonic quantum computer must be realised with integrated photonics and will

require optimised sources of quantum light, reconfigurable photonic integrated circuits

with feed-forward, and efficient detection and data analysis. Our expertise covers two

key building blocks: quantum state generation and device integration.

Fundamental for the realisation of complex photonic systems for quantum communi-

cation or quantum computation applications is the generation and the interference be-

tweendifferent quantumstates of light [9–11]. It is desirable to generate quantumstates

of light with unique properties, e.g., pure indistinguishable photons, in a controlled

manner. For this reason, we need to create quantum light sources which are bright

and efficient in a classical way, but at the same time generate pure and indistinguish-

able photons to exploit their quantumcharacter. Suchphotons canbe generateddirectly

with single photon sources such as atoms, ions, or quantumdots. More commonly, how-

ever, they are generated by first generating a photon pair and then detecting one of the

pair photons to herald the presence of the other. An established standard for the gene-

ration of photon pairs are parametric down-conversion (PDC) sources. By engineering

the PDC source it is possible to generate separable two-photon states for heralding pure

9



Chapter 2 Introduction

single photons [12–15]. A material of choice for such applications is potassium titanyl

phosphate (KTiOPO4, KTP), whose unique dispersion properties allow for the genera-

tion of spectrally pure heralded single photons in the telecommunication wavelength

regime [16]. The same holds for rubidium doped KTP (RbKTP) a crystal of the same

crystal family.

Besides the generation of quantum light, a key component for integrated quantum op-

tical applications is integration. With time, systems are becoming increasingly complex

as they grow in size. In order to handle this, it requires integration, followed by minia-

turisation. In order to obtain compact footprint devices, guiding structures must be

integrated into crystals in photonic integrated circuits (PIC). Waveguide structures al-

low for a high mode confinement, leading to longer interaction length, higher energy

densities [17] and a better mode overlap for the fields involved. As a result, the effi-

ciency of the devices increases several orders of magnitude [18]. Moreover, integration

on one chip enables one to build optical networks with low losses, a large number of op-

tical modes, and excellent stability. One of the most versatile and attractive materials

for photonics is lithium niobate (LiNbO3, LN) with its exceptional electro-, nonlinear-

and acousto-optic properties. Within the past few years, devices based on thin-film

LN (lithium niobate on insulator, LNOI), have outperformed their legacy counterparts

realised in conventional LN with a complete set of integrated optical components and

unprecedented performances, e.g., record-efficiency wavelength converters with con-

version efficiencies up to η0 = 33000%/(W·cm2)1 [20].

Motivated by these observations, this work has embarked on amission to lay the techno-

logical foundations to design future integrated quantum optical applications and make

them feasible. Our key goals are to enable waveguiding and single photon generation

in KTP and LNOI, which can be accomplished by conserving energy and momentum.

In order to fulfil phase matching, we will take advantage of quasi-phase matching. The

overarching goal of this work is to develop a synergetic environment of design mod-

elling, fabrication, and application, to enable future ideas for quantum optical systems.

This thesis is organised in five parts to reflect the various aspects of our efforts. In Chap-

ter 3 “Fundamental Theory”, we introduce basic theoretical concepts from the fields of

integrated optics, nonlinear optics and nonlinear materials to form a solid basis to un-

derstand the results of this work. Subsequently, in chapter 4 “Technology”, we focus on

the state of the art fabrication techniques for quasi-phase matching and waveguides in

KTP and LNOI devices. Afterwards, we present our techniques for the in-house fabri-

cation of KTP and introduce the state of the art of characterisation methods in terms

of material and optical characterisation. Chapter 5 “Novel Developments” is devoted to

our developed techniques for optimising and increasing the quality of periodically poled

waveguides in RbKTP. For LNOI we show the development of a new technology and the

1For example, in buried waveguides formed by annealed and reverse proton exchange in periodically

poled conventional lithiumniobate a high conversion efficiencywas demonstratedwith 150%/(W·cm2)
[19].
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important intermediate steps to achieve a reliable and high quality technology. Then,

in chapter 6 “Tailored Waveguide Sources”, we apply our knowledge and techniques to

demonstrate and analyse the performance of our in-house fabricated sources in RbKTP

and LNOI. We discuss the state of the art of unique sources in both materials and we

present the analysis of our periodically poled waveguides in RbKTP and LNOI. Finally,

in chapter 7 “Conclusion and Outlook”, we conclude this thesis and identify potential

future directions and extensions of our work.

11





I t ' s d a n g e r o u s t o g o a l o n e !

T a k e t h i s .

T h e L e g e n d o f Z e l d a

3Fundamental Theory

Contents

3 . 1 I n t e g r a t e d O p t i c s . . . . . . . . . . . . . 1 3

3 . 2 N o n l i n e a r O p t i c s . . . . . . . . . . . . 2 2

3 . 3 N o n l i n e a r M a t e r i a l s . . . . . . . . . . 3 5

Integrated quantum optics involves

topics related to the fields of integrated

optics, nonlinear optics and therefore,

nonlinear materials. In this chap-

ter, we introduce the theoretical con-

cepts necessary to discuss the results of

this work and we present our notation.

First, we provide a mathematical de-

scription of the integrated optical ele-

ments relevant in this work, namely optical waveguides and directional couplers. Then,

we introduce nonlinear optics, discussing light-matter interaction and three-wave mix-

ing interactions, phase matching and dispersion engineering. Finally, we describe two

nonlinear materials used in this thesis, potassium titanyl phosphate (KTP) and lithium

niobate on insulator (LNOI) and address their properties in the context of integrated

nonlinear optics.

3 . 1 I n t e g r a t e d O p t i c s

Every integrated device relies on light guiding structures. Waveguides confine light in

small cross-sections, enabling us to control the propagation direction and spatial struc-

ture of the light fields. This allows for the realisation of complex circuits [21] and the

tailoring of specific applications like a decorrelated sourcewith awavelength at 1550nm

[16]. It is fundamental to precisely model device behaviour. In the following, we start

with the simplest type of waveguides, a straight waveguide structure and its description.

13



Chapter 3 Fundamental Theory

3 . 1 . 1 W a v e g u i d e s

A fundamental element of integrated optics is a waveguide, because it allows for almost

lossless routing of light between different parts of an integrated device. A dielectric

waveguide consist of a dielectric material referred to as the core surrounded by another

dielectric material called cladding with a lower refractive index. Therefore, the light

is trapped in the core through total internal reflection. For a full-field description of

a straight, dielectric waveguide we have to solve Maxwell’s equations by analytical or

numerical methods.

3 . 1 . 1 . 1 M a t h e m a t i c a l D e s c r i p t i o n

The properties of light inside awaveguide can be derived fromMaxwell’s equations [22].

Here, we consider the most common type of waveguides, in a lossless, dielectric, non-

magnetic and non-conducting medium. Thus, the equations simplify to

∇×H =
∂D
∂t

(3.1)

∇×E = −∂B
∂t

(3.2)

∇ ·H = 0 (3.3)

∇ ·D = 0, (3.4)

whereH is the magnetic field vector,D is the electric displacement vector, E is the elec-
tric field vector, B is the magnetic induction vector and t is the time. The constitutive
equations are given by

D = ε0 · εr (r) ·E (3.5)

B = µ0 ·µr ·H, (3.6)

where ε0 and εr are the permittivity of free space and the relative permittivity tensor
depending on the space r. Furthermore, µ0 and µr are the permeability of free space
and permeability tensor of the material. The two Maxwell’s equations can be rewritten

as

∇×H = ε0 · εr (r) ·
∂E
∂t

(3.7)

∇×E = −µ0 ·µr ·
∂H
∂t

. (3.8)

If we apply the curl operator on equation 3.8 and use equation 3.7 we get

∇× (∇×E) +µ0 ·µr · ε0 · εr (r) ·
∂2E
∂t2

= 0. (3.9)

14



We can expand the first term as

∇× (∇×E) = ∇ · (∇ ·E)−∇2 ·E. (3.10)

Using equation 3.4 and 3.5 we can rewrite

∇ ·D = 0 = ∇ [ε0 · εr (r) ·E] = ε0 · [∇ · εr (r) ·E+ εr (r) · ∇ ·E] (3.11)

⇒∇ ·E = −
(
∇ · εr (r)
εr (r)

)
·E. (3.12)

Therefore, equation 3.9 with help of equation 3.10 can be written as

∇2 ·E+∇ ·
[(
∇ · εr (r)
εr (r)

)
·E

]
−µ0 ·µr · ε0 · εr (r) ·

∂2E
∂t2

= 0. (3.13)

A similar equation can be deduced for the magnetic field vector H

∇2 ·H+
[(
∇ · εr (r)
εr (r)

)
× (∇×H)

]
−µ0 ·µr · ε0 · εr (r) ·

∂2H
∂t2

= 0. (3.14)

These standard electromagnetic wave equations are satisfied by monochromatic plane

wave solutions

Ψ = A · ei(ω·t−k·r), (3.15)

whereA is the amplitude andω the frequency of thewave. Themagnitude of thewavevec-
tor k is defined as

|k| =ω
√
µε. (3.16)

The electromagnetic wave given in 3.15 is called a plane wave, whose wavefronts travel

in the direction of k with a velocity ν, whose magnitude is

ν =
ω

|k|
(3.17)

and with a wavelength λ of

λ =
2π
|k|

= 2π
ν
ω
. (3.18)

The phase velocity v depends on the medium and therefore, can be described by the

permittivity and permeability as

v =
1

√
µrµ0ε0εr

. (3.19)

The velocity of light in vacuum is

c =
1

√
µ0 · ε0

, (3.20)
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Chapter 3 Fundamental Theory

whereas in a medium we have

ν =
c
n
. (3.21)

The refractive index n of the material is defined as

n =
√
µrεr (3.22)

Non-magnetic materials have a material permeability of µr = 1 and we can simplify the
refractive index for a lossless medium to

n =
√
εr . (3.23)

With equations 3.15 and 3.20 we can write the wave equations 3.13 and 3.14 as

∇2 ·E+∇ ·
[(
∇ · εr (r)
εr (r)

)
·E

]
+
ω2

c2
· εr (r) ·E = 0 (3.24)

∇2 ·H+
[(
∇ · εr (r)
εr (r)

)
× (∇×H)

]
+
ω2

c2
· εr (r) ·

∂2H
∂t2

= 0. (3.25)

If we now make some approximations, we can further simplify the wave equations. We

assume a lossless medium and thus, can use equation 3.23. Moreover, we consider

waveguideswith a refractive index that varies slowly compared to the opticalwavelength

and therefore, ∇ · ε (r) ≈ 0. This is true for weakly guiding waveguides, where in the
guiding region the refractive index increase is relatively small. Next, we assume that

the geometry is invariant on the z-axis and this allows us to write for the electric and

magnetic fields

E(r) = E(x,y) · e−i·β·z (3.26)

H(r) = H(x,y) · e−i·β·z. (3.27)

With these approximations and with

∇ ·E(r) = ∇2xy · ∇2z ·E(x,y) · e−i·β·z =
(
∇2xy ·E(x,y)− β2 ·E(x,y)

)
· e−i·β·z (3.28)

we can simplify the wave equations 3.24 and 3.25 further to(
∇2xy +

ω2

c2
·n2 (x,y)− β2

)
·E (x,y) = 0 (3.29)(

∇2xy +
ω2

c2
·n2 (x,y)− β2

)
·H (x,y) = 0. (3.30)

The solutions of these equations are a set of modes with field distributions of Em(x,y)
and their corresponding propagation constants βm. Waveguides with only one solution,

guide only one mode and are called single-mode waveguides. For confined modes, the

field amplitude must decrease exponentially outside of the waveguide. Each mode is
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associated with an effective refractive index of neff = β · cω = β · k0, which describes the
propagation of the lightmode inside awaveguide. Thewavevector in vacuum is k0. With

this, we can define the propagation constant as

β = k0neff =
2 ·π ·neff

λ0
. (3.31)

In weakly guiding waveguides, modes can be classified in two different types. On the

one hand, there are quasi-transverse electricmodes (quasi-TE or qTE), which have their

electrical field perpendicular to the incidence plane and have a predominant field com-

ponent of Ey . On the other hand, modes with a predominant field component ofHy are

called quasi-transverse magnetic modes (quasi-TM or qTM) [22].

In the case of strongly guiding waveguides, i.e. a high index change between the re-

fractive index of the waveguides and the cladding, these approximations are not valid.

The polarisations are no longer decoupled and more complex modes can arise, such

as hybrid modes, where the magnitudes of the amplitudes of the field components are

comparable. As a result, these equations cannot be solved analytically and necessitates

numerical approaches, which will be briefly discussed in the following part.

3 . 1 . 1 . 2 N u m e r i c a l M e t h o d s

To solve the wave equations, a number of numerical methods have been evolved.

M a r c a t i l i ’ s M e t h o d
An elementary approach is Marcatili’s method [23], which describes the propagation of

light in a rectangular dielectric waveguide. The light is guided by total internal reflection

because the waveguide’s core has a higher refractive index than its surrounding mate-

rials. This method approximates the waveguide as two planar waveguides and neglects

at the same time the corner regions. The mode can be described as standing waves in

both the x- and y-directions in the waveguide its core. The field decays exponentially

in both horizontal and vertical directions outside the core. The propagation constant

of the waveguide is defined as β2 = k20 − k2x − k2y , where k
2
0 is the wavevector of the core

of the waveguide and kx, ky correspond to the wavevectors of the standing waves along
the x- and y-direction. Nevertheless, this method works best for low-index-contrast,

multimode and step index waveguides. For weakly guiding waveguides or waveguides

with more complex geometry, variations of this method exist, but they are usually less

accurate.

F i n i t e E l e m e n t M e t h o d
For a precise calculation of thewaveguidemodes, solving the full numericalmodel using

the finite element method (FEM) is required. FEM is a prominent technique for solv-

ing partial differential equations (PDE) [24] numerically. The FEM breaks a big system

into smaller simpler sections called finite elements in order to solve a problem. This is
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accomplished by discretising in the spatial dimensions. This is done through the cre-

ation of a mesh and the problem is solved inside each element of the mesh. For the final

calculation, all sets of element equations are systematically recombined into a global

system of equations. FEM can be used to investigate problems in complex domains.

However, because the numerical implementation of FEMs is rather complicated, sim-

pler and faster methods for solving Maxwell’s equations are commonly implemented.

F i n i t e D i f f e r e n c e M e t h o d a n d F i n i t e D i f f e r e n c e T i m e D o m a i n

For structures with simple geometry, finite difference methods (FDM) are more con-

venient [24]. FDM solves ordinary differential equations (ODE) or partial differential

equations using finite differences to approximate derivatives. The spatial domain is

discretised into a rectangular mesh, or broken down into a finite number of steps. By

solving algebraic equations involving finite differences and values from neighbouring

points, it is possible to approximate the value of the solution at these discrete points.

The time-dependent solution of Maxwell’s equation can be solved using an extended

FDM techniques, called finite difference time domain (FDTD). At a given point in time,

the electric andmagnetic field vector components in a volumeof space are solved. There-

fore, FDMand FDTDare two of themost widely usedmethods for calculating the spatial

modes and the propagation of light in a wide range of media.

3 . 1 . 2 D i r e c t i o n a l C o u p l e r

A directional coupler is an optical component, which couples light between two wave-

guides and is a key component for optical splitters and switches. Guided modes have

an evanescent field exponentially decreasing outside of the waveguide region. We can

use this evanescent field to excite modes in an adjacent waveguide. If the distance be-

tween these two parallel waveguides is sufficiently small, the evanescent fields of the

two waveguides overlap. This allows the field propagating inside of one the waveguides

to couple to the other waveguide. The efficiency of the coupling is quantified by the

coupling ratio, which depends on the length of the coupler and the coupling coefficient.

The coupling coefficient describes how well the modes of the two waveguides interact.

It is related to the distance between the two waveguides in the coupling region and the

overall shape of the coupler. Figure 3.1 shows a directional coupler.
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Figure 3.1 – Schematic of a directional coupler consisting of two wave-

guides. In the coupling region the two waveguides are sep-

arated by a gap G over a coupling length Lc, allowing a cou-
pling between the adjacent waveguides.

For simplicity, this section focuses on two waveguides, which are identical and guide

only the fundamental mode. Light can couple between the waveguides in the coupling

region with a gap G and coupling length Lc. Before and after the coupling region the
waveguides are separated by bendings.

The coupling between the two waveguides can be described with the coupled mode the-

ory [25]. We consider two electromagnetic modes a and b with frequencies ωa and ωb

and complex amplitudes A and B. In the presence of a perturbation the complex ampli-
tudes are no longer constant but depend on the propagation direction z

dA
dz

= κabBe
−i∆z (3.32)

dB
dz

= κbaAe
+i∆z, (3.33)

where κab and κba are the coupling coefficients. Here, the phase-mismatch ∆ = βb − βa
depends on the propagation constants of the two modes and on the spatial variation of

the coupling perturbation. If we consider a co-directional coupler, the modes a and b
propagate in the same direction. The power of these two modes are |A(z)|2 and |B(z)|2
and their sum is conserved over the entire coupling region with

d
dz

(
|A(z)|2 + |B(z)|2

)
= 0. (3.34)

This is satisfied when

κab = −κ∗ba. (3.35)

If the power is injected in one waveguide with mode b at z = 0 we have

b (0) = B0 (3.36)

a (0) = 0. (3.37)
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With these conditions the solutions for the equations 3.32 and 3.33 are

A (z) = B0
2κab

(4κ2 +∆2)
1
2

e−i∆
z
2 sin

[
1
2

(
4κ2 +∆2

) 1
2 z

]
(3.38)

B (z) = B0e
i∆ z

2

cos
[
1
2

(
4κ2 +∆2

) 1
2 z

]
− i ∆

(4κ2 +∆2)
1
2

sin
[
1
2

(
4κ2 +∆2

) 1
2 z

] ,(3.39)
where κ2 = |κab|2. If the phase-mismatch is ∆ = 0, which means the two modes have
equal propagation constants, the power Pi is completely transferred periodically be-
tween the modes a and b

PA = |A(z)|2 = B2
0 sin

2(κz) (3.40)

PB = |B(z)|2 = B2
0 cos

2(κz) (3.41)

with a period of

z = Lx =
π
2κ

, (3.42)

where Lx is the cross-over length. Figure 3.2 shows the power of the modes depending
on the length z for a perfectly phase matched system.

0 π
2 π

Coupler length z

0

B0

P
ow

er

PA

PB

Figure 3.2 – Following equations 3.40 and 3.41, the power of mode a is
minimal, when mode b has maximal power. The intersec-
tion point of both is referred to as 50:50 splitting ratio.

Using the supermode approach, we can calculate the coupling coefficient κ to describe
the coupling behaviour. In this approach the coupler with the two waveguides is treated

as a single structure. The eigenmodes of this structure are the symmetric and antisym-

metric mode shown in figure 3.3. These two modes have slightly different propagation

constants βsymmetric and βantisymmetric.
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Figure 3.3 – Symmetric and antisymmetric mode of a directional cou-

pler. The dotted lines indicate the two waveguides.

If we now excite the mode a in the waveguide, this field can be described as the sum of

the symmetric and antisymmetric modes of the compound structure. The mode b can
described as the difference of symmetric and antisymmetricmode. Figure 3.4 shows the

modes in the twowaveguides as a sumor difference of the symmetric and antisymmetric

mode.
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Figure 3.4 – Sumanddifference fields of the symmetric and antisymmet-

ric mode of a directional coupler shown in figure 3.3. The

dotted lines indicate the two waveguides.

When launching light at z = 0 into mode a, this corresponds to exciting the symmet-
ric and antisymmetric mode with equal weight and in phase. As they travel along the
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waveguide, they change their relative phase and are out-of-phase at

z = Lx =
π

βsymmetric − βantisymmetric
. (3.43)

This means we have the difference between the two supermodes and we get mode b.
After half a period the total power frommode a is transferred to mode b as described by
equations 3.40 and 3.41.

Usingβi =
2·π·ni
λ [26] and∆n = nsymmetric−nantisymmetric, wherensymmetric andnantisymmetric

are the effective refractive indices of the symmetric and antisymmetric mode, we can

rewrite equation 3.43 and define the cross-over length as

Lx =
λ

2 ·∆n
. (3.44)

Therefore, we can calculate with equations 3.42 and 3.44 the coupling coefficient κ as

κ =
π∆n
λ

. (3.45)

With this directional coupler it is possible to achieve different power splitting ratios of

the coupler by precisely tuning the coupling length Lc. All coupling ratios are possible,
in particular 100% coupling from one waveguide to the other or 50% : 50% splitting.

In this section, we introduced linear optical components and their mathematical de-

scription. Nonlinear effects enable us to use a variety of further possible applications.

Therefore, we introduce the concepts of nonlinear optics in the next section.

3 . 2 N o n l i n e a r O p t i c s

Nonlinear optics is the study of phenomena that arise as a result of intense lightmodify-

ing the optical characteristics of a material system. Generally, only laser light is strong

enough to observe nonlinear effects. The interaction between the laser light and thema-

terial can lead to the generation of new optical fields at new frequencies, allowing for

novel applications such as nonlinear frequency conversion [27] or single photon genera-

tion via parametric down-conversion [28]. Therefore, the mathematical description of

nonlinear processes, especially second-harmonic generation, is covered in this chapter.

Moreover, we introduce two different types of phase matching and outline the concept

of dispersion engineering. All of these descriptions generally begin with bulk media,

but can be adapted to waveguides, since they achieve a stronger nonlinear interaction

by increasing the field confinement and overcoming diffraction, which gives a longer

interaction length [17].
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3 . 2 . 1 N o n l i n e a r M a t e r i a l R e s p o n s e

Since the origin of nonlinear optics is the response of thematerial in a nonlinearmanner

in the presence of an intense light field, the dipole moment per unit volume, or in other

words the polarisation P(t), depends on the strength E(t) of the light field. P(t) can be
expressed as a power series of E(t) [29]

P(t) = ε0
[
χ(1)E(t) +χ(2)E2(t) +χ(3)E3(t) + ...

]
(3.46)

= P(1)(t)︸︷︷︸
Plinear

+P(2)(t) +P(3)(t) + ...︸                 ︷︷                 ︸
Pnonlinear

, (3.47)

where χ(m) is the susceptibility tensor of m-th order with the rank m. If the strength
of the electric field is relatively small, we only have a linear response with Plinear. The
linear susceptibility χ(1) is related to the refractive index through [30]

χ(1) = n2 − 1. (3.48)

P(2)(t) is referred to as the second order nonlinear polarisation and P(3)(t) as the third-
order nonlinear polarisation. The magnitude of the higher order terms of χ decreases

relatively quick. As a result, terms of P(3)(t) and higher can be neglected, unless the
light intensity is very strong. Thus, we only consider in the following the second order

nonlinear polarisation, which depends quadratically on the electric field. Therefore, the

three-wave mixing processes are discussed in more detail in the next section.

3 . 2 . 2 T h r e e - W a v e M i x i n g

In the following, we briefly outline different three-wave mixing processes. Therefore,

we assume an electric field as a monochromatic plane wave propagating only along the

z-direction:

Ei(t, z) = Ei · ei·(ωi ·t−βi ·z) + c.c. (3.49)

withωi as the frequency, Ei as the amplitude and βi the propagation constant of the light
field. If we now consider two electric fields E = E1(t, z) + E2(t, z) exciting the nonlinear
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material and use equation 3.47, we can calculate the nonlinear polarisation

P(2)(t, z) = ε0χ
(2)


(
E2
1 · e

i·(2·ω1·t−2·β1·z) + c.c.
)

︸                          ︷︷                          ︸
second-harmonic generation

+
(
E2
2 · e

i·(2·ω2·t−2·β2·z) + c.c.
)

︸                          ︷︷                          ︸
second-harmonic generation

+2 ·
(
E1 ·E2 · ei·[(ω1+ω2)·t−(β1+β2)·z) + c.c.

)
︸                                       ︷︷                                       ︸

sum-frequency generation

+2 ·
(
E1 ·E∗2 · e

i·[(ω1−ω2)·t−(β1−β2)·z) + c.c.
)

︸                                       ︷︷                                       ︸
difference-frequency generation


+2 · ε0χ(2) [E1 ·E∗1 +E2E

∗
2
]︸             ︷︷             ︸

optical rectification

. (3.50)

Each expression has been labelled with the name of the physical process it describes in

this equation. We can distinguish between second-harmonic generation (SHG), sum-

frequency generation (SFG), difference-frequency generation (DFG), and optical recti-

fication (OR), which we do not consider in this work. If we consider this interaction

in terms of field exchange between the various frequency components of the field, the

nonlinearity induces two fields to combine into one field. In the case of two fields with

identical frequency ω it results in a field with twice the original frequency 2 ·ω. This is
called second-harmonic generation. For two fields with different frequencies, a sum-

or difference frequency field is generated. Therefore, there are three different process,

which can be distinguish because of the energy conservation:

ω3 = 2 ·ω1/2 Second-Harmonic Generation

ω3 = ω1 +ω2 Sum-Frequency Generation

ω3 = ω1 −ω2 Difference-Frequency Generation

These processes can be further categorised into types depending on the polarisation of

the involved fields. In this thesis, we define these types as:

• type 0 - all the three fields have the same polarisation

• type I - the two input fields have the same polarisation

• type II - the two input fields have orthogonal polarisation

Taking a quantum approach of light-matter interaction, there is a fifth process possible

called spontaneous parametric down-conversion (SPDC or PDC). PDC can be consid-

ered as the inverse process of sum-frequency [30]. In this case, one photon decays into

two daughter photons with the sum of their frequencies equal to the frequency of the

first photon.
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3 . 2 . 2 . 1 N o n l i n e a r S u s c e p t i b i l i t y

If we consider a three-wave mixing process and the nonlinear polarisation P(2)(t, z), the
second order nonlinearity χ(2) only exists in non-centrosymmetric crystals [29]. If the

frequencies of a considered process are far away from the resonance frequencies of the

optical medium and if Kleinman‘s symmetry condition is valid, we can simplify the sus-

ceptibility and introduce the tensor

dijk =
1
2
χ
(2)
ijk , (3.51)

where we can further simplify the tensor assuming dijk is symmetric in the two last
indices. Therefore, we can introduce a contracted matrix dil , in which the indices jk are
combined to l as

jk 11 22 33 23, 32 31,13 12,21

l 1 2 3 4 5 6

With this notation it is possible to represent the nonlinear susceptibility tensor as a

3 × 6 matrix. The tensor with its elements can be described as

d =


d11 d12 d13 d14 d15 d16
d21 d22 d23 d24 d25 d26
d31 d32 d33 d34 d35 d36

 . (3.52)

We can describe the nonlinear polarisation for three-wave mixing with ω3 =ω1+ω2 by

Px (ω3)
Py (ω3)
Pz (ω3)

 =M · ε0 ·

d11 d12 d13 d14 d15 d16
d21 d22 d23 d24 d25 d26
d31 d32 d33 d34 d35 d36

 ·


Ex (ω1)Ex (ω2)
Ey (ω1)Ey (ω2)
Ez (ω1)Ez (ω2)

Ey (ω1)Ez (ω2) +Ez (ω1)Ey (ω2)
Ex (ω1)Ez (ω2) +Ez (ω1)Ex (ω2)
Ex (ω1)Ey (ω2) +Ey (ω1)Ex (ω2)


.(3.53)

M is the multiplicity factor and depends on the involved process. M = 2 for SHG and

for all other processesM = 1. The nonlinear susceptibility and therefore, the simplified
tensor is constrained by the given nonlinear crystal and its symmetry properties.

During this thesiswe use two crystals: lithiumniobate and potassium titanyl phosphate.

The tensors for these two crystals are described in detail in sections 3.3.1.2 and 3.3.2.2.
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3 . 2 . 3 P h a s e M a t c h i n g

Phase matching is a condition and if it is fulfilled, the generated wave maintains a fixed

phase relationwith respect to the nonlinear polarisation. As a result, the generatedwave

is able to extract energy most efficiently from the incident waves.

Thewave equation for nonlinear opticalmedia can be derived fromMaxwell’s equations

withD = ε0εr ·E+P and is given by [29]

∇2E(r)− εr
c2
· ∂

2E
∂t2

=
1

ε0 · c2
∂2Pnonlinear

∂t2
. (3.54)

Next, we consider sum-frequency generation (ω3 =ω1 +ω2) in a lossless nonlinear op-
tical medium and assume a plane wave with the amplitude Ai as

Ei(t, z) = Ai · ei·(βi ·z−ωi ·t) + c.c., (3.55)

assuming the amplitude is depending on z. Solving the wave equation and applying the
slowly varying amplitude approximation [29] we get for the coupled wave equation of

the generated field

dA3

dz
=
2 · i · d0ω2

3

β3c2
·A1 ·A2 · e−i·∆β·z, (3.56)

where

∆β = β3 − β2 − β1 (3.57)

is the phase mismatch. The effective nonlinear coefficient d0 can be calculated by equa-
tion 3.52depending on the involved type of process. The amplitude of the sum-frequency

field at the end of a nonlinear medium with length L is given by

A3(L) =
2 · i · d0 ·ω2

3 ·A1 ·A2

β3 · c2

∫ L

0
e−i·∆β·zdz =

2 · i · d0 ·ω2
3 ·A1 ·A2

β3 · c2

(
e−i·∆β·L − 1
−i ·∆β

)
. (3.58)

Thus, we obtain for the intensity [29]

I3 =
8 · d20 ·ω

2
3 · I1 · I2

n1 ·n2 ·n3 · ε0 · c2
·L2 · sinc2

(
∆β ·L
2

)
. (3.59)

Figure 3.5 shows the effect of the wavevector mismatch on the efficiency of the process.
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Figure 3.5 – Intensity of the three-wave mixing conversion process. The

intensity depends on the phase mismatch between the in-

volved waves. At zero phase mismatch, the intensity is max-

imal, and significantly decreases for increasing mismatch.

In the case of

∆β = 0, (3.60)

we have perfect phase matching and the converted intensity reaches its maximum.

In the case of SHG, Pnonlinear, which generates a field at ω3, propagates with speed

β1 + β2, since it depends on the other two fields. The generated wave at ω3 propagates

at β3. After a coherence length Lcoh

Lcoh =
π
∆β

, (3.61)

Pnonlinear is out of phase, with a phase mismatch equal to π, with the field generated at
ω3. Thus, these fields interfere destructively. In general, it is difficult to fulfil the phase

matching condition ∆β = 0, because normally the refractive index of lossless materials
is decreasing with higher wavelength, which is called normal dispersion. Therefore, the

phasematching condition has to be described as a function of thewavelength dependent

refractive index

∆β = 2π
(
n1 (λ1)
λ1

+
n2 (λ2)
λ2

− n3 (λ3)
λ3

)
. (3.62)

However, there are two common techniques to achieve phase matching called birefrin-

gent phase matching and quasi-phase matching.
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3 . 2 . 3 . 1 B i r e f r i n g e n t P h a s e M a t c h i n g

Birefringent phase matching uses the birefringence of a crystal to achieve phase mat-

ching. If possible, this is achieved by properly choosing the polarisation of the three

interacting fields, to counteract the effect of dispersion in the crystal. However, this

technique requires tuning in order to reach the desired phase matching condition, by

modify refractive index seen by light. This can be accomplished by changing the temper-

ature or the angle of the crystal. Nevertheless, the allowed processes are highly limited

due to the dispersion characteristics of nonlinear crystals. Note that angle tuning is

not suitable in waveguides. Moreover, birefringent phase matching makes use of dif-

ferent polarised fields and excludes the d33 coefficient of the nonlinear susceptibility.
However, the d33 coefficient uses three fields with equal polarisation and is the highest
coefficient for our chosen materials KTP and LNOI.

3 . 2 . 3 . 2 Q u a s i - P h a s e M a t c h i n g

To be more flexible in the choice of polarisation and wavelengths involved in the three-

wave mixing process, one can engineer the material nonlinearity via quasi-phase mat-

ching. As described in equation 3.61, the fields propagating in a waveguide interfere

destructively after a coherence length, which is the length over the accumulated phase

mismatch is equal to π. This situation for second-harmonic generation is illustrated by
the red curve in figure 3.6. It shows the intensity of the generated second-harmonic

(SH) light field as a function of the propagation length. For a non-phase matched case

the intensity growths and decays periodically along the length of the interaction with a

period twice the coherence length.

As discussed in section 3.2.3.1 the phase mismatch can be compensated by birefringent

phase matching. In this case the second-harmonic field grows linearly with the propa-

gation length and thus, the intensity growth quadratically. The blue curve in figure 3.6

shows the condition of perfectly, i.e. birefringent, phase matched process.

If birefringent phase matching is not feasible, another technique is quasi-phase mat-

ching (QPM). In QPM the relative phase between the involved fields is periodically in-

verted. One way to introduce a phase shift is to change the sign of the nonlinear co-

efficient. Unlike birefringent phase matching, QPM necessitates the structuring of the

nonlinear material. Ferroelectric materials possess a spontaneous polarisation. By in-

verting the spontaneous polarisation periodically, the sign of the nonlinear coefficient

is also periodically switched. This is called periodic poling. The green curve in figure 3.6

shows the case, where the spontaneous polarisation is switched every coherence length.

This situation is called first-order QPM.
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Figure 3.6 – Second-harmonic intensity for three different phase mat-

ching conditions depending on the propagation length. The

red curve is ascribed to the situation of a non-zero phase

mismatch. In contrast, the blue curve describes the conver-

sion for perfect phase matching, here realised by birefrin-

gent phase matching processes. For quasi-phase matching

(green), the efficiency is reduced assuming the same tensor

strength.

Third-order QPM is given, when every third Lcoh the spontaneous polarisation is in-
verted. More generally, modulating the crystal with a period of 2 ·m · Lcoh, where m is

an integer, this is called m-th order QPM. Even though the second-harmonic intensity
for first-order QPM shown in figure 3.6 grows slower as for the birefringent case, the

greatest advantage of QPM is the broader versatility of processes and the possibility to

use the d33 coefficient in KTP and LNOI.

In a mathematical description the nonlinear coefficient d is a function of the propaga-
tion direction z. The green curve in figure 3.6 assumes the case of quasi-phasematching
with periodic modulation of the nonlinear coefficient simplified by a square-wave func-

tion as [29]

d(z) = d0 · sign
[
cos

(2 ·π · z
Λ

)]
, (3.63)

where Λ the poling period, corresponding to twice the coherence length

Λ = 2 ·Lcoh. (3.64)

The periodic spatial variation can be expressed in terms of a Fourier series

d(z) = d0

∞∑
m=−∞

Gme
iβGz, (3.65)
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where βG is the grating vector given by

βG =
2 ·π ·m

Λ
. (3.66)

The Fourier coefficients Gm are given by [31]

Gm =
2

m ·π
sin(m ·π ·D) , (3.67)

where D is the duty cycle defined as

D =
lpoled
Λ

(3.68)

with lpoled as the length of the inverted spontaneous polarisation, see figure 3.13.

The coupled wave equations using the slowly varying amplitude approximation for the

QPM case results in [29]

dA3

dz
=
2 · i · deff ·ω2

3

β3 · c2
·A1 ·A2 · e−i·∆βQPM·z, (3.69)

where deff the nonlinear coefficient according to

deff = d0 ·Gm (3.70)

and the wavevector mismatch form-th order is given by

βQPM = β3 − β2 − β1 − βG. (3.71)

Comparing the coupled wave equation 3.69 for QPM with the previously introduced

equation 3.56, both equations are formally identical, but involve modified values for

the nonlinear coefficient and the wavevector mismatch.

For an optimum duty cycle the sine factor from equation 3.67 is unity. This results in a

nonlinear coefficient of [31]

deff =
2

m ·π
· d0. (3.72)

Therefore, the conversion intensity, which is formally analogous to equation 3.59, is

given by

IQPM =
8 · d2

eff
·ω2

3 · I1 · I2
n1 ·n2 ·n3 · ε0c2

·L2 · sinc2
(
∆βQPM ·L

2

)
=

( 2
m ·π

)2
I3 (3.73)

and thus, the intensity is reduced by
(

2
m·π

)2
compared to a birefringent phase matched

efficiency.
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The highest intensity can be achieved for an odd number of m=1. For this condition an
optimum duty cycle is given for 50% (D = 0.5).

To find the correct poling period for a given process, one can solve the phase matching

equation 3.71, i.e. set βQPM = 0 find βG and thus,Λ. Given a specific process with known
wavelength the period for the modification of the nonlinear medium can be calculated

from

∆βQPM = 0 = 2π
(
n1 (λ1)
λ1

+
n2 (λ2)
λ2

− n3 (λ3)
λ3

− m
Λ

)
. (3.74)

⇒Λ =
m

n1(λ1)
λ1

+ n2(λ2)
λ2
− n3(λ3)

λ3

. (3.75)

By periodically poling the material with the period Λ we can realise many different of

processes. One method to fully explore the potentials of a material is to do dispersion

engineering.

3 . 2 . 4 Q u a n t u m D i s p e r s i o n E n g i n e e r i n g

Dispersion engineering is a valuable tool that allows for modification of the dispersion

properties by changing the waveguide geometry or refractive index modification. It can

be used for engineering and optimising sources for quantum optical applications, such

as the generation of pure heralded single photons at telecom wavelengths for quantum

communication [16]. The heart of many quantum optical experiments is parametric

down-conversion [32], a genuine quantum processed that is often harnessed for gene-

rating photon pairs and, where we can detect one photon to herald the second one.

3 . 2 . 4 . 1 P a r a m e t r i c D o w n - C o n v e r s i o n

Parametric down-conversion is a nonlinear quantum optical process and is a powerful

approach to generate quantum states. By using dispersion engineering, the possibili-

ties of PDC can be increased even further. For PDC one pump photon of energy ~ωp

decays into two daughter photons, namely signal and idler with energy ~ωs and ~ωi ,

such that energy is conserved ~ωp = ~ωs +~ωi . At the same time momentum conserva-

tion ∆β (ωs,ωi) = βp (ωs +ωi)− βs (ωs)− βi (ωi)− βQPM has to be satisfied.

PDC can be described by the semi-classical Hamiltonian [33]

Ĥ = C

∫ ∫
dωsdωif (ωs,ωi) â

†
s (ωs) â

†
i (ωi) + h.c., (3.76)

where C is a coupling constant related to the conversion efficiency of the process [34]

and f (ωs,ωi) is the joint spectral amplitude (JSA) describing the spectral correlations
of the down-converted photon pair with a classical pump field. The operators â†s , â

†
i are
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the photon creation operators for signal and idler.

The JSA is related to the purity of heralded photons and the best way to visualise the

properties of a source depending on the phase matching and the pump. It is possible

to tailor the phase matching condition, by waveguide engineering and therefore, mod-

ifying the effective refractive index of a material due to diffusion or changes in the ge-

ometry of the waveguide. Therefore, one needs to figure out first, what are interesting

objectives in the JSA and then how to modify it through dispersion engineering.

3 . 2 . 4 . 2 J o i n t S p e c t r a l A m p l i t u d e

In a PDCprocess themomentumand energy conservation between the three interacting

fields define the spectral properties of the generated photon pair. These spectral pro-

perties can be described by the joint spectral amplitude function. The JSA f (ωs,ωi) is
the product of the pump envelope function α (ωs +ωi) and the phase matching function
Φ (ωs,ωi) [35]

f (ωs,ωi) = α (ωs +ωi) ·Φ (ωs,ωi) . (3.77)

The pump envelope function represents the energy conservation condition ~ωp = ~ωs+
~ωi and describes the spectral amplitude of the pump beam [36]

α (ωs +ωi) = e−
(
ωs+ωi−ωp

)2
2σ2 , (3.78)

whereωp,ωs,ωi are the frequencies of the pump photon and the generated photons sig-

nal and idler. The pump is generally assumed to exhibit a Gaussian frequency spectrum

with width σ .
The phasematching function depends on themomentummismatch, the periodic poling

and the length of the waveguide L and is given by

Φ (ωs,ωi) = sinc
(
L ·∆β (ωs,ωi)

2

)
e−i

L·∆β
2 . (3.79)

The pump, the phase matching and the JSA function can be directly evaluated in a

two-dimensional representation plotted in the (ωs,ωi) frequency plane [37]. Figure 3.7
shows an example for the pump envelope function, the phase matching function and

resulting JSA of a PDC process.
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Figure 3.7 – Schematic illustration of the joint spectral amplitude for a

PDC process. The JSA is a product of the pump envelope

function and the phase matching function. The latter is de-

termined by the used phase matching processes and the dis-

persion of the used system.

The angle of the pump envelope function is always aligned along -45 ◦ due to energy
conservation, while thewidth of the function is given by the spectral width of the applied

pump laser. On the other hand, the width of the phase matching function is given by

the length of the nonlinear crystal and the angle Θ for PDC is defined by [38]

Θ = −arctan

v−1g,p − v−1g,sv−1g,p − v−1g,i

 , (3.80)

where vg,p/s/i =
[
∂βp/s/i
∂ωp/s/i

]−1
is the group velocity of pump, signal and idler, respectively.

The objective of device engineering is to specifically design a sources with a desired two-

photon spectrum, e.g., the implementation of a quantum pulse gate (QPG) [39]. This

is possible by engineering the angle of the phase matching function, the sample length

and the pump bandwidth. While the last two can be chosen rather freely, the first one is

extremely dependent on thematerial andwaveguide geometry. Among all possible PDC

processes, the most interesting ones are the spectrally decorrelated ones, as they allow

for the generation of pure heralded single photons. It can be shown that these states

can be obtained for two different group velocities configurations [40], namely symmet-

ric group velocity matching (sGVM) and asymmetric group velocity matching (aGVM).

In the case of sGVM the group velocity of the pump field lies equidistant between the

group velocities of signal and idler. This results in an angle of the phase matching func-

tion of +45 ◦ [41]. In addition to being decorrelated, PDC photons generatedwith sGVM
can be also spectrally indistinguishable if they are spectrally degenerate [16], i.e. they

have the same central wavelength. The decorrelation facilitates the generation of spec-

trally pure heralded single photons in short pulses, without the need for spectral filter-

ing. This increases the source brightness significantly, because no filtering means no
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additional losses. The indistinguishability, meaning the photons must have the same

wavelength, polarisation, and temporal and spatial extent, is especially relevant in light

of future quantum networks, wheremany photons should interfere and thus, need to be

indistinguishable. Figure 3.8 shows an example of a symmetric group velocity matched

PDC process.

Figure 3.8 – Schematic of a joint spectral amplitude for a symmetric

group velocity matched process. Here, the phase matching

function exhibits an angle of -45 ◦, resulting in a circular JSI
shape.

For aGVM the group velocity of the pump field is equal to the group velocity of one of

the other two fields. In this case, phase matching function is aligned with the respec-

tive axes and has an angle of 0 ◦ or 90 ◦. Using the aGVM condition, it is possible to

build sources of highly pure heralded single photons [42]. By spectrally shaping the

pump pulses, used to drive these sources, it becomes possible to generate photons with

programmable spectra, which can be adapted for multiple applications, e.g., optimum

light-matter interaction, spectral information encoding or metrology tasks. Figure 3.9

shows an example of a asymmetric group velocity matched PDC process with an angle

of 0 ◦.

Figure 3.9 – Schematic of a joint spectral amplitude for a asymmetric

group velocity matched process. Here, the phase matching

function exhibits an angle of 0 ◦, resulting in an elliptical JSI
shape under 0 ◦.
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All these kinds of dispersion engineering can be realised in χ(2) nonlinear materials.

Therefore, we discuss in the following section two suitable materials with unique pro-

perties.

3 . 3 N o n l i n e a r M a t e r i a l s

The material systems analysed in this thesis are lithium niobate on insulator (LNOI)

and potassium titanyl phosphate (KTP), both with exceptional properties. They both

possess a large optical nonlinearity and large electro-optic coefficients. Their broad

transparent wavelength range and their potential for phasematching enables the possi-

bility for various frequency generation process. Therefore, we present in this section the

relevant properties of this material for this work. Moreover, we introduce the concept

of phase matching in eachmaterial. Finally, we describe the types of waveguides for the

different material systems and show theoretical models to describe the waveguides.

3 . 3 . 1 P o t a ss i u m T i t a n y l P h o s p h a t e

Potassium titanyl phosphate (KTiOPO4, KTP) is a nonlinear material with an unique

composition of properties that makes the material suitable for nonlinear optics. In

1890, Ouvrard was the first who synthesised it [43]. However, it was not until 1976 that

Zumsteg et al. [44] discovered the optical nonlinearity of the material. KTP possesses

a wide transparency range from 350nm to 4500nm [45] as well as large nonlinear op-

tical coefficients [46]. Moreover, KTP features large electro-optical coefficients [46],

which are necessary for electro-optic modulation and switching. In addition, the crys-

tal has a high optical damage resistance and exhibits low photorefraction [47] allowing

for high optical intensities inside the material even at room temperature. The reali-

sation of waveguides in KTP, allows for nonlinear processes with high power density,

large field overlap, and long interaction length. Furthermore, KTP displays a significant

anisotropy in domain growth [48], which aids the periodic poling of small periods.

These characteristics are critical for efficient frequency conversion across the whole

transparency range. In particular, the unique dispersion properties of KTP allow for

the generation of separable decorrelated photon pairs at telecom wavelength [16]. This

section provides an overview of the crystallographic structure, the optical properties

and the feasibility for quasi-phase matching and waveguide fabrication.

3 . 3 . 1 . 1 C r y s t a l l o g r a p h i c S t r u c t u r e o f K T P

Potassium titanyl phosphate belongs to the family of isomorphic compounds and its

generic composition is described by the general formula MTiOXO4, where M can be

potassium (K), rubidium (Rb), thallium (Tl), ammonium (NH4) or caesium (Cs), while
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Xcanbephosphorus (P) or arsenic (As). All crystals of this family possess an orthorhom-

bic structure andbelong to the space group P na21 and to the non-centrosymmetric point
group mm2 at room temperature [49], as initially specified by Tordjman et al. in 1974

[50].

The crystallographic structure was determined in 1971 by Masse and Grenier [51]. The

lattice constants are a = 12.819Å, b = 6.399Åand c = 10.582Å, where c is the polar axis
[52]. The crystallographic directions a, b, c correspond to the optical axes x, y, z [52].
Figure 3.10 shows the unit cell in a KTP lattice.

c

a

b

a

a) b)

Ps

Potassium Titanium Phosphorus Oxygen

Figure 3.10 – Crystal structure of KTP. Here the a-c plane is depicted in
a), indicating the permanent polarisation within the crys-

tal. In b), the crystal structure is shown in its a-b plane.
A comparison of the relative positions of all constituent

species indicates that KTP in fact is a biaxial crystal [53].

The unit cell consist of 64 atomsdivided into four subgroups of 16 atoms each. Each sub-

group possesses two inequivalent sites for titanium, phosphorus and potassium atom

and ten inequivalent sites for oxygen. The crystal contains helical chains of TiO6 octahe-

dra aligned along the [011] and [01̄1] directions and linked at two corners by alternately
changing long and short Ti(1)−O bonds [54]. The octahedra form a two dimensional

network in the b-c plane and are interconnected by PO4 tetrahedra. This particular ar-

rangement of octahedra and tetrahedra creates quasi-one-dimensional channels along

the c-axis. Such a channel is marked in green in figure 3.10. Inside these channels are
two inequivalent cages, which are occupied by potassium. With respect to the oxygen,

these are either eightfold or ninefold coordinated and denoted as K(1) and K(2), where

the volume of cage K(1) is 25% larger as K(2) [55]. The potassium ions are weakly

bonded to both the octahedral and the tetrahedral groups and have an increasedmobil-

ity inside the channels along the c-direction. Therefore, they provide special material
properties, e.g., ionic conductivity or a large anisotropic domain growth.
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Since stoichiometricKTP cannot be grown, it possesses a high concentration ofK-vacan-

cies, which allows the K-ions to move inside the quasi-one-dimensional channels. This

hopping mechanism of the ions results in an ionic conductivity [56]. The conductivity

along the c-directions is three orders of magnitude higher than in the other two direc-
tions [49].

When the crystal is exposed to a high voltage along the c-axis, this results in a non-
negligible ionic conductivity, which is inhomogeneous distributed over the wafer, and

hence, this affects the homogeneity and the quality of theQPMgrating negatively. There

are two techniques to achieve a permanent reduction of the ionic conductivity. One op-

tion is to perform a potassium treatment, in which the crystal is immersed in a pure

potassium nitrate (KNO3) bath. This decreases the amount of K-vacancies, which were

formed during the crystal growth. The conductivity of the entire substrate is reduced

and homogenised as a result of this procedure [57]. Another possibility to reduce the

ionic conductivity is to insert larger ions, e.g., rubidium, inside the crystalline struc-

ture. This is independent of the Rb incorporation mechanism, e.g., crystal growth or

ion-exchange [58]. The radius of the transported ion has a significant impact on ionic

conductivity. Because the activation energy for hopping of larger ions is higher, the

ionic conductivity is smaller in doped crystals compared to pure KTP [59].

The ionic conductivity of the material strongly depends on the concentration of the ru-

bidium ions in the material. KTP possess a ionic conductivity in the order of 1 · 10−5 S
cm

[60]. With a small amount of rubidium doping (1.5% of rubidium), the conductivity

is reduced by one order of magnitude to 1 · 10−6 S
cm [60]. Rubidium titanyl phosphate

(RbTiOPO4; RTP) has the highest possible amount of rubidium and therefore, has the

lowest ionic conductivity with 1 · 10−12 S
cm [48].

K T P a n d R b K T P
During this workwe use RbKTP crystals, which are 1.5% rubidiumdopedKTP. The gen-

eral formula RbxK(1−x)TiOPO4 describes the amount of doping in the crystal. For x = 0
it is a pure KTP crystal and for x = 1 it forms a rubidium titanyl phosphate (RbTiOPO4;

RTP) crystal. In our case of RbKTP x is equal to 0.015.
RbKTP is commercially available and has similar transmission and nonlinear properties

as flux-grown KTP [61]. Nonetheless, the ionic conductivity is lower and therefore, aids

the homogeneity of the poling. Since there is no distinct variation of the optical proper-

ties and fabrication process of waveguides or periodic poling, we use KTP for describing

the properties and use their notation interchangeable.
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3 . 3 . 1 . 2 O p t i c a l P r o p e r t i e s o f K T P

To predict and fabricate samples for specific applications it is necessary to know the

optical properties of a material. KTP has a wide transparency window ranging from UV

to IR with cut-off limits at 350nm and 4500nm [62]. Moreover, we need to know the

dispersion properties and the nonlinear coefficients.

D i s p e r s i o n P r o p e r t i e s

To correctly design QPM processes, it is necessary to know the dependence of the re-

fractive index of a material from the wavelength of the incident light, i.e. the dispersion

properties of thematerial. KTP is a biaxial birefringentmaterial and the refractive index

n can be describes in the form of a Sellmeier equation as [63]

n2i (λ) = A+
B

λ2 −C
+

D

λ2 −E
. (3.81)

Here λ is the wavelength in µm and A,B,C,D and E are the Sellmeier coefficients. The
Sellmeier coefficients are listed in table 3.1.

Table 3.1 – Sellmeier coefficients for KTP crystals [63].

A B C D E

nx 3.29100 0.04140 0.03978 9.35522 31.45571

ny 3.45018 0.04341 0.04597 16.98825 39.43799

nz 4.59423 0.06206 0.04763 110.80672 86.12171

The fact that refractive indices change very little with temperature indicates that they

are not critically temperature dependent [54].

O p t i c a l N o n l i n e a r i t y

KTP is a non-centrosymmetrical crystal and thus, possesses second order nonlinearity.

Moreover, KTP belongs to the crystal class mm2 and the nonlinear tensor described by
equation 3.52 simplifies to

d =


0 0 0 0 d15 0
0 0 0 d24 0 0
d31 d32 d33 0 0 0

 . (3.82)

The values for the nonlinear coefficient in KTP are given in table 3.2
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Table 3.2 – Nonlinear coefficients for KTP for different wavelengths. All

values are in
pm
V .

Wavelength d31 d32 d33 d24 d15

532nm [64] 1.4 2.65 10.7 2.65 1.4

1064nm [65] 2.4 4.4 16.9 7.9 6.1

The allowed processes in KTP depending on the polarisation of the involved fields given

by the tensor in equation 3.82 are

• type 0 - all the three fields have the same polarisation along z-direction (zz→ z)

• type I - the two input fields are polarised along x-direction and result in a field,

which is polarised along the z-direction (xx→ z)

• type I - the two input fields are polarised along y-direction and result in a field,

which is polarised along the z-direction (yy→ z)

• type II - the two input fields are polarised along y- and z-direction and result in a

field, which is polarised along the y-direction (yz→ y)

• type II - the two input fields are polarised along x- and z-direction and result in a

field, which is polarised along the x-direction (xz→ x)

To achieve these processes, we need to fulfil energy and momentum conservation. For

the phasematching conservation we would like to use quasi-phasematching, which can

be achieved by periodic poling of the material.

3 . 3 . 1 . 3 P e r i o d i c P o l i n g o f K T P

Thenecessity of phasematching and the concept of quasi-phasematchingwas explained

in section 3.2.3.2. One possibility to achieve QPM is via periodic poling of the material.

In the following, we will describe the fundamental aspects necessary for periodic pol-

ing, namely the formation of the spontaneous polarisation, polarisation reversal and

ferroelectric domains.

S p o n t a n e o u s P o l a r i s a t i o n

KTP is at room temperature, and below the Curie temperature of ≈ 945 ◦C, a ferroelec-
tric crystal. The crystal is non-centrosymmetric and hence, possesses a spontaneous

polarisation and a χ(2) nonlinearity along the c-direction. The spontaneous polarisa-
tion is formed by the sum of all dipole moments in each unit cell. This means that

the ions must be in a non-symmetrical position inside the unit cell. The origin of the

spontaneous polarisation in KTP is still not fully understood yet. There exist two main
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theories to explain the spontaneous polarisation in KTP. As explained in the last chap-

ter the unit cell of KTP consists of TiO6 octahedra linked at two corners by alternately

changing long and short Ti−O bonds. The displacement of the Ti atoms introduces a

dipole moment along the c axis and therefore, a spontaneous polarisation, which is re-

sponsible for the nonlinearty [44]. The second source for the nonlinearty is attributed

to the various K−O bonds and PO4 groups [66]. The calculated chemical bonds in KTP

indicate that not only the Ti-O bonds contribute to the spontaneous polarisation, but

all constituent chemical bonds do. Until now, it is still unknown, which factor has the

highest influence on the nonlinear characteristics.

P o l a r i s a t i o n R e v e r s a l
Ferroelectric materials like KTP possess a spontaneous polarisation and it can be re-

versed, e.g., by applying an external electric field. A reversal of the spontaneous pola-

risation in KTP corresponds to a reversal of the crystallographic structure. Since the

spontaneous polarisation is linked to the Ti-O bonds, a reversal changes the short Ti-O

bonds to long and vice versa [67]. Moreover, the alkali (potassium or rubidium) ions

shift along the z-direction, the ninefold coordinated ions become eightfold coordinated

and vice versa.

The polarisation reversal in ferroelectric materials depends on the strength of the ap-

plied electric field and is usually described using a hysteresis loop, which is shown in

figure 3.11.

EC

E

Ps

Figure 3.11 – Hysteresis loop of the spontaneous polarisation of a ferro-

electric material. The spontaneous polarisation is inverted

above the coercive field strength EC . At vanishing applied

fields, the system remains in either one of two polarisation

states with inverted sign.

At zero applied electric field, the polarisation has two possible values, corresponding to

the opposite orientations of the spontaneous polarisation. If we apply a small electric

field to the crystal the material behaves like an ordinary dielectric, but the spontaneous

polarisation can be reversed, if one exceeds the so called coercive field strength EC . The
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coercive field strength is defined as the field, at which half of the polarisation is reversed.

This is an important parameter for periodic poling and the value is determined by the

vacancies of the potassium ions, impurities and the amount of doping with rubidium

ions [48]. For KTP the coercive field strength is 2.1 kV
mm [48] and for RbKTP it is 4.2 kV

mm
[68].

Further investigations showed that a double inversion of the spontaneous polarisation

before the actual periodic poling results in a reduction of the coercive field strength. In

the following, we refer to this procedure as preconditioning, in which the spontaneous

polarisation is switchedback and forth once, which corresponds to a complete hysteresis

cycle. After preconditioning the coercive field strength in KTP reduces to 1.7 kV
mm[68],

whereas RbKTP reduces after preconditioning to 3.6 kV
mm [68].

F e r r o e l e c t r i c D o m a i n s
A ferroelectric domain is a region in a crystal, which has a uniformly oriented sponta-

neous polarisation. The border of two domains, in which the spontaneous polarisations

are oriented differently, is called domain wall. The crystalline structure is disturbed by

a domain wall in a narrow region. Figure 3.12 shows two domains with opposite spon-

taneous polarisation indicated as arrows and separated by a domain wall.

Figure 3.12 – Schematic representation of two domains with opposite

spontaneous polarisation. The polarisation in each domain

is indicated by arrows. The domains are separated by a so

called domain wall.

The angle between the orientation of the spontaneous polarisation of neighbouring do-

mains characterises the domain walls. During this thesis we only refer to domains with

180 ◦ domain walls, meaning a 180 ◦ inversion of the spontaneous polarisation.

In general, the polarisation reversal by an applied electric field starts with nucleation

points, which are nano-domains. These domains are crystalline regions with nano-

metric dimension, possessing opposite polarisation as the surrounding area. These nu-

cleation points grow and form new antiparallel domains. As many domains grow, they

merge and form even larger domains. The domains can grow along the z-axis as well

41



Chapter 3 Fundamental Theory

as on the other two axis. The sideways motion of the domains is referred as domain

broadening. Due to the crystallographic structure the domain formation speed along

the z-axis is two orders of magnitude larger than along the other two directions. This is

equally true for the anisotropy of ionic conductivity. The domain growth speed along the

y-direction is 30 times larger than along the x-axis [48]. This anisotropy of the domain

growth allows for the fabrication of small domains without huge domain broadening

and therefore, it allows for short poling periods.

P e r i o d i c P o l i n g

To achieve QPM the nonlinearity and thus, the spontaneous polarisation has to be in-

verted periodically. This is possible by a periodically structured contact while applying

an electric field. This periodic contact is defined by the poling period given in equation

3.75. We use KTP z-cut, which is defined by the axis perpendicular to the largest sam-

ple surface. The material is poled with a periodic pattern on the -z-surface due to the

enhanced domain nucleation on this side and a full contact on the +z-surface.

As described in section 3.2.3.2 the highest conversion intensity is achieved with a duty

cycle of 0.5, which corresponds to a ratio of 1:1 for the initial domain to the inverted

domain. Figure 3.13 shows the poling period and the domains for a perfect duty cycle

of 1:1.

Figure 3.13 – Schematic representation of periodically inverted system.

Here the spontaneous polarisation is inverted periodically

with a period Λ and a duty cycle of 1:1.

Since the domain growth is the slowest along the x-axis and thus, mostly controllable

during periodic poling, it is favourable to use the x-direction as the propagation axis for

waveguides in KTP.

3 . 3 . 1 . 4 W a v e g u i d e s i n K T P

Amajor advantage of waveguides for nonlinear processes over bulk crystals is the strong

confinement of the modes and therefore, a high field overlap over a long interaction
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length. For the confinement it is necessary to have an increased refractive index inside

the waveguide. Local exchange of alkali ions inmolten nitrates, e.g., rubidium, caesium

or thallium, in the KTP crystal, allows for the increasing of the refractive index in the

exchanged regions and therefore, waveguiding [69]. A rubidium-potassium exchange

in a KTP crystal is used to produce the waveguides in this work. As described in section

3.3.1.1 there are two inequivalent sites for the potassium ions. The rubidium ions with

a larger radius than potassium ions preferentially occupy the larger K(2) cage [49].

M o d e l l i n g o f E x c h a n g e d W a v e g u i d e s

The rubidium-potassium exchange takes place in a rubidium nitrate melt, which rep-

resents an infinite bath. The diffusion of the rubidium ions can be described by Fick’s

first law with the diffusion current density j(z) as [70]

j(z) = −D · ∇c(z). (3.83)

The concentration of the in-diffused rubidium ions is c(z) and D is the diffusion coeffi-

cient. The minus sign denotes that diffusion is happening from high to low concentra-

tions. The temporal change in the concentration in a particular region is depending on

the divergence of the particle currents flowing in and out of a volume is described by the

continuity equation

∂c
∂t

+∇~j = 0. (3.84)

Inserting Fick’s first law into the continuity equation yields Fick’s second law as

∂c
∂t

= ∇ (D · ∇c(z)) , (3.85)

where t is the exchange time and z the exchange depth. If the diffusion coefficient D is

concentration-dependent, the equationmust be written in one dimension as the follow-

ing [70]:

∂c
∂t

=
∂
∂z

(
D · ∂c

∂z

)
. (3.86)

If we assume a diffusion coefficient independent of the concentration, we can simplify

equation 3.86 to

∂c
∂t

=D · ∂
2c

∂z2
. (3.87)

When considering an infinite bath, it is reasonable to suppose that there are enough

rubidium ions present to keep the concentration of the bath constant. Thus, the con-

centration c0 at the interface between crystal and melt at z = 0 does not change

c (z = 0, t) = c0. (3.88)
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Moreover, the initial concentration at the beginning of the diffusion should be

c (z, t = 0) = 0. (3.89)

If we solve the diffusion equation 3.87, we obtain [71]

c (z, t) = c0 · erfc
(

z

2 ·
√
D · t

)
= c0 · erfc

( z
d

)
, (3.90)

where d = 2 ·
√
D · t is the well-known penetration depth.

The in-diffusion of rubidium ions increases the refractive index in the doped region.

The simplest model proposed to describe Rb diffusion in KTP is a linear dependence

of the refractive index on the rubidium concentration described in equation 3.90. This

leads to a refractive index increase ∆nwg described by

∆nwg (y,z,λ) = ∆n0 (λ) ·Π[
−w

2 ,
w
2

] (y) · erfc( z
d

)
, (3.91)

where ∆n0 is the refractive index increase at the surface and Π[
−w

2 ,
w
2

] is a box function
with width w along the y-direction. However, it was known that this model was only a

rough approximation [44]. Later on, we will discuss our findings, which improve upon

this model.

We describe the refractive index of our waveguides nwg by adding the refractive index
increase due to the waveguide to refractive index of bulk KTP nbulk and get [72]

nwg(y,z,λ) = nbulk +∆nwg (y,z,λ) (3.92)

nwg(y,z,λ) = nbulk +∆n0 (λ) ·Π[
−w

2 ,
w
2

] (y) · erfc( z
d

)
. (3.93)

We use a model for ∆n0 (λ) provided by Callahan et al. [72] as

∆n0 (λ) = A+B ·λ+C ·λ2 +F · e−
λ·103−350

G , (3.94)

with the parameters given in table 3.3 with λ in µm.

Table 3.3 – Sellmeier coefficients for the refractive index increase of Rb-

exchanged waveguides in KTP [73].

A B C F G

∆ny 26.76947 -10.9737 2.29268 2.24595 ·10−2 44.62477

∆nz 29.0816 -6.5850 2.13894 9.60547 ·10−3 39.20047

It has to be noted that the equation 3.94 and the parameters have been modified by

Dr. M. Santandrea [73]. Moreover, it has to be noted that this model is the only model

provided in literature. We use this model, but one has to be aware that deviationsmight

occur, due to fabrication differences.
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3 . 3 . 2 L i t h i u m N i o b a t e O n I n s u l a t o r

In the past fewyears a newmaterial platform, called lithiumniobate on insulator (LNOI),

had enormous progress in the fabrication of nano-structured elements. LNOI became

commercial available in the last few years and is a thin-film of lithium niobate (LiNbO3,

LN) on an insulator layer of silicon dioxide (silica, SiO2) and a handle [74]. Figure 3.14

shows the layer stack of LNOI.

Figure 3.14 – Schematic representation of the layer stack of LNOI. The

typically used three layer system consists of a thick handle

substrate, an insulating layer of SiO2 and the lithium nio-

bate thin-film.

Lithium niobate was first reported by Zachariasen in 1928 [75] and its ferroelectric pro-

perties were discovered in 1949 by Matthias and Remeika [76]. Due to its remarkable

electro-, nonlinear-, and acousto-optic properties, as well as its large transparency win-

dow and relatively high refractive index, LN is one of the most versatile and appealing

materials for photonics [77].

Besides the unique optical properties, LNOI provides the possibility for highmode con-

finement and low bending radii due to the high refractive index contrast between the

thin-film and the insulator/air. For this reason, the LNOI platform is an excellent choice

for integrated quantum optical applications. Furthermore, because the effective refrac-

tive index is highly dependent on the waveguide geometry due to the high mode con-

finement, it provides a lot of possibilities for dispersion engineering. Within the past

few years, the first photon pair sources have been developed in LNOI [78–80].

LNOI is commonly fabricated via a smart cut technique. In the first step a cleavage plane

is defined by a high dose implantation of He+ ions. After that, the crystal is bonded up-

side down to a SiO2 coated handle. During thermal annealing the substrates split along

the cleavage plane and defining the thin-film of LN. Ion-implanted crystal defects are

reduced due to an additional annealing step [74].

Since all the light-matter interaction will happen in the thin-film of lithium niobate, the

optical properties of conventional lithium niobate are comparable to LNOI. Therefore,

we introduce in the following the crystallographic and optical properties of LN. More-
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over, we give an insight into periodic poling and waveguide fabrication in LNOI.

3 . 3 . 2 . 1 C r y s t a l l o g r a p h i c S t r u c t u r e o f L N

Lithium niobate belongs to the trigonal crystal class and exhibits a three-fold rotation

symmetry along the crystallographic and optical c-axis. The crystallographic a- and b-
axes are perpendicular to the c-axis and form a 120 ◦ angle. LN is a member of the

point group 3m and the space group R3c [81]. The lattice constants are a = 5.148Å, b
= 5.148Åand c = 13.863Å [82]. Figure 3.15 shows the unit cell in a LN lattice and the

120 ◦ degree angle between the crystallographic axes a and b.

a) b)

b

a

c

ba

Lithium OxygenNiobium

Figure 3.15 – a) Schematic of the crystal structure of lithium niobate. b)

Atomic positions indicated within the a-b plane. The se-
quence of atomic positions within the a- and b-direction
is identical, whereas it differs significantly from the c-axis.
Consequently, the LN is an uniaxial crystal [53].

The unit cell of LN consists of lithium, niobium and oxygen atoms. These atoms are

arranged in an alternating pattern along the c-axis, sequentially Nb5+ - Li+ - vacancy -
Nb5+ - Li+ - ... [81]. Each Nb5+ is surrounded by six oxygen atoms organised in a slightly
distorted octahedra. The NbO6 octahedra share oxygen atoms diagonally at their cor-

ners, resulting in a hexagonal unit cell with 16 octahedra.

In this thesis we use congruent lithium niobate and magnesium oxide (MgO) doped

lithium niobate. The congruent lithium niobate has a slight lithium deficiency with a

Li/Nb ratio of 0.94553 compared to the stoichiometric material (=1). In case of MgO
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doped material magnesium ions replace the niobium and lithium sites simultaneously

[83].

3 . 3 . 2 . 2 O p t i c a l P r o p e r t i e s o f L N

Analogous to KTP it is necessary to know the optical properties of LN. Lithium niobate

possesses comparable to KTP a wide transparency window ranging from UV to IR with

cut-off limits at 320nmand5000nm[84]. In the following, we introduce the dispersion

properties and the nonlinear coefficients of LN.

D i s p e r s i o n P r o p e r t i e s

Lithium niobate is a uniaxial birefringent material and the extraordinary refractive in-

dex ne is along the crystallographic c-axes and corresponds to the optical z-axis. It can
be described by [85]

n2e (λ,T ) = A1,e +B1,e · f +
A2,e +B2,e · f

λ2 −
(
A3,e +B3,e · f

)2 +
A4,e +B4,e · f
λ2 −A2

5,e

−A6,e ·λ2, (3.95)

where λ is the wavelength in µm, Ai,e,Bi,e are the Sellmeier coefficients and

f = (T − 24.5)(T +570.82) is a function of the temperature T in degree Celsius.

The ordinary refractive index no of LN is characterised by [86]

n2o (λ,T ) = A1,o +
A2,o +B1,o ·F

λ2 −
(
A3,o +B2,o ·F

)2 +B3,o ·F −A4,o ·λ2, (3.96)

where F = (T − 24.5)(T +549) and the wavelength λ is in µm.
The Sellmeier coefficients of congruent LN for equations 3.95 and 3.96, and the Sell-

meier coefficients for 5 % MgO doped LN for equation 3.95 are presented in table 3.4.

Table 3.4 – Sellmeier coefficients for congruent LN crystals [85, 86] and

for 5 % MgO doped LN [87].

n0 congruent LN 5%MgO doped LN ne congruent LN 5%MgO doped LN

A1,o 4.9048 5.653 A1,e 5.35583 5.756
A2,o 0.11775 0.1185 A2,e 0.100473 0.0983
A3,o 0.21802 0.2091 A3,e 0.20692 0.2020
A4,o 0.027153 89.61 A4,e 100 189.32
A5,o - 10.65 A5,e 11.3493 12.52
A6,o - 1.97 · 10−2 A6,e 1.5337 · 10−2 1.32 · 10−2
B1,o 2.2314 · 10−8 7.941 · 10−7 B1,e 4.6390 · 10−7 2.860 · 10−6
B2,o −2.9671 · 10−8 3.134 · 10−8 B2,e 3.8620 · 10−8 4.7 · 10−8
B3,o 2.1429 · 10−8 −4.641 · 10−9 B3,e −8.9 · 10−9 6.113 · 10−8
B4,o - −2.188 · 10−6 B4,e 2.657 · 10−5 1.516 · 10−4
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O p t i c a l N o n l i n e a r i t y

Lithium niobate is a non-centrosymmetric crystal. It possesses a second order nonlin-

earity and belongs to the crystal class 3m. Consequently the nonlinear tensor is defined
as

d =


0 0 0 0 d31 −d22
−d22 d22 0 d31 0 0
d31 d31 d33 0 0 0

 . (3.97)

The values for the nonlinear coefficient are given in table 3.5

Table 3.5 – Nonlinear coefficients for LN. All values are in
pm
V .

Wavelength d33 d31 d22

1064nm [88] 27.2 4.35 2.1

In LN the allowed processes are

• type 0 - all the three fields have the same polarisation along z-direction (zz→ z)

• type 0 - all the three fields have the same polarisation along y-direction (yy→ y)

• type I - the two input fields are polarised along x-direction and result in a field,

which is polarised along the y-direction (xx→ y)

• type I - the two input fields are polarised along x-direction and result in a field,

which is polarised along the z-direction (xx→ z)

• type I - the two input fields are polarised along y-direction and result in a field,

which is polarised along the z-direction (yy→ z)

• type II - the two input fields are polarised along y- and z-direction and result in a

field, which is polarised along the y-direction (yz→ y)

• type II - the two input fields are polarised along x- and z-direction and result in a

field, which is polarised along the x-direction (xz→ x)

• type II - the two input fields are polarised along x- and y-direction and result in a

field, which is polarised along the x-direction (xy→ x)

In LN it is possible to achieve these processes via quasi-phase matching and therefore,

periodic poling of the material.
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3 . 3 . 2 . 3 P e r i o d i c P o l i n g o f L N O I

One possibility to achieve quasi-phase matching in LNOI is periodic poling of the ma-

terial, exploiting its ferroelectric properties. The formation of the spontaneous polari-

sation and the polarisation reversal in LN, will be described in the following part.

S p o n t a n e o u s P o l a r i s a t i o n

Below the Curie temperature of ≈ 1150 ◦C [89] and thus, at room temperature LN is

a ferroelectric crystal and possesses a spontaneous polarisation along the c-axis. The
spontaneous polarisation is created by a slightly shifted position of the lithium and nio-

bium atoms along the c-axis with respect to the oxygen octahedra. This leads to a non-
inversion symmetry and therefore, to spontaneous polarisation of the crystal. Figure

3.16 shows the position of the Li+ and Nb5+ ions, which are slightly shifted from the

centres of the oxygen planes.

c

b

a)

c

b

b)

Ps

Ps

Lithium OxygenNiobium

Figure 3.16 – Schematic representation of the differently polarised do-

mains in LN. Depending on the direction of the positions of

the lithium and niobium atoms with respect to the oxygen

octahedra, a different sign of the spontaneous polarisation

is induced [53].
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P o l a r i s a t i o n R e v e r s a l
Since LN is a ferroelectric crystal, an external electric field can be used to invert the

spontaneous polarisation. By applying an electric field along the z-direction higher than

the coercive field strength, the lithium and niobium atoms are displaced in the direc-

tion of the electrical field. This results in a reversal of the crystallographic structure and

therefore, a reversal of the spontaneous polarisation in LN.

For conventional z-cut LN, periodic poling is a well-established method. Electric field

pulses are applied to a periodic structure on the +z-surface. However, new strategies

had to be created due to the unique structure of LNOI, whichmade the use of traditional

poling approaches difficult. We use x-cut LNOI, which can be poled with a pair of pe-

riodic electrodes on the +x-surface, to invert the domains along the z-direction.

As introduced in section 3.3.1.3, the applied electric field has to be higher than the co-

ercive field strength of the material. The coercive field strength required for poling

varies with the material composition and is for lithium niobate 21 kV
mm [90]. Doping

with 5mol% MgO decreases the required coercive field to 6.8 kV
mm [91]. Thin-film x-cut

LNOI has been shown to require a larger coercive field than bulk crystals of the same

material around 30-48 kV
mm for both undoped and doped LNOI [92–95]. The origin of

the increased field could be due to Li+ out-diffusion within annealing during the LNOI

fabrication [96], because the coercive field increases with decreasing Li+ concentration.

Another assumption for the increased coercive field is due to the bonding interface be-

tween the thin-film LN and the SiO2 insulation layer [95] the domain inversion gets

hindered.

3 . 3 . 2 . 4 W a v e g u i d e s i n L N O I

The high refractive index contrast in LNOI revolutionised the conventional lithium nio-

bate platform with titanium in-diffused weakly confined waveguides. Large-scale im-

plementation necessitates the high-density integration of compact and low-loss nano-

structured components, which development in LNOI started only about a decade ago

[96].

The high refractive index contrast in LNOI enables waveguides with sub-micrometer

cross-sections and is a magnitude smaller than titanium in-diffused waveguides in LN

[97, 98]. Therefore, the bending radii in LNOI are in the range of tens of micrometers,

whereas bending radii of titanium in-diffused waveguides in LN are in the range of tens

of millimetres [99].

Waveguides in LNOI are fabricated by nano-structuring of the thin-film. This creates

ridge waveguides with large index contrast and strong mode confinement [100]. The

cross-section of a typical LNOI waveguide has slanted sidewalls and a slab. The side-

walls are introduced due to limitations in the dry etching process. The slab is desirable,
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e.g., in electro-optical modulators, because it increases the microwave field inside the

LN thin-film. It can also help reduce optical losses by decreasing the overlap of the op-

tical mode with etched sidewalls.

However, the fabrication is a challenging task, since this crystallinematerial ismechani-

cally hard and chemically inert. Nevertheless, there are several fabrication methods, to

selectively remove the LN material, e.g., dicing [101], wet or dry etching [102].

In LNOI the refractive index contrast is roughly an order of magnitude larger than tita-

nium in-diffused waveguides [100]. This allows for a dense integration and muchmore

important it allows for the tuning of the effective index of a waveguide mode by chan-

ging the waveguide geometry. This precise control of the modal properties is needed

to enable tailored quantum optical applications. To model waveguides in LNOI and do

dispersion engineering, we cannot solve the wave equations analytically and therefore,

we need to use a numerical approach, which is introduced in section 4.3.2.2.

Summary

In this chapter, we introduced theoretical concepts for integrated optics, in-
cluding the mathematical description of waveguides and numerical meth-
ods to describe them. Furthermore, we described the concept of couplers.
Moreover, we discussed the light-matter interaction, three-wave mixing,
phase matching and dispersion engineering in the context of nonlinear op-
tics. Finally, we presented the properties of KTP and LNOI, as versatile χ(2)-
nonlinear optical materials that make them suitable for integrated classical
and quantum optics.
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The main focus of this work is to op-

timise the fabrication of poled struc-

tures and waveguides in nonlinear op-

tical materials for quantum optical ap-

plications. To this aim, we will dis-

cuss in this chapter the techniques for

periodic poling, waveguide fabrication

and characterisation of KTP and LNOI

devices. For each material we give an

overview about the state of the art of periodic poling and waveguide fabrication. After-

wards, we present for each material our techniques for the fabrication process. Then,

we introduce the state of the art of characterisation methods in terms of material and

optical characterisation and our techniques to analyse our devices.

4 . 1 P o t a ss i u m T i t a n y l P h o s p h a t e

We introduced the properties of KTP in section 3.3.1. In particular, the wide trans-

parency range from 350nm to 4500nm [45], the large nonlinear optical coefficients

[46] as well as the unique dispersion properties make thematerial highly interesting for

quantum optical applications. To take full advantage of the KTP capabilities, dispersion

engineered processes can be tailored by means of quasi-phase matching. Within the

past years versatile integrated and dispersion engineered sources have been developed,

e.g., a source for the generation of a separable photon pair state at telecom wavelength

[16] or the generation of highly pure single photons in programmable temporal shapes

[42]. However, this platform presents open challenges in the fabrication stage, in par-

ticular regarding reproducibility and the stability of periodically poled domains. This

means that each device needs to be produced and optimised individually.
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Chapter 4 Technology

4 . 1 . 1 S t a t e o f t h e A r t :

P e r i o d i c a l l y P o l e d W a v e g u i d e s i n K T P

One key component for quantum optical applications are photon pair sources. For the

development of such sources, there are two major components necessary to achieve

efficient devices. On the one hand, waveguide fabrication for the passive routing and on

the other hand, the periodic poling for the phase matching. Therefore, the technology

for periodically poled waveguides has to be developed. In the following, we describe

the state of the art of phase matching techniques via periodic poling and waveguide

fabrication techniques in KTP.

4 . 1 . 1 . 1 P h a s e M a t c h i n g T e c h n i q u e s

Over the years various approaches have been developed for quasi-phase matching in

KTP. One approach to produce domain inversion is using a scanning electron beam

[103]. By bombarding the -c-surface with electrons an electric field is formed on the

-c-surface of KTP, which induces the domain reversal process. However, the procedure

is prone to stitching errors due to the limited size of the writing fields of the electron

beam.

One chemical method to achieve QPM is via periodically segmented waveguides. In this

method, a waveguide is defined by a periodic segmented exchange of rubidium. Since

the ion-exchange is performed in a nitrite melt of rubidium and barium, the ferroelec-

tric domains in the exchanged regions are inverted, which results in thewaveguide being

periodically poled [104]. The main pitfall of this method is that the domain inversion

is sensitive to the melt composition used for the exchange [105]. Moreover, segmented

waveguides have the disadvantage that the guiding and phase matching properties can-

not be optimised at the same time. Since they are non-continuous waveguides and the

light diverges from the exchanged to the non-exchanged region, large losses are to be

expected with this technique.

The most common and most effective method to create periodic domain structures is

by applying an electric field. This technique is commonly referred to as periodic poling.

A possible way to achieve periodic poling is to exploit the difference of coercive field

strength between KTP and periodically Rb-exchanged KTP. By periodically exchange

Rb, one can spatially structure the coercive field strength needed to invert the domains.

Therefore, the application of an uniform electric field, with magnitude that lies in be-

tween the coercive field strength of KTP and Rb-exchanged regions, allows one to pole

exclusively the non-exchanged regions, thus, achieving periodic poling [106]. Themain

drawback of this technique is that the exchanged regions act as a segmented waveguide

and have the same drawbacks such as segmented waveguides.

Another approach to use electric field poling is by using an periodic insulationmask and

thus, effectively increasing the resistivity of the regions below the insulation mask. In
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this way, periodic domain inversion can be achieved by applying an electric field, above

the coercive field strength [107]. This technique has the advantage to fabricate periodic

structures reproducible and flexible. In KTP, however, periodic poling is difficult due

to the high ionic conductivity acting against the electric field. Because of the high con-

ductivity and in order to be able to periodically pole KTP at room temperature with a

1:1 duty cycle, an optical monitoring of the domain inversion is necessary. The optical

monitoring will be introduced in section 4.1.2.1.

4 . 1 . 1 . 2 W a v e g u i d e F a b r i c a t i o n T e c h n i q u e s

A key component for integrated devices are waveguides. In the following, we present

different methods to fabricate waveguides in KTP. One possible technique to produce

planar waveguides is by He+-ion implantation. The implanted ions create an optical

barrier severalmicrometers beneath the surfacewith a decreased refractive index [108].

Disadvantages of this method are the one dimensional confinement and the high losses.

Another versatile and flexible method is femtosecond laser writing. The material char-

acteristics can be modified with a laser beam focused into the KTP material, while the

sample moves underneath the beam [109]. In this way, it is possible to create guiding

structures by two or more parallel written tracks [110]. Femtosecond written wave-

guides give the possibility to write the waveguides below the surface of the sample and

reduce the losses induced by surface contamination [111]. The disadvantages of this

type of waveguides are the lowmode confinement and irregularities in the symmetry of

the spatial modes.

Analogue to LNOI, KTP on SiO2 is a relatively new material and offers a strong mode

confinement after dicing or etching [112]. Nevertheless, this material is still unexplored

and the waveguides have high losses.

Another type of optical waveguides in KTP are based on a local exchange of the potas-

sium (K) ions with rubidium (Rb), caesium (Cs) or thallium (Tl) ions [69]. The refrac-

tive index in the exchanged regions is increased. The dielectric characteristics, as well

as ionic conductivity and coercive field strength, are all affected by the exchanged alkali

ion.

One possibility to produce ridge waveguides is by doing a planar exchange, for an opti-

cal boundary in the depth and subsequent dicing for a larger refractive index contrast

along the lateral direction [113]. Despite that, the waveguides are brittle due to the

Rb-exchange and can be easily destroyed by mechanical stress, e.g., during the dicing

process [114]. Another disadvantage of these waveguides are the increased losses due

to the side wall roughness of the ridges.

Channel waveguides via local ion-exchange are an excellent choice for guided optics be-

cause of their high quality, symmetric spatial mode profile and low losses [42]. For this

reason, we use this method for our waveguide fabrication.
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4 . 1 . 2 I n - h o u s e T e c h n o l o g y

In the following section we introduce our technologies for periodic poling and wave-

guide fabrication in KTP. The in-house technology of KTP is a continuously developing

process over the last decade and forced us to optimise existing setups and procedures

and develop new approaches for periodically poled waveguides.

We introduced different techniques for periodic poling in KTP in section 4.1.1.1. Our

long term experience in periodic poling of conventional lithium niobate encouraged us

to use electric field poling for KTP. Over the last years we gained a lot of knowledge in

the poling of bulk KTP and thus, we produce waveguides in periodically poled material.

The drawback of this approach is possible corrugated waveguides. However, we have

already resolved this issue [115] and we developed a technology to create high quality

devices for frequency conversion applications or single photon sources.

4 . 1 . 2 . 1 P e r i o d i c P o l i n g

Wedescribe in the following our processes and setup for inverting periodically the spon-

taneous polarisation of KTP. To this aim, we require a periodic electrical contact, which

we achieve by using an periodic insulation structure, on which we deposit a uniform

electrode. By applying several high voltage pulses to the electrical contacts we can invert

the spontaneous polarisation. To have a switch-off criterion, once the periodic poling

has a 1:1 duty cycle, we use an optical monitoring technique. Below, we will go through

each step in detail in order to achieve periodic poling in KTP.

P e r i o d i c P h o t o r e s i s t F a b r i c a t i o n v i a M a s k - L i t h o g r a p h y

Before any fabrication steps, we have to prepare our samples. We use 1mm thick z-cut

KTP or RbKTP wafers and dice them along the crystallographic axes with a sample size

of 10mmin x-direction and6mmin y-direction. The sample has a uniformspontaneous

polarisation/domain and the top of the sample is the negative z-surface. Afterwards,

the samples are polished at the end-facets for light propagation along the x-axis. After

that the samples are cleaned and thus, immersed in four different chemical solutions

for 10min at 40 ◦C in an ultrasonic bath. The chemical solutions are in order acetone
and isopropyl alcohol (IPA) to remove anorganic residuals, water, tickopur (3% in wa-

ter) and water to degrease the surface and ammonia solution (water, hydrogen peroxide

(H2O2) and ammonium hydroxide (NH4OH) with volume ratio of 70:20:10) to remove

organic residuals. In the following, this procedure will be referred to as cleaning proce-

dure.

For periodic poling we need an insulation mask, which spatially structures the coercive

field strength needed to invert the domains. Figure 4.1 shows a scheme of all the process
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steps involved in the fabrication of a periodic photoresist structure with gold-palladium

layers for a good contact during poling.

Figure 4.1 – Process steps for fabricating a periodic resist structure with

gold-palladium layers to improve electrical contact.

The process starts with rinsing the sample with isopropyl alcohol and drying it with ni-

trogen for a good adhesion between the sample and the resist. We spin-coat a positive

resist (AZ 4533 - MicroChemicals) at 6000 rounds per minute (rpm) for 3 seconds on

the -z-surface, because the domain nucleation is more favourable on this side [48]. The

resist is softbaked in a preheated oven at 105 ◦C for 30min in order to reduce the solvent
content and to stabilise the resist. This results in a 2.5 µm thick resist layer, which is suf-

ficient to insulate the sample and prevent domain inversion beneath the resist. Due to

the thickness of the resist and the small dimensions of the samples, a bulge is formed on

the outer parts of the photoresist. This is problematic because it generates a relatively

wide gap between the photo-mask and the inner area of the sample. We solve this by a

double step lithography [115]. In the first step, only the outer parts of the photoresist

are exposed. By developing the sample, we can remove the bulges, thus, providing bet-

ter adhesion of the photoresist mask during the second step. The second step consists

of illuminating the remaining photoresist with the desired poling pattern. We expose

the photoresist for 80 s. During development (AZ 826 MIF - MicroChemicals) all the

exposed areas vanish. A hardbake at 100 ◦C for 2 h, 120 ◦C for 3 h and 140 ◦C for 1 h

increases the resistance of the photoresist to the electrolyte used as an electrode during

periodic poling. To achieve a good electrical contact with the exposed KTP regions, we

sputter (Quorum Technologies SC7640) a 60nm thin layer of gold-palladium (Au/Pd)

on both sides of the sample.
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P o l i n g H o l d e r a n d S e t u p

For the poling, we place the sample in a poling holder. The holder is split in two parts,

each with electrical connections to the circuit. The sample is held in place between the

two holder sections by screws. Figure 4.2 shows the poling holder with a KTP sample.

The holder is designed to only cover the top and bottom of the sample and leave the

input and output end-facets along the x-direction accessible.

Figure 4.2 – Sketch of the used poling holder for KTP. The KTP crystal

is situated between two copper electrodes and is contacted

via an electrolyte from the top and an electrically conductive

soft pad from the backside. The sample itself is deposited

with Au/Pd for a good electrical contact. The direction of

spontaneous polarisation is shown by the arrow in the KTP

sample.

The bottom part of the sample is placed on a soft-pad, containing silver coated copper

particles, providing an electrical contact. Moreover, the pad distributes the forces dur-

ing fixing the sample and therefore, lowers the risk of breaking or damaging the sam-

ple. The top part of the sample is electrically contacted via an electrolyte sealed with

an o-ring. The electrolyte is a solution of 89% water, 10% isopropyl alcohol and 1%

potassium chloride. IPA reduces the surface tension, such that the solution flows bet-

ter between the resist stripes. With this design the applied high voltage (High voltage

amplifier Trek 20/20C) is directly connected to the sample.

The sample holder is attached to a three-axis tower, allowing for the alignment for the

optical monitoring and the switch-off criterium during poling.

O p t i c a l M o n i t o r i n g

As explained in section 3.2.3.2 the highest conversion intensity is achievedwith a perfect

1:1 duty cycle. To monitor the duty cycle as poling occurs, we use an optical monitoring

system developed by Karlsson et al. [116, 117] based on the electro-optical effect. When

an electric field is applied to a sample in the z-direction, the y- and z-components of

the incident field undergo a relative phase shift due to the electro-optical effect. The
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induced phase retardation Γ can be described by:

Γ =
2 ·π
λ
·Ez ·L ·

n3y2 · r23 − n3z
2
· r33

 (4.1)

whereλ is thewavelength of the laser,Ez is the applied electric field along the z-direction,

L the length of the crystal, ny and nz are the refractive indices along y- and z-axis and
r23 and r33 the electro-optic coefficients of KTP.

The phase retardation is only observed during the change of the electric field. In com-

bination with a linear polariser the differential phase retardation results in an intensity

modulation, which can be represented as

I ∝ (1− cosΓ ) . (4.2)

We use a He-Ne laser (λ = 633nm), which is linearly polarised 45 ◦ to the y- and z-axis
of the crystal. The beam is launched along the x-axis of the crystal with the help of two

lenses. Therefore, we set for the refractive index ny = 1.771 and nz=1.865 [63] and for the

electro-optic coefficients r23 = 15.7
pm
V and r33 = 36.3

pm
V [46] for KTP. We use a linear

polariser orthogonal to the laser beam after the sample and a photo diode to measure

the transmitted intensity. Figure 4.3 shows our setup for the optical monitoring.

Figure 4.3 – Illustration of the used optical monitoring setup. Here, di-

agonally polarised light is launched into the crystal. The do-

main inversion leads to a phase retardation and therefore, in

a variation of the detected optical signal in the photo diode,

depending on the status of the periodic domain inversion.

When a continuously changing electric field below the coercive field is applied to a crys-

tal, the phase retardation inside the crystal is translated through the linear polariser

into to an intensity modulation. The modelled optical signal for a 10mm long sample is

shown in figure 4.4.
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Figure 4.4 – Modelled optical signal during the optical monitoring pro-

cess of an unpoled 10mm long KTP crystal. The intensity

that is detected by the photo diode in the setup is modulated

upon changing the applied electric field.

An external field above the coercive field strength leads to an inversion of the sponta-

neous polarisation and therefore, a change in the sign of the electro-optic tensor ele-

ments. For the length x, describing the inverted domains in a crystal, the phase retar-
dation can be written as the following

Γpol =
2 ·π
λ
·Ez ·


n3y2 · r23 − n3z

2
· r33

 · (L− x)︸                            ︷︷                            ︸
initial domain

+

−n3y2 · r23 + n3z
2
· r33

 · x︸                       ︷︷                       ︸
inverted domain


. (4.3)

This expression can be simplified to

Γpol =
2 ·π
λ
·Ez ·

n3y2 · r23 − n3z
2
· r33

 · (L− 2x)︸  ︷︷  ︸
Leff

. (4.4)

As a result, the accumulated phase retardation is reduced, resulting in a shorter effec-

tive length Leff, which is the difference between the poled and unpoled areas. Figure
4.5 shows an effective length of 5mm, which corresponds to a quarter inversion of the

crystal.
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Figure 4.5 – Modelled detected signal of the optical monitoring process

for a partly poled KTP crystal with an effective length of

5mm.

As more and more domains are inverted, the total phase retardation reduces, and it

becomes equal to 0when half of the sample is completely poled. This usuallymeans that
poling has been achievedwith 1:1 duty cycle in themonitored region. This is a switch-off

criterion and we stop applying the pulses. Figure 4.6 shows that the oscillations vanish

for a poled sample with a 1:1 duty cycle.
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Figure 4.6 – Modelled detected signal of the optical monitoring process

for a periodically poled KTP sample with an effective length

of 0mm and a 1:1 duty cycle.

It has to be mentioned that the effective length can be negative. This is the case if more

than half of the crystal is inverted and the oscillations start again. The effective length

Leff will be equal to −L if the spontaneous polarisation is completely reversed, resulting
in a maximum amount of oscillations.

It is important to note that this technique is an average method and thus, the inten-

sity modulation does not spatially resolve the domain duty cycle. Inhomogeneous pol-
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ing can be caused by inhomogeneous ionic conductivity, inhomogeneous shielding of

the applied field by ionic space charges, or variations in sample thickness. We want to

emphasise at this point that KTP is known for it spatial inhomogeneities in the crystal

structure [68, 118] and this can cause inhomogeneities in the poling and therefore, over-

poling, perfect poling and underpoling in different areas. This is not possible to detect

via optical monitoring. This is also valid for RbKTP. Despite these limitations, optical

monitoring is a versatile technology that is well suited for periodic poling of KTP.

P e r i o d i c P o l i n g P r o c e ss

The purpose of the optical monitoring technique is to identify a switch-off criterion that

can be utilised to precisely terminate the poling process. The full cover metal electrode

on both sides of the sample allows for nearly similar electric field components in the

poled and unpoled regions in the crystal. With the electric field over the whole sample

it is possible to determine the poling result, when the crystal with a periodic insulation

structure is poled with a 1:1 duty cycle.

Once the electrode structure and the monitoring are defined, the number of variables

to optimise is still quite large, e.g., poling pulse shape or the magnitude of the electric

field. The shape of the poling pulse is trapezoidal with a rise and fall time of 1ms, as

shown in figure 4.7. In the following, the voltage in the plateau area is referred to as

plateau voltage, and the time of the plateau area as the plateau time. The plateau time

and the plateau voltage of the poling pulse need to be tailored for each poling period

and sample, due to small variations in the commercially available crystals.
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Figure 4.7 – Illustration of the poling pulse shape above the coercive field

strength with a rise and fall time of 1ms.

Several poling pulses are necessary for the successful periodic poling of a sample. To

analyse our poling process we record simultaneously the voltage and the current pro-
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vided by the amplifier as well as the optical signal, used for the optical monitoring tech-

nique. Domain inversion occurs primarily during the plateau area, if the voltage is larger

than the coercive field strength of KTP or RbKTP. Due to the changing of the electric

field strength, we can observe in the rising and falling edge an intensity modulation in

the form of oscillations.

Investigations during this thesis have shown, the poling pulse alone is not sufficient to

analyse the oscillations properly. Therefore, we expanded the pulse with two inspection

pulses, one before and one after the actual poling pulse, which is shown in figure 4.8.
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Figure 4.8 – Illustration of the pulse shapewith two inspection pulses for

the optical monitoring before and after the poling pulse.

These inspection pulses are well below the coercive field strength with 0.5 kV and do

not influence the poling behaviour of the samples. We use these pulses to observe the

poling progress especially the oscillations directly before and after the poling pulse. Be-

cause of heating of the samples, the oscillations continue a short amount of time in the

plateau region, therefore, we enlarged the plateau time of the inspection pulses to 20ms

to distinguish between the oscillations of the rising and falling edge. In section 5.1.1.2

we give an insight into the advantages of this technique.

We must find a balance between pulse length and number of pulses, when we pole our

samples. It is known that longer pulses lead to more homogeneous poling [118], but at

the same time it is harder to inspection the poling process and analyse the change in the

oscillations. Therefore, we decide for each material and sample individually.

After the poling, we remove the sample from the holder, etch the gold-palladium elec-

trodes in an ammonia solution and place the sample overnight in TechniStrip (Tech-

niStrip NI555 - MicroChemicals), to dissolve the resist from the sample surface. In the

end, we clean the samples in a subsequent cleaning procedure.
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4 . 1 . 2 . 2 W a v e g u i d e F a b r i c a t i o n

In the following, we describe our fabrication for Rb-exchanged channel waveguides in

KTP. For a selective Rb-exchange we use a slit mask on the surface of KTP defining

the waveguides. The confinement of the waveguides is achieved due to the increased

refractive index in the exchanged regions. The geometry of the waveguides depends on

the structure of the exchange mask and the parameters for the exchange process, e.g.,

melt composition, exchange time or temperature. Therefore, we introduce our recipe

to produce optimised channel waveguides in KTP for our devices.

M a s k D e f i n i t i o n v i a M a s k - L i t h o g r a p h y

Independent of whether the samples are periodically poled or not, the first step is to

clean the samples in a cleaning procedure. This allows for a good adhesion of a sub-

sequently deposited layer. For the exchange of the waveguides we prepare a titanium

mask on the surface to define the exchanged regions. If we pole the sample, we produce

the exchange mask on the initial -z-side of KTP, because the poling mask was defined

on that side and related to that the domains are more homogeneous on that side. Fig-

ure 4.9 shows the steps to produce a titanium mask and prepare the samples for the

Rb-exchange.

Figure 4.9 – Stepwise illustration of the KTPwaveguidemask fabrication

process. Titanium stripes are defined by means of mask-

lithography and selective wet chemical etching. The tita-

nium stripes act as a solid mask for rubidium in-diffusion

into the substrate.

The first step after cleaning is to deposit (LAB 750 - Leybold) a titanium layer with a

thickness of 80nm. Afterwards, we rinse the sample with acetone and IPA to allow

a good adhesion of the photoresist. We spin-coat a layer of positive photoresist (AZ

1518 - MicroChemicals) at 6000 rpm for 3 seconds on the titanium layer. After the
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softbake for 30min in a preheated oven at 105 ◦C, we remove the bulge as described
in section 4.1.2.1. With illumination for 18 s via mask-lithography and subsequent de-

velopment (AZ 726 MIF - MicroChemicals) we transfer the slits from the photo-mask

into the resist layer viamask-lithography (MA 6/BA 6 - Karl Suss). In amixture of H2O,

H2O2, NH4OHandEDTA (ethylenediaminetetraacetic acid) (weight ratio 100:10:5:2.5)

we etch the exposed titanium in the photoresist slits at 40 ◦C to enhance the etching.
This creates trenches in the titanium layer, defining the waveguide width during the

Rb-exchange. Afterwards, we remove the photoresist and deposit a second layer of tita-

nium on the backside of the sample to prevent the penetration of rubidium ions during

the exchange. The larger radii of the Rb-ions, compared to the K-ions, modify the size

of the unit cell, causing it to expand macroscopically and thus, cause a bending of the

sample. This bending could cause a higher probability of breaking during the end-facet

polishing.

We use different photo-masks to define our waveguide width, the two common varia-

tions on the samples are waveguides with widths between 1.5 µm and 4.5 µm in 0.5 µm

steps, or waveguides with widths between 2.0 µm and 3.5 µm in 0.5 µm for a smaller

width variation.

R u b i d i u m E x c h a n g e

For the rubidium exchange the samples are immersed in a melt composed of rubid-

ium nitrate (RbNO3), potassium nitrate (KNO3) and barium nitrate (Ba(NO3)2) above

330 ◦C for more than 40min to produce single-mode waveguides at 1550nm. The ex-
change process and hence, the waveguide properties are defined by the melt compo-

sition, exchange time, and temperature. The higher the temperature and longer the

exchange time, the higher is the rubidium concentration at the surface and the deeper

are the waveguides. We use the RbNO3 to increase the refractive index in the KTP crys-

tal [69] allowing wave guiding. The KNO3 is used as a buffer to reduce the exchange

rates and achieve a homogeneous exchange on the surface [119], whereas the Ba(NO3)2
serves as a catalyst for the exchange to get deeper waveguides [120], [121]. We have dif-

ferent melt compositions, our commonly used melt is composed of 88% RbNO3, 11%

KNO3 and 1% Ba(NO3)2 with an exchange temperature of 358
◦C for 43min.

Due to the thermal expansion of KTP and the holder at high temperatures, we must se-

cure the sample with platinum or gold wire to allow enough room for expansion during

the exchange. It is critical that the wire maintains the sample in place while not being

overly tight, as this will cause the sample to break during expansion.

For the exchange wemelt our chosenmixture in a ceramic crucible on a hot plate, which

is insulated with aluminium foil to keep the melt at a constant temperature. A steel-

covered thermocouple in a ceramic thermal protection tube is used to keep track of the

temperature. The melt has a temperature change of less than 2 ◦C, which is within the
error tolerance of the thermocouple. The crucible is covered with a lid during the ex-
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change process to keep the temperature conditions consistent. The sample holder is

held in place by a rack consisting of two threaded rods and a crossbeam. We use a grip

to precisely and carefully lower the sample holder in the melt. Figure 4.10 shows the

setup for the Rb-exchange.

Figure 4.10 – Schematic of the setup for the Rb-exchange for waveguide

fabrication in KTP.

The temperature gradient, which is present, is a crucial parameter that could cause the

samples to break. Therefore, we use an optimised procedure to slowly increase the tem-

perature, while lowering the sample holder stepwise before immersing it in the melt.

For each step we wait for 10min that the sample holder and the samples can assimilate

the ambient temperature. The first step is slightly above the crucible edge, then slightly

below. At this point we close the lid to stabilise the temperature fluctuations. Then, we

lower the holder in the middle of the crucible, slightly above the melt and finally with

the holder slightly touching the melt to equalise both temperatures. Then, we immerse

the sample into the melt.

During the exchange, the holder rotates at six rounds per minute. The holder has on

the backside melt mixer to mix the melt during rotation. This allows for a homoge-

neous temperature distribution and at the same time a constant melt composition at

the exchange areas of KTP, to ensure a homogeneous in-diffusion of the rubidium.

After a fixed exchange time, we stop the diffusion process by moving the holder to the
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middle height of the crucible. After 10min, we move the holder slightly below the cru-

cible edge for 10min before raising it slightly above the edge. Once the holder has

reached a temperature of 100 ◦C, we carefully immerse the holder in 80 ◦C water. The
sample can gently cool down to room temperature in the water, and the leftover melt

components on the sample and holder dissolve in the water.

After the exchange, we remove the titaniummask in an ammonia solution and clean the

sample with a final cleaning procedure. The final procedure to use the waveguides for

linear and nonlinear measurements is to do the end-facet polishing.

E n d - F a c e t P o l i s h i n g

We use chemical mechanical polishing (CMP) to prepare our end-facets. During pol-

ishing, material is removed chemically and mechanically. Without a suitable second

sample on the top surface of the waveguide sample, the edges of our waveguide sample

rounds. As a result, the edge is rounded 1 µm - 2µm [115], while the waveguide is just

8 µm deep. This makes coupling without high in-coupling losses impossible. Therefore,

we press a second samplemade of the samematerial on the top surface of ourwaveguide

sample. At the same time, the highest pressure is on the slightly higher waveguides than

the bulk material. This results in a bonding effect and we destroy the waveguides, when

we remove the second sample [68]. We use a thin layer of photoresist between the two

samples to relieve the pressure.

Altogether this assembly is mounted in a polishing holder. It is important to mount the

samples parallel to the holder sides that the sample end-facet is adjusted perpendicular

to the waveguide, to allow for 0 ◦ incidence of light. This holder is placed in a second
holder on a polishing plate. The two holders and the plate rotate independently to allow

for a homogeneous polishing without any directional dependency. An aqueous solution

of the SF1 polishing solution (Logitech Limited) drips on the polishing plate at a rate of

about 1 drop per second, forming a thin layer. One end-facet requires several hours of

polishing. The last step is to clean the sample in a cleaning procedure.
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4 . 2 L i t h i u m N i o b a t e O n I n s u l a t o r

In section 3.3.2 we discussed the exceptional optical properties of lithium niobate for

quantum optical applications. However, high integration density for compact and low-

loss devices requires a sophisticated fabrication technology for the LNOI platform. The

development of such compact devices only started about a decade ago [122] and within

the past few years breakthroughs in the technology enabled the fabrication of versatile

integrated optical components in LNOI [94, 95, 123–129].

4 . 2 . 1 S t a t e o f t h e A r t :

P e r i o d i c a l l y P o l e d W a v e g u i d e s i n L N O I

Waveguides and QPM are the backbones of devices for integrated quantum optical ap-

plications. The optimisation of the technology and fabrication techniques for these two

components is fundamental for the efficiency of the devices. In the following, we de-

scribe the state of the art of phase matching and waveguide fabrication techniques in

LNOI.

4 . 2 . 1 . 1 P h a s e M a t c h i n g T e c h n i q u e s

Amajor challenge in fabricating quantum optical devices is to achieve momentum con-

servation, whichmeans in this context phase matching. There are several techniques to

engineer conditions, under which the phase mismatch is compensated.

Birefringent phase matching is a traditional method for phase matching. Since LN is a

negative uniaxial crystal, type I and II phase matching can be used. Nevertheless, it is

rarely used in waveguide geometries since the possible conversion frequencies are limi-

ted and the largest component of the χ(2) tensor is not accessible.

One way to access the largest nonlinear tensor component is modal phase matching

[130]. In this case, the phase mismatch is compensated by different spatial mode pro-

files. Because of an overlap integral being zero of even and oddmodes, the fundamental

and third-order modes are often used [131]. A huge disadvantage of this technique is

a lower mode overlap between the fundamental mode and a higher order spatial mode

[132].

Cyclic phase matching [133] can be used in microring or microdisk resonators, when

the crystallographic axis is not the symmetry axis, which is true for x-cut LNOI. As light

propagates through the resonator, the effective refractive index of the in-plane polarised

light oscillates between the ordinary and extraordinary values [134]. The refractive in-

dex varies with an angle between the crystallographic axis and the propagation vector

in the period of 2π. There are four positions in every round trip, where there is perfect

phasematching [135]. Nevertheless, the conversion efficiency can be constructively and
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destructively in different phase matched position and this would lead to a wavelength-

dependent gain profile [133].

Metasurface-assisted phase-matching-free conversion [136] is a techniquewithout struc-

turing the lithium niobate but metasurfaces on top of a waveguide consisting of densely

packed arrays of optical antennas. The pump light at a fundamental mode is converted,

e.g., to its second-harmonic fundamentalmode and themetasurface couples the second-

harmonic light into higher-order spatial modes. Collecting higher-order modes is gen-

erally inefficient and a disadvantage of this method.

Another method to introduce phase matching by structuring the waveguide is to perio-

dically vary the waveguide width. This perturbation introduces a periodic modulation

of the refractive index along the propagation direction, giving an additional momen-

tum and compensating the phase mismatch [130]. One drawback of this method are

the added losses due to the perturbation of the waveguide.

Currently, quasi-phase matching is the most popular phase matching technique. QPM

allows for using the same spatial modes and the largest element of the χ(2) tensor. To

achieve QPM the sign of the χ(2) material must be inverted periodically. This can be

achieved by inverting the ferroelectric domains, e.g., by applying high voltage pulses.

For periodic poling of bulk materials, this process is fully established, but in case of

LNOI the technology had to be developed in recent years. In z-cut LNOI the thin-film

can be either periodically poled before or after bonding to SiO2 and substrate layer. Be-

fore bonding, the conventional lithium niobate is poled traditionally and then bonded

on to the substrate via smart-cut technique [74]. Another method is to do the poling af-

ter bonding and it is directly performed on the thin-film, e.g., by using an atomic force

microscope (AFM) tip [137, 138] or focused ion beam [137] to locally invert the spon-

taneous polarisation. Another way is by electric-field poling directly through the hole

wafer stack [132]. In x-cut LNOI periodic poling can be achieved using two electrodes on

the surface of the material. Poling can be done before and after waveguide fabrication.

Beforewaveguide fabrication the poling process can be tracked in-situmonitoring of the

ferroelectric domains by second-harmonic confocal microscopy [139]. After waveguide

fabrication the process can be actively monitored through the optical signal [140]. In

x-cut samples poling periods with electric field poling of 2.8 µm over 5mm [141] have

been shown. Also periods as short as 600nm over 50µmwith electric-field poling [141]

and as short as 200nm consistent over 3mm length with focused ion beam poling [137]

have been demonstrated. One disadvantage of periodically poled gratings in x-cut sam-

ples is that only linear gratings are possible, while in z-cut LNOI the domains are formed

normal to the plane and can form arbitrary shapes (e.g., radial gratings) [132].

In order to take full advantage of the unique capabilities of LNOI, we decided to to use

electric field poling in x-cut LNOI in our technology. Periodic poling of x-cut LNOI has

the advantage of directly structuring a periodic mask on the surface and thus, predefine

the domain growth direction between the electrodes. Furthermore, we decided to use

optical-lithography, to enable a high flexibility in the structure design with low fabrica-

tion time, which allows for a broad geometry evaluation and optimization. This allows

for tailoring the periodic poling structures for quantum optical applications.
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4 . 2 . 1 . 2 W a v e g u i d e F a b r i c a t i o n T e c h n i q u e s

The key component of integrated devices are waveguides. In this section we present

different approaches to form waveguides in LNOI.

Rip loaded waveguides are a heterogeneous approach to avoid structuring the thin-film

of LN. For these type of waveguides a strip of material, which is easy to etch or deposit,

is patterned on the plain LNOI. These strip-loaded waveguides confine the light either

in the strip or in the lithium niobate film by adjusting the thickness and width of strip

[142]. One drawback of this method is that the nonlinear interaction strength is re-

stricted, since the spatial modes only partially overlap with the lithium niobate layer

[143].

There are two methods to mechanically process LNOI waveguides. Ridge waveguides

are fabricated by diamond blade dicing [101, 144, 145]. These waveguides have propa-

gation losses of less than 3dB/cm [101], but due to the width of the diamond they are

limited in realisation of complex components such as couplers. Another mechanical

approach is chemical mechanical polishing (CMP) [124]. In this process a chromium

mask is formed by femtosecond laser ablation and the uncovered lithium niobate is re-

moved by CMP. This method results in sub-nanometer surface roughness and propaga-

tion losses as low as 0.027 dB/cm [124]. One drawback of this method are the shallow

sidewalls limiting the minimum bending radius.

Wet etching inHF:HNO3 [97] or ion-beam-enhancedKOH-etching [146] [147] are other

possibilities to form waveguides in LNOI. A disadvantage of wet etching is the differ-

ent etching behaviour depending on the crystallographic structure [97]. Therefore, it is

problematic to achieve homogeneous bending structures or non-corrugatedwaveguides

in periodically poled material.

Another technique well known from the conventional lithium niobate channel wave-

guides are proton exchanged waveguides [148–150]. These waveguides as well as wave-

guides formed by Helium implantation [151] suffer from a relatively low index contrast

and mode confinement in the lateral direction.

Due to the difficulties of mechanical processes, wet etching or exchanged waveguides, a

convenient method in realising complex photonic structures is dry etching. Dry etching

is a very efficient, precisely controllable process and well-known from semiconductor

technology. Although historically lithiumniobatewas considered as difficult to etch, the

breakthroughs of the last years have shown an impressive progress in lithium niobate

dry etching technology [123]. At an early stage focus ion beammilling has been used to

pattern LNOI. However, this technique is time consuming and only suitable for small

areas [152, 153]. At present there are two major techniques in dry etching: reactive-ion

etching (RIE) and pure physical etching. Both processes require a patterned structure,

which serves as a mask during the dry etching, where the mask is transferred onto the

lithium niobate thin-film. In the case of RIE, fluorine gases can be used to form volatile

compounds with niobium [154], but at the same time it forms non-volatile lithium flu-

oride (LiF) [155]. This effect can be reduced with a proton exchange, which leads to a

lower lithium concentration in the material [154, 156]. Nevertheless, the LiF redeposi-
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tion is highly resistant to further etching and introduces as a result sidewall roughness

[157]. One of the most widely used dry etching techniques currently is pure physical

etching with an Ar+ plasma [74]. Pure physical etching exhibits two challenges. First

the etch selectivity between dry etching mask and lithium niobate is low (around 1:1),

which limits the resulting etching depth. Second, due to redeposition the sidewalls are

not vertical [158]. Nevertheless, the lithium niobate redeposition layer can be smooth,

which does not result in significant scattering loss and the transmission losses can be as

low as 0.027dB/cm [123]. To further reduce the redeposition, it can be removed via wet

etching after the dry etching process [159] or gas clustered ion beam smoothening [128].

To improve the sidewall angle, some processes introduce fluorine gases such as CHF3
[160]. Therefore, the most promising structuring approach is Ar+ plasma dry etching.

4 . 2 . 2 I n - h o u s e T e c h n o l o g y

In our group there exist a lot of knowledge regarding conventional lithium niobate and

thus, the technology of titanium in-diffused waveguides and bulk poling is well devel-

oped. Based on this knowledge, we decided to extend our material portfolio by adding

LNOI as a new material platform to our research. The prior knowledge aids us in com-

prehending the material. However, because the required structures are not the same

as those for conventional lithium niobate, we had to develop an entirely new technolo-

gy for LNOI from scratch. Since we developed the technology for periodic poling and

waveguide fabrication for LNOI, we show the fabrication processes and their results in

the next chapter 5.2.

We show that it is possible to fabricate nano-structureddeviceswith optical-lithography.

This demonstrates, that it is feasible to fabricate integrated devices on wafer-scale, by

overcoming limitations in commercializing the fabrication with the need of complex

lithography systems, e.g., electron-beam-lithography.
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4 . 3 C h a r a c t e r i s a t i o n

Besides the fabrication of devices, it is also beneficial to analyse the quality of the de-

vices. There are invasive and non-invasive techniques to characterise the geometrical

and optical properties of our structures. We can analyse material properties like do-

main inversion and waveguide geometry. For the optical properties, we can measure

the transmission losses and spatial modes or coupling behaviour.

4 . 3 . 1 S t a t e o f t h e A r t :

M a t e r i a l a n d O p t i c a l C h a r a c t e r i s a t i o n

Characterising the properties of devices require knowledge from many other research

fields. For a complete analysis we have to characterise thematerial properties as well as

the optical properties of our structures. Therefore, we can apply knowledge of processes

for material characterisation and linear optical analysis in LNOI and KTP. However,

some properties go beyond previously used methods, and we need to adapt approaches

fromother research fields into our characterisation routine. Hence, we give an overview

of the state of the art of characterisation techniques suitable for our materials.

4 . 3 . 1 . 1 M a t e r i a l C h a r a c t e r i s a t i o n

The material characterisation is focusing on two main aspects, on the one hand the

analysis of the domain inversion and on the other hand the characterisation of thewave-

guide geometries.

D o m a i n I n v e r s i o n
Visualising the domain structure is essential to characterise the quality of the poling re-

sults, in particular the duty cycle of the periodic poling and the homogeneity. Selective

etching is one technique to identify ferroelectric domain structures [105]. In KTP and

lithiumniobate the negative dipole end surface, the -z-surface, etchesmore rapidly than

the positive surface of a crystal [161]. In a z-cut periodically poled crystal the negative

and positive surface are alternating and therefore, the domain structures can be imaged

by a surface topography. In a x-cut sample it is necessary to form a trench to expose the

z-surface of the crystal and etch selectively. In this way, it is possible to get information

about the domains in plane and in depth of the crystal. The destructive nature of this

method is a major disadvantage. By applying this technique, it is in most cases not pos-

sible to use this sample for other experiments.

A non-invasive method to visualise the domain structure is piezoresponse force mi-

croscopy (PFM). When a voltage is applied with a tip to a piezoelectric sample, the sur-

face will be displaced due to the converse piezoelectric effect [162]. These responses
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can be monitored and assigned to different polarisation directions of the crystal. This

method images the domains in a contrast mechanism. One drawback of this technique

is, it does not provide depth information of the domains.

Raman spectroscopy uses the inelastic scattering and gives access to several material

properties. It is possible to visualise with this non-destructive technique the domain

and domain walls [163].

Another non-invasive technique is second-harmonic (SH) microscopy. The SH genera-

tion efficiency is sensitive to the crystallographic structure. This results in a change in

the intensity of the signal at the domain walls, because the crystal is perturbed at the

domain walls. With this it is possible to image the width of the domains. Moreover,

there is the possibility to determine the depth of the poled domains [164].

W a v e g u i d e S t r u c t u r e s

It is necessary to visualise the waveguide structure and geometry, particularly the ho-

mogeneity of the structure and waveguide width and depth, in detail to improve the

properties of the waveguides. For this, it is possible to use a confocal laser scanning mi-

croscope (CLSM) or a scanning electron microscope (SEM). Images with a SEM have a

much higher resolution than with a CLSM. One disadvantage of the SEM is that a non-

conductive substrate has to be coated with a conductive material to avoid charges due

to the electron beam [165].

Secondary ionmass spectroscopy (SIMS) aswell as secondary neutralmass spectroscopy

(SNMS) are analytical techniques to characterise and analyse the composition of a sam-

ple. In case of SIMS an ion beam is focused onto the sample surface and the ionised sec-

ondary particles are analysed via a mass spectrometer [166]. The neutral particles are

post-ionised and analysed in amass spectrometer in case of SNMS [167] . Bothmethods

have the disadvantage that they use a primary ion beam and therefore, are destructive

methods.

Energy-dispersive X-ray spectroscopy (EDX) is another analytical approach to charac-

terise the elemental composition. Characteristic X-rays for every element are generated

in the sample by a focused electron beam. With an energy-dispersive spectrometer the

intensity and the energy of the X-rays are detected [165].

Another measuring tool is a contact profilometer used to measure the topography of

a surface, e.g., the curvature, step size or flatness of a surface. One drawback of this

method is, due to the contact mode, the stylus scratches the sample surface.

4 . 3 . 1 . 2 O p t i c a l C h a r a c t e r i s a t i o n

Losses imply an exponentially bad scaling of quantum photonics applications. Even the

success probability of a simple transmission through a waveguide decreases exponen-

tially in the number of photons. Therefore, low-loss waveguides are crucial for scaling

quantum photonic systems and advancing them towards real-world applications. To

improve the propagation losses, which are mostly caused by the fabrication process, it
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is crucial to measure the losses of the waveguides precisely.

One of the simplest methods is to measure the power before and behind the waveguide

and estimate the losses due to the ratio between both. However, one should be careful

with this method, as it likewise involves coupling losses, which are typically unknown.

Another method is the cut-back method. By measuring the intensity as a function of

the waveguide length, the losses can be estimated from the slope. This is done by mea-

suring the transmitted intensity, shorten the sample and measuring the intensity again

[168]. However, there are two main drawbacks of this method. First the quality of the

end-facets have to be equal for every cutting stage and second it is a destructive mea-

surement technique.

The most common method to characterise the propagation losses is the Fabry-Pérot

method, where the losses are measured by the contrast of the Fabry-Pérot resonances

[169]. A challenge of this method is that it requires exact knowledge of the end-facet

reflectivity. For highly confined waveguides, it is not possible to approximate the re-

flectivity by the Fresnel coefficient, whereas a possible approach is to estimate the re-

flectivity is via simulations [73].

If the end-facet reflectivity is unknown, another approach tomeasure the losses are res-

onators. With different resonator sizes the link between the Q-factor and the round-trip

losses allows to calculate the propagation losses [100]. For this technique it is impor-

tant to know the coupling conditions of the resonator.

Until now therewere no established, reliable and comparablemethods for lossmeasure-

ments in LNOI. Our investigations give a deeper understanding of the methods known

from conventional lithium niobate and show that they are not easily transferable for

LNOI.

4 . 3 . 2 I n - h o u s e C h a r a c t e r i s a t i o n

In the last section we introduced several techniques to characterise our devices. Here

we explain themost promising characterisationmethods for analysing thematerial pro-

perties and the optical properties of KTP or LNOI.

4 . 3 . 2 . 1 M a t e r i a l C h a r a c t e r i s a t i o n

It is fundamental to understand the influences of different fabrication processes, e.g.,

waveguide diffusion, etching or periodic poling. Therefore, we use different approaches

to characterise our samples, e.g., microscopy, electron beammicroscopy or contact pro-

filometry. Furthermore, we use a simulation tool to describe the distribution of the

electric field during periodic poling of KTP and LNOI.

C o n t a c t P r o f i l o m e t e r

With a contact profilometer (DektakXT® Stylus Profiler - Bruker) it is possible to mea-
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sure the surface topography, e.g., the step height of different layer systems [170]. A

stylus touches the sample with a specific contact force. Afterwards, it is moved later-

ally across a line along the surface for a defined time and distance. The position of the

stylus along this line is converted from an analogue signal to a digital signal and dis-

played. From the displayed data it is possible to measure the height of the structures.

The resolution of the contact profilometer is controlled by the scan speed and the stylus

diameter. We use a 12.5 µm stylus and a scan speed of 5
µm
s . In our case the resolution

of the DektakXT is limited to 17 nm [171].

C o n f o c a l L a s e r S c a n n i n g M i c r o s c o p e

The simplest method to visualise the waveguides is a confocal laser scanning micro-

scope (LEXT OLS4000 - Olympus). The working principle of the LEXT is based on a

conventional optical microscope but with a laser beam at 405nm that is focused onto

the sample. The beam can be scanned in the x-y plane. This results in a real-time image

of the sample with a spot size (resolution) of 250nm [172] in the x-y plane. The focused

beam is reflected at the surface of the sample and detected through a pinhole that allows

to detect only a small central part of the light. The resolution along the z-direction is

7 nm [171].

CLSM is a straightforwardmethod, where we easily can analyse the sample with themi-

croscope without any preparation and image the structures in a short amount of time.

S c a n n i n g E l e c t r o n M i c r o s c o p e

One possibility to have a high resolution is to use a scanning electron microscope (PI-

ONEER - RAITH). In this microscope an image is produced by scanning the sample

with a focused electron beam. As the primary electron beam interacts with the material

secondary electrons, back-scattered electrons and characteristic X-rays are generated,

which can be detected and formed to images [173]. With this microscope it is possible

to use the secondary electrons and back-scattered electrons to achieve images with a

resolution of 10 nm [174].

For the imaging of our non-conductive samples we have to prepare the samples be-

forehand. We cover the sample with a conductive layer, e.g., silver or carbon, to avoid

surface charges. Afterwards, we mount the sample on a holder inside the SEM. With a

focused electron beam it is possible to take high resolution images.

E n e r g y D i s p e r s i v e X - r a y S p e c t r o s c o p y

Energy dispersive X-ray spectroscopy (JSM-6060 - JEOL) is an analytical technique

used for elemental analysis and is commonly used in combination with a SEM. EDX

detects the generated characteristic X-rays from the primary electron beam of the SEM.

The intensity and energy of the characteristic X-rays is analysed by an energy-dispersive

spectrometer. The energies are characteristic for every element as the energies between

two shells of the atomic structure [165].

We use EDX to analyse our rubidium exchanged waveguides in KTP. To perform the
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EDX measurements, we polish one end-facet of the sample and we sputter (SC7640 -

Quorum Technologies) a thin 13 nm layer of silver on the polished end-facet. The con-

ductive material prevents the surface charging and at the same time the characteristic

X-ray energy of silver differs strongly from the elements of KTP. Onemore advantage of

the thin layer is the possibility to see the waveguides in the SEM directly, which simpli-

fies the measurement procedure. We mount the sample in a holder with the end-facet

facing the top. We use an excitation voltage of 12 keV and a spot-size of 55. Figure 4.11

a) shows a line-scan along a waveguide.
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Figure 4.11 – a) Geometrical orientation of the line-scan for the EDX

measurement, with respect to the waveguide at the sample

end-facet. b) Measured rubidium concentration (blue) and

the fit of the convolution of the predicted complementary

error, Gaussian and Heaviside function (dark red). The re-

constructed concentration profile is shown in red and the

calculated depth is given for a 3.0 µm channel waveguide

in KTP.

We take 32 measurements along a line on the end-facet of each waveguide. With this

we analyse the concentration of the individual elements depending on the depth of the

waveguide. In particular, we are interested in the concentration of the rubidium atoms

in KTP as a function of the waveguide depth as shown in figure 4.11 b). The measured

profile indicates a tendency that is consistent with the mentioned 1D diffusion model

in section 3.3.1.4. The measured EDX data is a convolution of various process parame-

ters such as the shape of the excitation beam and sample edge effects. The predicted

complementary error function is convolved with a Gaussian and a Heaviside function

and fitted to the measured data in dark red to determine the concentration profile. The

edge of the sample is described by the Heaviside function. We use a Gaussian function

that characterises a 220nmwide excitation beam to calculate the spread of the electron
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beamwith a Gaussian distribution. The red line shows the reconstructed rubidium con-

centration profile of a waveguide. We can determine the penetration depth using this

reconstructed concentration profile, which is described by equation 3.90.

R a m a n S p e c t r o s c o p y

EDX can only detect atomic stoichiometry and not stress or other structural features

such as disorder or defects in the crystal. Therefore, we use Raman spectroscopy to look

for exchange-induced stress. The Raman imaging is carried out in a similar experimen-

tal configuration as the EDXmeasurements 4.11 at the end-facet of the waveguide. The

incident light is focused on the surface, and the scattered light is collected backwards

using the same objective. The incident and measured light polarisations are both par-

allel to the z-direction of the crystal, allowing for the detection of A1-TO phonons [163].

Here, the stress directly corresponds to the intensity of the Raman signal. During my

PhD, we had access to Raman spectroscopy, where the measurements were performed

by Dr. M. Rüsing from the group of Prof. Dr. Artur Zrenner.

S e l e c t i v e E t c h i n g

Selective Etching is a simple technique to visualise the domain structure, since it does

not require special equipment. For many ferroelectric materials, there are chemical

etchants, which etch the two crystallographic faces +z and -z with different rates [175].

This gives the possibility to visualise the domains with a CLSM through different height

profiles.

For KTP we use a mixture of KOH and KNO3 solved in water (weight ratio 44:33:200)

at 80 ◦C for typically 60min, which results in approximately 100nm height difference

between the poled and unpoled domains. The solution attacks mainly the -z-face, while

the +z-face stays almost untouched [118].

For lithium niobate (z-cut) we typically use an ammonia solution (water, hydrogen per-

oxide (H2O2) and ammonium hydroxide (NH4OH) with volume ratio of 70:20:10) for

20min at 40 ◦C in an ultrasonic bath to softly selectively etch the domains and visualise
the structure. In the case of x-cut LNOI, we cannot use selective etching, since it only

reveals the domains at the polar faces of a ferroelectric crystal, which is in lithium nio-

bate the y- and z-surface [176]. This is the reason, why we have to use other methods

like SH microscopy to analyse the domain formation.

S e c o n d - H a r m o n i c M i c r o s c o p y

Second-harmonicmicroscopy is amethod to analyse the ferroelectric domains in a non-

destructive way. We use a focused pulsed laser beam at 800nm, which generates at the

surface a second-harmonic signal. The second-harmonic light is sensitive to crystallo-

graphic changes and therefore, the intensity is changed in the presence of a domainwall.

The change in the sign of the nonlinear susceptibility at the domain walls and therefore,

destructive or constructive interference of light generates the SH contrast pattern [177].

However, the signal does not contain information about the orientation of the domains.
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Moreover, the lateral resolution is limited to 300nm [178]. During my PhD, we had

access to SHmicroscopy, where the measurements were performed by P. Mackwitz and

Dr. G. Berth from the group of Prof. Dr. A. Zrenner.

S i m u l a t i o n o f E l e c t r i c F i e l d s

For the electric field poling of KTP and LNOI it is of great interest to analyse the elec-

tric field distribution within the sample. We use the AC/DC Module from COMSOL to

investigate the behaviour of the electric field depending on the electrode structure.

In KTP we design a bulk KTP sample (z = 1mm) with a periodic insulation layer, with

a period Λ and a resist thickness r. We use a uniform contact on the top of the sample

with the resist structure and on the backside of the crystal to imitate the contacts during

electric field poling. At this configurationwe can apply a voltageV . Figure 4.12 a) shows
the designed electrodes in KTP.
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Figure 4.12 – Schematic electrode design in COMSOL of the used struc-

tures for periodic poling in KTP (a) and LNOI (b). For

KTP the periodic poling proceeds in z-direction through the

crystal, whereas for LNOI finger electrodes are used to ap-

ply electric fields in z-direction on the surface of the crystal.

For both cases, the mesh is indicated by black triangles.

In case of LNOI we design electrode fingers facing each other with a gap g, a period Λ,
a length of l and different shapes of the finger tips. We contact the fingers via contact

pads to apply an uniform voltage V . Figure 4.12 b) shows the designed finger electrodes
in LNOI.

We used in both cases a triangularmesh as a simulation domain. The size of themesh is

dynamically changed depending on the geometry of the objects and therefore, is more

dense at interfaces.
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With this program it is possible to simulate the electric field distribution depending on

different electrode geometries and this allows for the optimisation of electrode shapes

and thicknesses for our fabrication routine.

4 . 3 . 2 . 2 O p t i c a l C h a r a c t e r i s a t i o n

It is necessary to examine the quality of waveguides before using them for advanced

integrated circuits. For this analysis, we used for KTP an already existing setup and

built a newmechanical stable optical setup for the special needs of LNOI in terms of high

precision position control. Moreover, we used simulation tools to extract information

about the guiding properties of our waveguides.

S i m u l a t i o n
There are two main properties we would like to know about our waveguides, which are

the spatialmodes and the corresponding effective refractive indices. Wehave twodiffer-

ent software tools to model our structures. These are RSoft, which we use for modelling

for KTP and Lumerical for LNOI waveguides.

R S o f t

For the waveguide properties of KTP, we use the FemSIM tool from RSoft, which is a

finite element model software. With this tool we can simulate the spatial modes and

effective refractive index nwg of our waveguides. Therefore, we implement the model
presented in section 3.3.1.4 in FemSIM. Using this we can investigate different geo-

metrical structures we fabricated and compare the measured results with the modelled

ones. The model requires two geometrical parameters of the waveguide, which are the

width w and the depth d of the waveguide. For the width we use the measured width of
the titaniummask and for the depth d we use themeasured penetration depth retrieved
from theEDXmeasurements. Figure 4.13 shows the refractive index profile given by the

previously introduced model, presented in section 3.3.1.4, as a basis for the simulation.
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Figure 4.13 – Representation of the waveguide geometry used in RSoft to

calculate the modes in KTP. With increasing depth, the re-

fractive index of the waveguide decreases following a com-

plementary error function profile.

As described in section 3.3.1.4 we assume an asymmetrical profile for the waveguide

along the x- and y- direction. The waveguide is surrounded by a material with the re-

fractive index of bulk KTP nbulk and the crystal is surrounded by air with n = 1. We

assume a complementary error function in y-direction and a box function along the x-

direction. The simulation domain is 30µm × 22µm discretised in steps of 100nm along

the x- and y-direction. From the simulations we retrieve the spatial mode distribution

and the effective refractive index for a given polarisation and wavelength. In section

5.1.2.3 we will describe our approaches to optimise this model to our fabricated sam-

ples.

L u m e r i c a l

The simulation of waveguides in LNOI is more challenging and less established than

the simulation of titanium in-diffused waveguides in conventional lithium niobate. Be-

tween these two waveguide types there is a strong reduction of the waveguide size and

a transfer from micro- to nano-optics. In this case the approximation of waveguide di-

mensions larger than the wavelength is not true any more. Hence, the description of

strongly guiding waveguides necessitates advanced numerical approaches.

For the waveguide properties of LNOI, we use Lumerical MODE Solutions. With Lu-

merical we can simulate the spatial modes and effective refractive indices of different

waveguide geometries as a function of the wavelength. By post-processing we are able

80



to investigate nonlinear processes, which could be available in LNOI waveguides.

Using theMODE Solution package fromLumerical we can investigate different geomet-

rical structures. We design a waveguide by defining the parameters for the waveguide

top width w, etching depth d, thin-film thickness t, sidewall angle θ and a cladding c of
SiO2. Figure 4.14 shows a designed waveguide.

w

d

t
c 𝛳

Figure 4.14 – Representation of a waveguide geometry designed in Lu-

merical for LNOI. The domain mesh is indicated with or-

ange lines.

The waveguide is centred in a 6 µm × 6µm simulation domain discretised in steps of

100nm along the x- and z-direction. We use a refined mesh in and 100nm around of

the waveguide structure with steps of 10 nm along the horizontal direction and 5nm

along the vertical direction. With this refined mesh discontinuities of the magnetic and

electric field can be tracked accurately, without a larger extended refined mesh, which

will increase the computational time. To avoid numerical artefacts the mesh is opti-

mised for a mesh-independent refractive index of the modes at 1550nm. Moreover, the

simulation domain is surrounded by perfectlymatching layers (PML), which is a default

boundary condition available in Lumerical. PML imitates perfectly absorbing layers to

also avoid numerical artefacts due to the finite extent of the simulation domain.

With this program it is possible to simulate fundamental and higher order spatialmodes

of different waveguide geometries. Furthermore, we get the effective refractive index of

the individual modes neff and the polarisation fraction of the modes. In strongly guid-
ing waveguides the polarisations are no longer decoupled andmore complexmodes can

arise, such as hybrid modes, where we can have significant components along the pro-

pagation direction.

The polarisation fraction is a value, which reveals the fraction of the polarisation that is
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Chapter 4 Technology

oriented along the horizontal direction, meaning the TE polarisation. If the polarisation

fraction is equal 1, it is a quasi-TE mode and if the polarisation fraction is equal to 0,
the polarisation is 90 ◦ rotated and corresponding to a quasi-TM mode. We distribute

all fractions below 0.5 to a qTM mode and all above to a qTE mode. Strictly speaking,

a value differing from 0 or 1 has to be recognised as a hybrid mode. If the polarisation

fraction is equal to 0.5, the mode is maximally hybridised.

We calculate the neff of the fundamental qTE and qTM modes for different geometries

for wavelengths between 400nmand 2500nm. We fit the dispersion of eachwaveguide

geometry to the following empirical model [73]

ne/o
eff

(λ,T ) = ne/o
bulk

(λ,T ) +Ae/o ·λ3 +Be/o ·λ2 +Ce/o ·λ+De/o ·
√
λ+Ee/o +Fe/o · log(λ),(4.5)

where ne/obulk are the bulk Sellmeier equations for LN, described in section 3.3.2.2 and the

Sellmeier coefficients A,B,C,D,E,F are fitted and depend on the waveguide geometry.
We can also go one step further anddo dispersion engineering. The unique and confined

structure of LNOI waveguides allows for tuning the effective refractive index, which

is highly dependent on the waveguide geometry. This opens the possibility for novel

devices in LNOI, which exhibit exceptional properties.

O p t i c a l S e t u p

With the optical setup we analyse the propagation losses and the spatial modes of our

waveguides. Figure 4.15 shows the optical setup.

Figure 4.15 – Schematic representation of the optical setup. Laser light

at awavelength of 1550nm is coupledwith lenses in andout

of the waveguide. Behind the sample, the light is either im-

aged on an infrared camera or detected with a photo diode.

The setup consist of a fibre-coupled laser (T100S-HP - EXFO for KTP or TSL-550 - San-

tec for LNOI) connected to a polarisation controller and a single-mode fibre. The light
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is coupled with a lens to free space and reflected by two dielectric mirrors towards the

sample. Two lenses before and behind the sample are used to couple in and out of the

waveguide. In case of LNOI this setup was more challenging, because these strongly

confined and geometrically very small waveguide structures necessitates a higher pre-

cision. We had to develop within this thesis a new setup that was mechanically stable

and reproducible for efficient waveguide coupling. For this we used for a higher preci-

sion flexure stages (Elliot Scientific). Behind the sample, the light is either coupled with

a lens in another single-mode fibre or directly detected by an infrared camera (Xeva640

IR - Xenics for KTP or Wildcat 640 U3V 200 - Xenics for LNOI). For LNOI we can re-

place the in-coupling lens with a lensed fibre to couple into the waveguide.

P r o p a g a t i o n L o ss e s

One of the most important parameters to characterise are the insertion losses, which

represent the total added losses introduced due to the usage of a device. The inser-

tion losses can be divided into coupling losses, reflection losses and propagation losses.

Coupling losses occur due to a mismatch between the field and the eigenmodes of the

waveguide, e.g., different spatial distributions. Reflections losses are introduced by re-

flections at the interface between two materials with different refractive indices, e.g.,

at the end-facet between the waveguiding material and air. Finally, there are propaga-

tion losses, which are due to absorption or scattering during travelling of the light field

through the structure. Those losses are modelled with Lambert-Beer law

P (l) = P (0) · e−α·l (4.6)

where P (l) is the power depending on the propagation length l of the light field, P (0) is
the input power and α is the linear attenuation coefficient [22]. The propagation losses
α, which are typically expressed in dB

cm , are linked to the attenuation coefficient by

α

[
dB

cm

]
= 10 · log10 (e) ·α

[ 1
cm

]
≈ 4.34 ·α

[ 1
cm

]
(4.7)

One of the most common techniques to measure the losses inside a system is the Fabry-

Pérot method.

F a b r y - P e r o t

The Fabry-Pérot technique uses the waveguide as a low-finesse Fabry-Pérot resonator

due to reflectivity of the polished end-facets [169]. By varying the frequency of a con-

tinuous wave (CW) laser the optical length of the cavity is scanned. The transmitted

intensity is recorded as a function of the wavelength with the previously introduced op-

tical setup, see figure 4.15. The resulting fringe contrast is used to calculate the losses

of the waveguide.

The transmitted intensity is given by

I =
(1−R)2 · e−α·L(

1− R̃
)2

+4 · R̃ · sin
(
φ
2

) · I0 · η, (4.8)
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where R is the reflectivity of the end-facet, R̃ = R · e−α·L is the combined loss-reflection
factor, φ = 2 · β · L is the internal phase difference with the propagation constant β, I0
is the intensity of the laser before the waveguide and η is the coupling efficiency to the
waveguide mode.

By changing the wavelength, the phase changes and the intensity oscillates due to con-

structive and destructive interference of the light field in the resonator. Figure 4.16

shows the intensity oscillations depending on the wavelength of the resonator.
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Figure 4.16 – Schematic representation of the transmitted intensity as

a function of the wavelength for a Fabry-Pérot resonator.

The losses can be calculated from the contrast in the inten-

sity for a known reflectivity.

The contrast K can be calculated from the maxima Imax andminima Iminin the intensity
signal

K =
Imax − Imin
Imax + Imin

. (4.9)

The contrast is independent of I0 and η and only a function of R̃ as

K =
2R̃

1+ R̃2
. (4.10)

Solving this equation for R̃ and using R̃ = Re−αL with the sample length L, we get the
loss α [169] in dB/cm by

α =
4.34
L

(
lnR− ln R̃

)
. (4.11)

If we know the reflectivity of the polished end-facet and consider in a case of low-finesse

waveguide resonators R̃ ≈ K
2 , we can calculate the loss by

α

[
dB

cm

]
≈ 4.34

L
(lnR+ ln2− lnK) . (4.12)
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We can estimate the losses of a waveguide by measuring the transmitted intensity as a

function of the wavelength.

For KTP we estimate the reflectivity using the Fresnel-reflectivity for weakly guiding

waveguide structures and it can be calculated by [179]

R =
(neff − 1)2

(neff +1)2
, (4.13)

with the effective refractive index neff depending on the wavelength.
We can calculate the refractive index in KTP with the Sellmeier equation 3.92 intro-

duced earlier. This leads to a reflectivity of RqTE=0.075 and RqTM=0.086 at a wave-
length of 1550nm. In case of LNOI we cannot use equation 4.13, because using this

approximation of the reflectivity of end-facets for strongly guiding waveguides can lead

to considerable errors, as discussed in [180]. As a result we need to use finite difference

timedomain (FDTD) simulations in Lumerical [73] to calculate the end-facet reflectivity

of our waveguides. Hence, we estimate the reflectivity between 13% - 17% depending

on the geometry of the waveguide used in this thesis.

The reflectivity R is a crucial parameter to calculate the losses, if this parameter is not

known or differs strongly from the real value, it is impossible to calculate the correct

losses.

S p a t i a l M o d e s

Besides propagation losses, the spatial modes are a key factor to describe a waveguide.

With knowledge about a spatial mode, we are able to calculate the mode overlap to an

optical fibre or the mode overlap between the fundamental pump mode and second-

harmonic mode.

We measure the modes at 1550nm with the optical setup presented in previous para-

graph 4.3.2.2. With a polariser before the waveguide we can select the polarisation to

be qTE or qTM. The out-coupled light from the waveguide is imaged on a camera with

a 100×microscope objective. With this technique it is possible to distinguish between

the fundamental modes and higher order modes. Moreover, we can image the shape of

the mode depending on the polarisation. We use this technique to measure the modes

of KTP waveguides. For LNOI we use simulations to estimate the spatial modes, see

section 5.2.4.1.

85



Chapter 4 Technology

C o u p l e r s

As explained in section 3.1.2 light can couple between two waveguides if the distance

between them is small enough. With our technology we were able to fabricate struc-

tures down to a coupling gap G of 1 µm and measure with our optical setup waveguide

top width w of 0.5 µm.

Our aim is to investigate different coupler geometries by simulating the symmetric and

antisymmetric modes for two waveguides next to each other in Lumerical. In section

5.2.4.2 we explain the details of the simulation.

The measurement is performed for the most promising geometry compromising fabri-

cation limitations and desirable coupling behaviour. We investigate the fabricated cou-

pler structures by measuring the coupling ratio in our optical setup with a camera as

introduced in paragraph 4.3.2.2. We analyse different coupler structures by taking an

image for each as shown schematically in figure 4.17.

Figure 4.17 – Simulated output modes of a directional coupler. Depen-

dent on the coupling ratio between the two adjacent wave-

guides, spots with different intensity can be detected.

Depending on the coupling behaviour, we image two modes with different intensities.

We calculate the power ratio PAnorm
from the intensity Ii of the imaged modes by

PAnorm
=

√
Imodea

Imodea + Imodeb
(4.14)

This calculated power is equal to the power in mode a from equation 3.40 normalised

by the input power B0. Inserting the coupling coefficient with equation 3.45 we get

PAnorm
= sin2

(π∆n
λ
·Lx

)
. (4.15)
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N o n l i n e a r O p t i c a l S e t u p

To characterise the nonlinear properties of our samples we analyse the phase matching

spectra of the second-harmonic field. Figure 4.18 shows the setup used for the second-

harmonic analysis.

Figure 4.18 – Schematic representation of the setup for the second-

harmonic measurements.

Weuse a fibre-coupled pump laser (Osics TUNICS - EXFO forKTPor T100S-HP -EXFO

for LNOI), which is tunable in the range of 1260nm - 1360nm or 1490nm - 1590nm.

The light passes through a chopper that works alongside with a lock-in amplifier (7265

- EG&G INSTRUMENTS for KTP or SR850 - Stanford Research Systems for LNOI). To

set the input polarisation of the fundamental field, a polariser is placed in front of the

sample. The in- and out-coupling to the waveguide is done with anti-reflection (AR)

coated aspheric lenses. In case of LNOI, we use a long-pass dichroic mirror with a cut-

off wavelength of 1000nm. Finally, a silicon photodiode connected to a lock-in ampli-

fier is used to measure the second-harmonic light. The lock-in amplifier functions as a

band-pass filter, screening the background noise and enhancing the signal-to-noise ra-

tio. This allows for measuring the phase matching spectra of the second-harmonic field

as a function of the tuned fundamental wavelength. For the phase matching spectra we

expect a sinc-squared shaped intensity distribution as described in the previous section

3.2.3.2.
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Summary

In this chapter we introduced the current technology procedures to fabricate
and analyse periodically poled waveguides in KTP and LNOI. We gave an
overview of the state of the art technologies for both materials. For KTP we
gave a detailed presentation of the processing steps necessary for the fabri-
cation of periodic domains and waveguides. Next, we discussed the different
characterisation methods to analyse the material qualities. We provided dif-
ferent tools to analyse the optical and electric field properties via simulations.
Finally, we explained our optical characterisation techniques to analyse the
linear and nonlinear properties of our waveguide devices.

88



I t ' s n o t t h a t w e u s e t e c h n o l o g y ,

w e l i v e t e c h n o l o g y !

G o d f r e y R e g g i o

5Technology Results

Contents

5 . 1 P o t a ss i u m T i t a n y l P h o s p h a t e . . . . . 8 9

5 . 2 L i t h i u m N i o b a t e O n I n s u l a t o r . . . . 1 1 9

5 . 3 F i n a l R e m a r k s . . . . . . . . . . . . . . 1 6 5

In this chapter, we present our tech-

nological results for KTP and LNOI.

In the following, we show the progress

towards optimising and increasing the

quality of periodically poled wave-

guides in KTP. For LNOI we present

the development of a new technolo-

gy and thus, the important intermedi-

ate steps to achieve a reliable and high

quality technology. We show and compare the results for different fabrication proce-

dures, discuss the most promising techniques and give final remarks for further opti-

misation possibilities.

5 . 1 P o t a ss i u m T i t a n y l P h o s p h a t e

We introduced the unique properties of KTP in section 3.3.1 and the fabrication proce-

dures of periodically poled waveguides in KTP in section 4.1. As already mentioned this

platform is still in an exploratory stage and the fabrication methods are not completely

sophisticated and require individual improvement of each process step.

5 . 1 . 1 P e r i o d i c P o l i n g

Before the fabrication of periodically poled waveguide structures, we have to analyse

and understand the poling behaviour of KTP. First, we had a look at the influence of the

insulation mask on the electric field distribution during periodic poling via simulations

with COMSOL. After that we show our optimised optical monitoring technique for an

enhanced control during periodic poling and setting a switch-off criterium for a 1:1 duty

cycle. Last, we investigated the poling behaviour and back-switching characteristics of
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KTP and RbKTP.

5 . 1 . 1 . 1 E l e c t r i c F i e l d D i s t r i b u t i o n i n K T P

We model the electric field to better understand the poling process. By doing this one

is able to optimise the resist layer for different poling periods and to get an ideal duty

cycle. For this, we implemented a model in COMSOL, presented in section 4.3.2.2. We

used this model to determine how strong the electric field strength is under the insula-

tion layer depending on the thickness and width of the insulation layer and the applied

voltage [181]. Figure 5.1 shows the parameters in blue, which we set for our simulations

and in red the parameters we investigated.

Figure 5.1 – Schematic representation of the parameters in our COMSOL

model. The parameters, whichwe set for our simulations are

blue and in red are the parameters we investigated.

As described in section 4.1.2.1 we use a 2.5 µm thick resist layer as an insulation layer

for our periodic poling. We need to know if this thickness is sufficient to fulfil our re-

quirement during poling of insulating the material, when we apply high voltage pulses.

We investigated different resist thickness r namely 0.5 µm, 1 µm, 3 µm and 5µm, which

are feasible to produce with our technology. We know from literature that the coercive

field strength in KTP is 2.1 kV
mm [48], but the first nucleations already appear at electric

field strength of 1.7 kV
mm [48]. Therefore, we set this value as the critical electric field

strength, at which the poling starts. Figure 5.2 shows the electric field distribution in

KTP for a poling period of 100µm and different resist thickness of 0.5 µm, 1 µm, 3 µm

and 5µm and a voltage of 2.1 kV.
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Figure 5.2 – Simulated electric field distribution for periodic poling in

KTP. The poling period for all structures is 100µm and the

resist thickness is varied froma) 0.5 µm, b) 1 µm, c) 3 µmand

d) 5 µm for an applied voltage of 2.1 kV.

The strength of the electric field strongly depends on the resist thickness. With increas-

ing resist thickness, the strength of the electric fields decreases under the insulation

layer and increases between the resist stripes. Due to geometrical reasons, there is ex-

tensive fringing of the electric field near the resist edges, where the polar component of

the electric field can be much larger than the average field throughout the crystal. The

enhanced electric field strength at the edge of the insulation layer is in good agreement

with experimental results, where first domain nucleation appears at the edges of the

insulation structures [118].

We had a look at the strength of the electric field Eu in the middle underneath the insu-

lation layer, see red dot in figure 5.1. To avoid nucleation underneath the resist we set a

hard limit for the electric field strength lower than 1.7 kV
mm . Figure 5.3 shows the electric

field strength with an uncertainty of 0.005 kV
mm underneath the resist layer in themiddle

depending on the resist thickness for different poling periods.
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Figure 5.3 – Electric field strength Eu underneath the resist structures.

Here, the electric field strength in the centre of the resist is

evaluated for different poling periods and as a function of

the resist thickness.

It can be seen that with decreasing resist thickness, the electric field strength increases,

due to the fact that the resist no longer has an insulation effect. Depending on the poling

period we have a minimum resist thickness we should use to avoid fields higher than

1.7 kV
mm underneath the resist. Especially for larger poling periods, see the red squares

in figure 5.3 the resist thickness should not be below approximately 2.5 µm.

Apart from the electric field strength underneath the resist we have to consider the dis-

tance under the resist wE , where the electric field is above 2.1
kV
mm . This leads to an

unavoidable and uncontrollable domain broadening in the periodic poling process. The

measurement uncertainty is half of the distance between twomeshpoints and is 0.01 µm

for the poling periods 1 µm, and 10µm and 0.1 µm for the poling period 100µm. Figure

5.4 shows the distance of the coercive field strength under the resist for different poling

periods depending on the thickness of the resist.
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Figure 5.4 – The distance under the resist, where the electric field is

above the coercive field strength, for different poling peri-

ods depending on the thickness of the resist.

This figure shows that for all poling periods the distance we of the electric field strength

above 2.1 kV
mm under the resist increases with increasing resist thickness. Furthermore,

it can be seen that the we saturate at a certain value depending on the poling period. To

allow for fabrication errors and therefore, varying photo resist thicknesses, we should

use a sufficiently thick resist layer. As a result, the fabrication errors do not influence

the total distance under the resist and we get a more reproducible domain broadening.

Besides that, a thicker layer has the advantage of a higher electric field extinction of the

electric field below the resist. One has to note that we have to vary the resit thickness

for different poling period into account. A thick resist of 2.5 µm does not have a huge

impact on fabrication of poling periods of 100µm but it is technological challenging to

fabricate poling periods around 1 µm with such thick resist. But at the same time, these

simulations show that for smaller periods we can use thinner photoresist layers to com-

pensate this challenge.

With a thicker resist layer we can tolerate the domain broadening by compensating this

with an optimised duty cycle in the mask layout. For this purpose, we have to adjust the

duty cycle of the resist structure and increase the length of resist strip by 2 ·we. Table

5.6 shows the optimised mask duty cycle for the three simulated poling periods.
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Table 5.6 – Optimisedmask duty cycle for three simulated poling periods

[181].

Poling period [µm] Resist thickness [µm] Duty cycle (resist : no resist)

100 3 1.16 : 0.84

10 3 1.32 : 0.68

1 3 1.34 : 0.66

1 0.5 1.34 : 0.66

This table shows that for our current resist thickness around 3µm, we need to change

the duty cycle and in particular for smaller poling periods. Table 5.6 also shows the duty

cycle for the smallest poling period of 1 µm for the thickness of 0.5 µm. This indicates

that we can optimise for the smaller poling period the mask design and still can alter-

nate the resist thickness to find the best poling results.

It has to be noted that these simulations were donewith perfectly rectangular shapes for

the resist structures. From our technology procedure we know that we get a rounding

of the corners during the hardbake. We simulated the behaviour of the rounded corners

and see no significant changes in the distribution of the electric field strength depending

on the shape of the resist structure. Figure 5.5 shows the electric field distribution for

rectangular and rounded resist structures.

a)

0 100-100

2

3

0

-1

x-direction [µm]

z-
d

ir
ec

ti
o

n
[µ

m
]

KTP

resist

1

2.1

2.0

2.2

2.3

2.4

2.5

2.6

1.8 E
le

ct
ri

c 
fi

el
d

st
re

n
g

th
[k

V
/m

m
]

b)

0 100-100

2

3

0

-1

x-direction [µm]

z-
d

ir
ec

ti
o

n
[µ

m
]

1

2.1

2.0

2.2

2.3

2.4

2.5

2.6

1.8 E
le

ct
ri

c 
fi

el
d

st
re

n
g

th
[k

V
/m

m
]

Figure 5.5 – Simulated electric field distribution for KTP poling with dif-

ferently shaped resist structures. The simulations are per-

formed using COMSOL with an applied voltage of 2.1 kV for

a a) rectangular and b) rounded resist structures.

Only the strength of the electric field in the case of rounded resist structures is increased

between the resist patterns. This was expected, since there is no sharp corner in the si-
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mulation domain, which increases the local electric field. This shows that the rounded

corners do not have a huge impact on the overall electric field distribution. It even shows

that these types of structures benefit from a more homogeneous electric field distribu-

tion and therefore, a more homogeneous poling over the non-insulated regions.

This results shows, that the unavoidable rounded resist structure during fabrication

does not have an negative impact on the periodic poling process and the duty cycle for

the structure dimensions in this thesis.

Besides the influence of the electrodes, we need to monitor the poling process, conse-

quently we use an optical monitoring technique.

5 . 1 . 1 . 2 O p t i m i s e d O p t i c a l M o n i t o r i n g

To switch-off the poling process at an optimal duty cycle, we use an optical monitoring

technique. During periodic poling we apply several high voltage pulses to invert the

spontaneous polarisation. Until now, we analysed the optical signal in the poling pulse,

which is complicated, due to the short amount of time in the rising and falling edge and

at the same time additional variations in the plateau. Figure 5.6 shows the optical signal

during the poling pulse for three different stages of poling of RbKTP, one pulse below

coercive field strength, one poling pulse above coercive field strength and the last poling

pulse resulting in a duty cycle of 1:1.
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Figure 5.6 – Optical signals for different stages during the poling process.

Optical signal in the a) pulse below coercive field strength, b)

poling pulse above coercive field strength and c) last poling

pulse resulting in a duty cycle of 1:1.
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Figure 5.6 a) shows the first pulse and the optical signal is perfectly symmetric as ex-

pected, because the field strength is well below the coercive field strength of 4.2 kV
mm

for RbKTP [68] and therefore, there is no poling and the phase retardation does not

change. In case of domain inversion in the crystal we can observe a strong difference in

the signal in figure 5.6 b) in the rising and falling edge of the plateau voltage. Moreover,

we can observe variations of the signal in the plateau voltage region, introduced by the

poling and thus, a change in the effective length of equation 4.4. From figure 5.6 c) we

would conclude a slightly overpoled domain structure, because we counted a quarter

oscillation before and a quarter oscillation after the pulse, meaning the perfect 1:1 duty

cycle was reached in half of the plateau time. To analyse the optical signal directly in the

poling pulse is not reliable and requires more data. To optimise the analysis we could

use shorter pulses, to have more data points and be more accurate, but too many pulses

lower the poling quality.

To avoid overpolingwe decided to add investigation pulses at 0.5 kV before and after the

poling pulse. This allows for more data points, without introducing additional poling,

see figure 5.7.
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Figure 5.7 – Optical signals during the investigation pulses for different

stages of the poling process. Optical signal in the investiga-

tion pulses a) with a pulse below coercive field strength, b)

a poling pulse above coercive field strength and c) the last

poling pulse resulting in a duty cycle of 1:1.

Figure 5.7 a) shows a symmetrical optical signal in the investigation pulses before and

after the 2 kV pulse, because this is below the coercive field strength and we do not ex-

pect a domain inversion. In figure 5.7 b) we can clearly see a poling progress in the
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signal, because the total height of the signal is reduced in the second investigation pulse

compared to the first one. Analysing the amplitude of the signal in the investigation

pulses gives us a huge improvement in the detection of the duty cycle. Shortly before

a perfect 1:1 duty cycle, we can only detect a small part of a oscillations in a rising or

falling edge, which is difficult to differentiate. As a result, we use the amplitude of the

signal in the inspection pulses to detect these minor variations. In the last figure 5.7 c)

we observe a little signal amplitude in the investigation pulse before the poling pulse

and no signal amplitude variation in the second investigation pulse. This allows for the

conclusion that the duty cycle is 1:1. In other samples, we can observe a switch of the

signal amplitude, from a negative drop in the first investigation pulse to a positive rise

in the second investigation pulse. These samples are slightly overpoled in the end.

The presented extension of the investigation pulses allows for a reliable technique to

monitor the poling progress. With this technique it is possible to determine whether

the sample is overpoled or not, which is not possible with a single pulse. This improves

the precision of the switch-off and the quality of periodic poling.

5 . 1 . 1 . 3 D o m a i n S t a b i l i t y i n K T P a n d R b K T P

We used KTP in the last decade as an unique material for different kind of sources,

like periodically poled ridge waveguides [114] for second-harmonic generation in the

UV regime or periodically poled rubidium exchanged waveguides as a spatially single-

mode photon pair source at 800nm [182]. At the beginning of my PhD we discovered

that the periodically poled domains in KTP tend to switch back, i.e., the poled domains

invert back to its initial domain orientation, during waveguide fabrication. To improve

the homogeneity of periodically poled structures, thus, to fabricate reliable samples and

enhance the yield of the quantum optical devices, we investigated this back-switching

behaviour in more detail. For this, we periodically poled a KTP sample with a photore-

sist structure and severalmillisecond long pulses with high voltages up to 2.7 kV
mm . After-

wards, we fabricated waveguides in this material. From SH microscopy measurements

in a periodically poled waveguide, we could observe the first hints of back-switching of

the domains in the waveguide [183]. To verify these results we selectively etched the

sample and could observe back-switching of the domains in the waveguide, see figure

5.8.

Waveguide

10 µm

Poled domain

Back-switched domains

Figure 5.8 – CLSM image of back-switched domains in a selectively

etched periodically poled waveguide sample.
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For comparison we had a look at a second periodically poled waveguide. Figure 5.9

shows back-switching in the waveguide. Here, some domains are flipped back com-

pletely and are merged together to a big initial domain.

Waveguide

20 µm

Poled domain

Back-switched domains

Figure 5.9 – CLSM image of back-switched domains visible in a selec-

tively etched waveguide sample.

This is a clear indication of a domain back-switching during the Rb-exchange. Unstable

domains that had grown only halfway through the sample [184] are the reason for the

inversion of domains during the Rb-exchange. The exchange process is at high temper-

atures, which is analogue to a thermal annealing of the domains.

We could verify that the domains switch back by annealing periodically poled samples

at 360 ◦C and at 330 ◦C. For this purpose we periodically poled samples and selectively
etched the surface to reveal the domain structure, see figure 5.10 a).

a)

10 µm

Unpoled domain

Poled domain

b)

10 µm

Unpoled domain

Poled
domain

Back-switched
domain

Figure 5.10 – Selectively etched surface revealing the domain structure

imaged with CLSM a) after periodic poling and b) after an-

nealing at 360 ◦C for 60min.

Afterwards we annealed the samples for 60min and selectively etched the domains

again, which results in a double selectively etched surface. Figure 5.10 b) shows a double
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selectively etched surface. In case of partial back-switching we can clearly see double

structures, whereas in case of complete back-switching the contrast in the height be-

tween the domains stays unchanged compared to the first etching. This shows that the

annealing results in a back-switching of the domains in a inhomogeneous behaviour.

To show that the domain back-switching is independent of the poling period, we stud-

ied larger poling periods. Therefore, we periodically poled a KTP sample with a poling

period of 120µm. For a better visualisation of the back-switching we selectively etched

the domains directly after periodic poling. Afterwards, we fabricatedwaveguides in that

material and did a second selective etching. Figure 5.11 shows a back-switching in the

waveguide.

20 µm

Back-switched domain

WaveguidePoled domain

Unpoled domain

Figure 5.11 – CLSM image of selectively etched back-switched domain

structure after periodic poling with a poling period of

120µm and waveguide fabrication in KTP.

The height profile over the waveguide reveals that only the edges of the previously in-

verted domains are still inverted, the middle part switched back and was attacked by

the selective etchant.

We know from our simulations in section 5.1.1.1 that the electric field is highest at the

edges of the resist structure, resulting in an enhanced domain nucleation. The domains

rapidly propagate down towards the opposite crystal face. Therefore, these domains

are mostly grown completely through the crystal and are the most stable. If the domain

propagation down the z-axis is hindered, for example, due to the existence of crystal

defects, it is possible that before the domain tips reach the opposite face, domains start

to grow sideways and merge. This means that the domains do not grow through to the

other side and are more unstable.

Furthermore, we assume that the unstable domains in KTP could be due to lower co-

ercive field strength, which allows for easier back-switching of the domains during an-

nealing. Hence, we consider RbKTP, with a higher coercive field strength than KTP,

to be more resistant for unintentional domain inversion. The fabrication technique of

periodic poling and waveguides do not differ significantly between RbKTP and KTP.
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For a direct comparison to the results of KTP, we periodically poled a RbKTP sample

with a poling period of 120µm and fabricated waveguides in the sample. Via double

etchingwe revealed the change in the domains before and after theRb-exchange. Figure

5.12 shows an etched surface of a RbKTP crystal.

40 µm

Back-switched domain

Waveguide

Poled domainUnpoled domain

Figure 5.12 – CLSM image of selectively etched surface revealing the do-

main structure after periodic poling with a poling period of

120µm and waveguide fabrication in RbKTP.

Even though this sample shows back-switching of the domains in the waveguide, some

parts of the waveguides show stable domains in contrast to pure KTP, where almost all

domains switched back. This leads to the assumption that in RbKTP it is possible to sta-

bilise the domains during the exchange. We expect that if the domains are completely

grown through the crystal the domains are stable against annealing.

To get an insight into the thermal activation of domains and understand the behaviour,

we did aRb-exchange on aKTP samplewithout periodic poling. After that we selectively

etched the surface to visualise the initial domains. In that sample we could observe in

the waveguides as well as in the bulk material a huge amount of unstructured nano-

domains, see figure 5.13.
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Waveguide

10 µm

Nano domains

Figure 5.13 – CLSM image of selectively etched surface revealing the

nano-domains in and outside of the waveguide structure

in KTP.

This shows that we need to reorganise the domains in the crystal before periodic poling

to allow for a homogeneous domain inversion during periodic poling. For this reason,

we developed a reliable process with preconditioning pulses.

P r e c o n d i t i o n i n g P o l i n g

To homogenise and assure a single orientated domain, we contacted the unstructured

sample on both sides with our poling holder. We applied four 5 kV pulses with a plateau

time of 30ms. Following this procedure, the complete sample should have the spon-

taneous polarisation inverted. Then, we switched the polarity and applied again four

5 kV pulses with a plateau time of 30ms. This inverts the spontaneous polarisation to

its initial orientation and we get a uniform domain in the crystal. We wanted to study

the stability of periodically poled domains in preconditioning poled samples. Accord-

ingly, we inverted the domains periodically by applying several millisecond long pulses

with voltages up to 5 kV. Afterwards, we fabricated waveguides in this material and the

microscope image of this sample is shown in figure 5.14.

Waveguide

10 µm

Poled domain Unpoled domain

Figure 5.14 – CLSM image of selectively etched surface revealing the sta-

ble domain structure after preconditioning poling and pe-

riodic poling with a poling period of 120µm andwaveguide

fabrication inRbKTP. The scratches are intrinsic in thema-

terial and are visible due to the selective etching.
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This figure shows the selectively etched surface of RbKTP. The waveguide is present

continuously, even though it is not visible in this image due to the selective etching.

The scratches are not induced by handling issues they are intrinsic in the material and

not avoidable. They are throughout the whole RbKTP surface, but they are only strongly

visible due to the selective etching on the -z-face. With a closer look at the +z-face, we

can see scratches, only less dominant. The quality with regard to the scratches of the

RbKTPmaterial is not as high as for KTP, which is explainable, because RbKTP crystals

are not so established. Nevertheless, the domains are a lot more stable in this sample

and hence, RbKTP is more favourable. This shows that the newmaterial RbKTP as well

as the preconditioning poling have an huge impact on the stability of the domains.

Our objective is to produce efficient sources, which rely on periodic poling and there-

fore, they rely on the uniformity of the domain structure over the sample length and

propagation direction of the optical beam. Two important quality factors are the duty

cycle errors as well as missing domains due to defects in the crystal. Hence, we had a

coarser look at the complete sample, see figure 5.15.

Waveguide

400 µm

Poled domain

Unpoled domain

O-ring of the poling holder

Figure 5.15 – Composite image of the selectively etched surface of a sam-

ple, revealing the domain structure after preconditioning

poling and periodic poling with a poling period of 120µm

and waveguide fabrication in RbKTP.

The inner ellipse on the sample indicates the poled area on the sample, because the

holder is designed with an o-ring for a good contact with the electrolyte. Inside this

region we can see the periodically poled structure with poling periods around 120µm.

From figure 5.14 we know that the poled domains in the waveguides, which are stable,

are not visible after selective etching. This means that all waveguides, which show a
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strong contrast, are poled well.

We fabricated another sample this time with larger poling periods between 120µm and

150µm in 2µm increments, to reproduce the results. The groups in the middle of the

sample are homogeneously poled over the completewaveguide length. Figure 5.16 shows

a periodically poled waveguide group. The three inset-figures show a closer look that

the domains are stable over the whole length.

40 µm

Figure 5.16 – Composite image of the selectively etched surface of a

waveguide group, revealing the domain structure after pre-

conditioning poling and periodic poling with a poling pe-

riod of 136 µm and waveguide fabrication in RbKTP. The

three insets show a closer view on the stable domain struc-

ture after waveguide fabrication over the whole sample.

We measured the variation of the duty cycle over the waveguide length for different

waveguide widths of a group in themiddle of the sample. Figure 5.17 shows the duty cy-

cle obtained with optimised poling procedure. The measurement uncertainty is 0.5 µm

given by the increments of the CLSM, corresponding to 0.007 uncertainty for the duty

cycle.
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Figure 5.17 – Variation of the duty cycle over the waveguide length for

a poling period of 136 µm and different waveguide width.

The measurement uncertainty is 0.5 µm given by the incre-

ments of the CLSM, corresponding to 0.007 in this scale.

For all waveguidewidth, the duty cycle is homogeneous over the entirewaveguide length.

Moreover, the structures are slightly overpoled with a mean value of 1.058 and a stan-

dard deviation of 0.023 for the poled domains. This overpoling is not as strong as ex-

pected from the simulations with a value of 1.16. One possible explanation for this could

be that the simulations are done for KTP and not RbKTP. For RbKTP we use a higher

applied voltage, because the coercive field strength is higher. This could have an influ-

ence on the overpoling and thus, a change in the duty cycle. It is not possible tomeasure

the duty cycle for KTP, because the domains switch back and there are no continuous

domains to measure.

This homogeneous poling in RbKTP is a huge improvement for the periodic poling of

waveguides and the realisation of efficient sources.

5 . 1 . 1 . 4 F i n a l R e m a r k s f o r P e r i o d i c P o l i n g o f K T P a n d R b K T P

We introduced our developed techniques for periodically poling KTP or RbKTP mate-

rial. To optimise the poling process, we use RbKTP as the substrate material and we

take advantage of preconditioning poling to achieve a homogeneous uniform domain in

the crystal for periodic poling. We established investigation pulses in the optical moni-

toring technique to further increase the possibility to have a reliable switch-off criterion

during periodic poling for a 1:1 duty cycle. Now, we are able to fabricate reliable periodic

structures in RbKTP.

Our simulation results indicated that we should optimise ourmask design, to further in-

crease our yieldwith perfect duty cycle poling. Given the flexibility of a laser-lithography
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we could use this tool in the future to further investigate the influence of the resist width

and thickness on the domain duty cycle. In the future, it would be an option to test the

preconditioning poling in KTP as well.

5 . 1 . 2 W a v e g u i d e s

Besides the periodic poling, we investigated thewaveguide properties inKTPandRbKTP.

We analysed the width via CLSM, the depth with the EDX method explained in section

4.3.2.1 andmeasured themodes and losses with the setup introduced in section 4.3.2.2.

5 . 1 . 2 . 1 E D X A n a l y s i s

We used an EDX system to characterise the exchange depth in several waveguides with

varied widths to better understand the diffusion process. We introduced the technique

in section 4.3.2.1 and a more detailed explanation about the technique can be found

in [115]. In this section, we present the results of the EDX measurements for KTP

and RbKTP, two different melt compositions for the exchange and different waveguide

width.

W i d t h - d e p e n d e n t D i f f u s i o n D y n a m i c s i n K T P W a v e g u i d e s

For the analysis of the diffusion depth in KTP we fabricated planar waveguides and

channel waveguides with different waveguide width, as introduced in section 4.1.2.2.

We showed that the penetration depths of the channel waveguides are at least 2 µm

deeper than planar waveguides, despite the fact that both are manufactured using the

identical fabricationparameters (melt composition of 97mol%RbNO3, 1mol%Ba(NO3)2
and 2mol% KNO3, 330

◦C, 60min). Furthermore, we saw a definite tendency toward

increasing waveguide depth while decreasing waveguide width. These findings clearly

showed that a simple model is incapable of representing the entire Rb-diffusion dy-

namics in KTP. The expected complementary error function is valid when a 1Dmodel is

assumed. However, we found that this is invalid when comparing different geometries

as shown in figure 5.18.
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Figure 5.18 – Correlations between waveguide depth and width for dif-

ferent fabrication conditions. Waveguide depth depending

on the waveguide width of a sample fabricated in 97mol%

RbNO3, 1mol% Ba(NO3)2 and 2mol% KNO3 for 60min at

330 ◦C in light blue and 350 ◦C in dark blue. The solid light
blue line shows the depth of planar waveguides produced

at 330 ◦C [185].

Furthermore, we saw that for a higher diffusion temperature at 350 ◦C, the trend of
deeper waveguides with narrower widths is visible. In addition, we observed deeper

waveguides for a higher temperature, which allowed for the conclusion that the influ-

ence of the temperature seems to follow the simple model assumptions.

For further investigations we fabricated a new set of waveguides by doing an exchange

for 5 minutes at 330 ◦C to examine the non-trivial diffusion properties of KTP via EDX.
The results are displayed in figure 5.19 a). There are two distinct characteristics that can

be identified. First, for waveguides bigger than 3.0 µm, the diffusion depth is unaffected

by the diffusion time. This is consistent with the findings of Bierlein et al. [69]. Second,

the waveguide depths show less fluctuations and are unrelated to waveguide widths for

short exchange durations.
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Figure 5.19 – Dependency of the diffusion depth and concentration and

processing time. a) Waveguide depth depending on the

waveguide width of a sample fabricated at 330 ◦C for

5min (blue) and 60min (red) in 97mol% RbNO3, 1mol%

Ba(NO3)2 and 2mol% KNO3. b) Ratio of exchanged potas-

sium ions with rubidium ions at the surface depending

on the waveguide width for 5min (blue) and 60min (red)

[185].

In order to gain a better understanding, wemeasured via EDX the surface concentration

of the waveguides, see figure 5.19 b). In a simple model, we assume that the exchanged

waveguides have an infinite reservoir and therefore, the surface concentration is in-

dependent of the exchange time. This implies that the surface concentration at 5min

and 60min should be the same, however this is not the case. We measured via EDX

the potassium concentration with a second line-scan outside the waveguide. The ratio

of exchanged potassium ions with rubidium ions
cRb0
cKmean

is for a completely exchanged

surface equal to one. The concentration in the 60min exchanged waveguides is more

than twice as high as for the 5min exchanged waveguides. We can see that the surface

concentration is unaffected by the waveguide width, despite the fact that the waveguide

depth varies with the width.

The existence of stress in the transition area betweenKTP and rubidium exchangedKTP

could be the reason for the width-dependent waveguide depth. Because the rubidium

ions are larger than the potassium ions, stress is expected due to the substantial lattice

mismatch between KTP and RTP [44]. We anticipate that small waveguides will experi-

ence increased stress due to the proximity of the transition zones. This stress may have

an impact on the diffusion properties and as a result, the diffusion depth.

We looked for exchange-induced stress using Raman spectroscopy as introduced in sec-

tion 4.3.2.1. The scattering efficiency of Ramanmodes can be influenced by stress [186].

Figure 5.20 shows Raman images for different waveguide width.
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Figure 5.20 – Raman spectroscopy images for different waveguide

widths visualised based on the intensity of the 264 cm−1

phonon [185].

When the waveguide width is reduced, the intensity in the waveguide region gradually

increases. As observed for the 40µm control channel, it is reasonable to assume that

the stress is primarily concentrated at the interface between the exchanged waveguide

and the pure bulk crystal and relaxes across a range of 2-3 µm. As a result, it is possible

that small waveguides will experience more stress, because the waveguides are smaller

than the expected relaxation range.

Since the Raman investigation indicates that the stress in the waveguides is highly de-

pendent on the waveguide width and thus, effects the diffusion dynamics, we investi-

gated, if a stress-dependent diffusion coefficient can explain the trend shown in figure

5.18. Because a higher rubidium concentration causes more crystalline lattice distor-

tion, a reasonable assumption is that the diffusion coefficient depends on the local con-

centration of Rb in the crystal and therefore, we assume a exponential dependence of

the diffusion coefficient D on the concentration c

D(z) =D0e
k(y)·c(z), (5.1)

where k is related to the amount of local stress. We assume that k spatially varies and is
highest at the edges of the waveguides and relaxes over 2-3 µm till its zero at the centre

of thewaveguide y = 0. The following functionmight be used to simulate this behaviour:

k(y) = k0

[
1+

1
2
· erfc

(
y − w

2
σ

)
− 1
2
· erfc

(
y + w

2
σ

)]
. (5.2)

The parameter σ describes how rapidly stress is relieved closer to the centre of thewave-
guide with width w. The strength of the stress at the waveguide edges is determined by
k0. To match the waveguide depths for the wider waveguides and the Raman measure-

ments, we setD0 = 0.25
µm2

min
and σ = 1 µm. For various nominal widths, we optimise the

parameter k0 to match the measured and simulated depth of the waveguides exchanged
for 60min. Figure 5.21 shows the comparison of simulations with measured data.
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Figure 5.21 – Simulation of the waveguide depth and width using stress-

dependent diffusion coefficients. It describes the trend of

the measured data for a 60min exchange that with nar-

rower waveguide width the diffusion depth is deeper [185].

Regarding the proposed model, a few words are required. The observations for the

5min exchanged waveguides cannot be reproduced by this model. This indicates that

the overall diffusion process in ourwaveguide is changingwith time. We suppose that in

the first 5min the diffusion is fast and stress-independent. Beyond this time, the overall

diffusion is slowed down, the surface concentration increases and the stress starts to be-

come relevant, which is described by the width-dependent diffusion depth. Additional

measurements are required to verify our hypotheses and improve the modelling.

In conclusion, we would suggest for the future to fabricate waveguides between 3.0 µm

and 4.5 µm, since these width have a small variation in the penetration depth and are

more reliable.

C o r r u g a t i o n F r e e W a v e g u i d e s i n K T P

Waveguides produced in periodically poled crystals may have distinct diffusion coeffi-

cients depending on the poled and unpoled sections. This leads to alternating depths

along the propagation direction and result in a corrugated waveguide.

For the reduction of the corrugation, we used a mixture of 88mol% RbNO3, 1mol%

Ba(NO3)2 and 11mol% KNO3, in the following we refer to this as optimised melt. With

an exchange temperature of 366.5 ◦C and time of 35min we were able to reduce the

corrugation effect. We showed that we could reduce the difference in depth, which was

initially greater than 2µm, see figure 5.22 a), to less than 1 µm, see figure 5.22 b) [1, 2,

115].
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Figure 5.22 –Waveguide depth depending on the waveguide width for

poled and unpoled regions. The samples are produced in

a) 97mol% RbNO3, 1mol% Ba(NO3)2 and 2mol% KNO3
at 330 ◦C for 60min and b) optimised melt composition of
88mol% RbNO3, 1mol% Ba(NO3)2 and 11mol% KNO3 at

366.5 ◦C for 35min [1, 2, 115].

C o r r u g a t i o n F r e e W a v e g u i d e s i n R b K T P

Based on the results of reduced corrugation with optimised parameters in KTP, we de-

cided to use the optimised parameters for the Rb-exchange to fabricate waveguides in

RbKTP. We analysed the corrugation effect in RbKTP waveguides with even further

optimised parameters for the Rb-exchange of 88mol% RbNO3, 1mol% Ba(NO3)2 and

11mol% KNO3 at 358
◦C for 43min. For this purpose, we poled samples with poling

periods between 120µm and 150µm, as described in section 4.1. We fabricated wave-

guides between 2.7 µm and 4.1 µm, for which we expected a less variation in the wave-

guide depth. We polished the end-facet of the sample, to reveal either the unpoled or

the poled regions of the sample. After that, we used the EDX system tomeasure the pen-

etration depths. Figure 5.23 shows the depths depending on the widths for the poled

and unpoled waveguide sections in RbKTP.
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Figure 5.23 –Waveguide depth depending on the waveguide width for

poled and unpoled regions of a sample produced in op-

timised melt. The melt has a composition of 88mol%

RbNO3, 1mol% Ba(NO3)2 and 11mol% KNO3 in RbKTP.

The data points are the mean values for different wave-

guide groups for eachwaveguidewidth and the uncertainty

is the standard deviation.

Similar to waveguides fabricated in KTP, waveguides in RbKTP are deeper with nar-

rower waveguide width. Moreover, the optimised melt parameters benefit comparable

exchange depth within the measurement uncertainty for poled and unpoled waveguide

areas. This shows that we are able to produce waveguides in periodically poled RbKTP

with almost no corrugation effect.

5 . 1 . 2 . 2 S p a t i a l M o d e s a n d P r o p a g a t i o n L o ss e s

Before using waveguides in advanced integrated circuits, it is necessary to inspect the

quality of waveguides. For this reason, we measured the spatial modes of our wave-

guides with the setup introduced in section 4.3.2.2. Furthermore, we measured the

losses. For this characterisation, we used the Fabry-Pérot method.

S p a t i a l M o d e s i n K T P

For the linear optical characterisation, we imaged the spatial modes of the waveguides

onto a infrared camera with an 100× objective at a wavelength of 1550nm. In front
of the waveguide we set the polarisation with a linear polariser. Figure 5.24 shows the

fundamental modes for qTE and qTM of waveguides fabricated with the optimisedmelt

and parameters in KTP.
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Figure 5.24 – Camera images of KTP modes and corresponding fits of

mode profiles. Fundamental modes a) qTE and b) qTM

for a 3.5 µm wide waveguide produced in optimised melt

composition of 88mol% RbNO3, 1mol% Ba(NO3)2 and

11mol% KNO3 at 358
◦C for 43min in KTP.

We confirmed that all of the fabricatedwaveguides between 1.5 µmand4.5 µmare single-

mode at 1550nm. To themeasured data, we fitted a Gaussian profile in the width direc-

tion and a Hermite-Gaussian for the depth direction, due to a significant increase in the

refractive index of air at the surface. The fitted FWHM for the qTE mode in x-direction

is 3.63 µm and in y-direction 4.31 µm. The qTM mode has a fitted FWHM of 3.63 µm

in x-direction and 4.27 µm in y-direction.

In addition to that, we can estimate the field overlap and the coupling efficiency with

a standard SMF28 telecom fibre, which has a mode field diameter of 10.4 µm [187].

The field overlap is estimated to be above 94% and the maximum theoretical coupling

efficiency is above 89% for both modes.

S p a t i a l M o d e s i n R b K T P

Analogous to KTP we measured the fundamental modes for qTE and qTM for RbKTP

waveguides with the optimised melt and parameters in RbKTP, see figure 5.25.
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Figure 5.25 – Fundamental modes a) qTE and b) qTM for a 3.5 µm

wide waveguide produced in optimised melt composition

of 88mol% RbNO3, 1mol% Ba(NO3)2 and 11mol% KNO3
at 358 ◦C for 43min in RbKTP.

Similar to KTP, all fabricated waveguides in RbKTP between 2.7 and 4.1 µm are single-

mode at 1550nm. The estimated field overlap with a standard SMF28 telecom fibre is

above 85% for both modes. Moreover, the maximum theoretical coupling efficiency to

a SMF28 fibre is above 72% for both modes.

If we compare the FWHM of the modes for KTP and RbKTP we can see that the values

are similar and only vary in the first decimal place. The fitted FWHM for the qTEmode

in x-direction is 3.49 µmand in y-direction 3.93 µm. The qTMmode has a fitted FWHM

of 3.90 µm in x-direction and 4.30µm in y-direction. This shows that the mode sizes

are comparable in both materials.

P r o p a g a t i o n L o ss e s i n R b K T P

Using the Fabry-Pérotmethod, wemeasured the losses of RbKTPwaveguides at a wave-

length of 1550nm. We tuned the wavelength between 1549.7 nm and 1550.3 nm in

0.005nm steps and measured the through coupled intensity. Figure 5.26 shows the

measured intensity oscillations as a function of the wavelength measured for the fun-

damental qTE mode of 3.5 µm wide waveguide in RbKTP.
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Figure 5.26 – Intensity oscillations as a function of the wavelength dur-

ing Fabry-Pérot measurements of the fundamental qTE

mode for a 3.5 µm wide waveguide in RbKTP.

We estimated the transmission losses of our waveguides using the contrast of the Fabry-

Pérot oscillations. Figure 5.27 shows themeasured losses for qTE and qTMpolarisation

in different waveguide groups and widths for a 7mm long sample.
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Figure 5.27 – Measured propagation losses for qTE and qTM for differ-

ent waveguide width for a 7mm long sample. The dots in-

dicate the mean value for the losses for each waveguide

width and polarisation. The uncertainty is given by the

standard deviation.

The best propagation losses are 2.96 dB/cm for the qTE and 3.11 dB/cm for the qTMpo-

larisation. These propagation losses are higher compared to losses obtained for wave-
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guides produced with the optimised melt in KTP, where we measured losses down to

0.2 dB/cm.

It has to be noted that one reason for the increased losses of waveguides in RbKTP is the

selective etching of the domains during the cleaning procedures. Each cleaning proce-

dure contains an ammonia solution, which is sufficient to etch nanometres of contrast

between the domains. In total the sample is cleaned at least four times after periodic

poling, which results in selectively etched domains of 10nm depth, which are visible

with a microscope, see figure 5.28.

40 µm

Figure 5.28 – CLSM image of the material scratches in the waveguide,

which introduce propagation losses.

Moreover, the surface and thematerial of RbKTP itself is strongly damaged. Figure 5.28

shows visible scratches on the surface of RbKTP. As already mentioned, the only solu-

tion for less scratches are wafers with better quality from the vendor. Nevertheless, we

could obtain in other RbKTP samples without a periodic poling and hence, no selective

etching of domains, losses down to 0.84 dB/cm.

5 . 1 . 2 . 3 M o d e l l i n g o f W a v e g u i d e s

Tomodel our waveguides in (Rb)KTP and simulate the correspondingmodes and effec-

tive refractive indices we use RSoft. We presented the model in section 4.3.2.2. There

are various parameters that wemust supply to the simulation software in order to simu-

late modes. These are the waveguide profile, for which a complementary error function

in depth and a box function in width are used. The width of the waveguide measured

with the CLSM and the penetration depth determined with the EDXmeasurements are

required for themodel. We assume a linear relationship between the concentration pro-

file and the refractive index profile. Additionally, we need to know the refractive index
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increase at the surface. Furthermore, we need to set the intended wavelength and pola-

risation to simulated ourmodes with the corresponding effective refractive index. From

our measurements, we can specify all parameters except the refractive increase at the

surface ∆n0. Since we lack ∆n0, we have to determine it in a reasonable way.
Therefore, we use our measured modes and compare the measured FWHM with the

simulated ones. We simulated the FWHM in the x- and y-directions, with the wave-

guide width and depth set to 3.5 µm and 6.35 µm respectively. We used a wavelength of

1550nm and varied the refractive index increase at the surface ∆n0 between 0 and 0.03
in 0.001 increments for qTE and qTM mode. Figure 5.29 shows the simulated FWHM

for the x- and y- direction and the fundamental qTE and qTMmode.

0.010 0.015 0.020 0.025 0.030
Refractive index increase at the surface ∆n0
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qTM FWHM y

qTE FWHM x
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Figure 5.29 – Simulated FWHM in x- and y-direction for fundamental

qTE and qTM modes. The simulations are performed for

a wavelength at 1550nm and a waveguide width of 3.5 µm

and depth of 6.35 µm depending on the refractive index in-

crease at the surface ∆n0.

The horizontal dashed lines indicate the measured FWHM from our fabricated modes.

When we compared the measured FWHM with the simulated ones, we found the best

match for the refractive index increase at the surface. We assume ∆n0 for the funda-
mental qTE mode between 0.014 and 0.015 and for the fundamental qTM mode be-

tween 0.011 and 0.013 at 1550nm.

We repeated the simulations for a 2.7 µm wide and 7.39 µm deep waveguide, see figure

5.30.
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Figure 5.30 – Simulated FWHM in x- and y-direction for fundamental

qTE and qTM modes. The simulations are performed for

a wavelength at 1550nm and a waveguide width of 2.7 µm

and depth of 7.39 µm depending on the refractive index in-

crease at the surface ∆n0.

The dashed lines represent the corresponding FWHMof ourmeasuredmodes. By com-

paring the measured FWHM with the simulated ones for this geometry at 1550nm, we

get similar results for the ∆n0, which is between 0.014 and 0.015 for the fundamental
qTE and between 0.011 and 0.012 for the fundamental qTMmode.

We investigated, if the Rb doping of the crystal with 0.015 Rubidium in RbKTP does

change the simulated modes in comparison to pure KTP. The resulting effective refrac-

tive indices are similar, and only differ with an fixed offset in the fourth decimal place.

In conclusion, it is possible to simulate the spatial modes of our waveguides in RbKTP

with RSoft with reasonable numbers for the refractive index increase at the surface. For

future simulations, it is sufficient to estimate a surface refractive index increase ∆n0
between 0.011 and 0.015 for the fundamental modes at 1550nm in KTP and RbKTP.

5 . 1 . 2 . 4 F i n a l R e m a r k s f o r K T P / R b K T P W a v e g u i d e s

For waveguides in KTP we developed a model that could explain the influence of stress

on the penetration depth and that narrow waveguides are deeper, in good agreement

with our measured data. We started with a new material RbKTP. For this reason, we

investigated the corrugation andwidth dependence depth behaviours of the waveguides

fabricated inRbKTP.As a result, we are able to producewaveguides in periodically poled

RbKTP with almost no corrugation effect.
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In the future, we should optimise the corrugation in RbKTP waveguides and optimise

the exchange parameters for symmetrical circular spatial modes for a higher field over-

lap to fibres and lower propagation losses. One possibility to reduce the losses is to

polish the surface of the samples, to reduces the impact of scratches on the waveguides.

Moreover, the mask-lithography has the disadvantage that dust and particles are easily

trapped in the small slits of the chromium mask, therefore, introduce imperfections in

the titanium mask, thus, increasing the losses of the waveguides. First investigations

showed, we should be able to reduce the losses, by optimising the edge roughness of the

titanium mask. This is possible by using the laser-lithography, see figure 5.31.

a)

Rough sidewall 10 µm

b)

Smooth sidewall 10 µm

Figure 5.31 – CLSM image of titanium mask fabricated with a) mask-

lithography and b) laser-lithography.
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5 . 2 L i t h i u m N i o b a t e O n I n s u l a t o r

In this section, we introduce our developed technologies for periodic poling and wave-

guide fabrication in LNOI. The research field of LNOI is a new field and was rapidly ex-

panding in the recent years. In the following, we present our most important results in

developing a new technology. Building up a new technology is accompanied by several

pitfalls and failures, which would overload this written work. Therefore, the resulting

recipes to fabricate periodically poled waveguides are shown in this section. Moreover,

we present our simulations for the influence of the waveguide geometry on the modes

and effective refractive index and show developedmodel to simulate coupler structures.

5 . 2 . 1 W a f e r Q u a l i t y

The wafer quality has a huge impact on the technology procedures and device quality,

but it depends only on the vendor technology. The quality of the material, e.g., changes

in the total thickness of the layers or the homogeneity of the layer thickness itself lead to

different periodic poling behaviour for every sample andwafer. Moreover, the variation

of the thin-film thickness has a huge impact on the waveguide properties, see section

5.2.4.

Figure 5.32 shows a heat-map of the thin-film thickness with respect to the position on

the wafer, measured from the vendor and specified in the specification sheet.
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Figure 5.32 – Heat-map of the thin-film thickness with respect to the po-

sition on the wafer. The thickness is measured by the ven-

dor and specified in the specification sheet.
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This shows that the wafer is varying from a minimal thickness of 284.7 nm at the edges

to a maximal thickness of 306.3 nm in the centre of the wafer. Moreover, the maximal

difference between two neighbouring points is 17.8 nm. This allows us to suggest that

the strongest thin-film variation can be around 18nm. Themean value for the thin-film

thickness is 296.2 nm with a standard deviation of 6.4 nm. This variation can only be

improved by the vendor and their thin-film wafer production technique. For us the best

approach in future would be to measure the height of the wafer with ellipsometry and

to pick out the most homogeneous areas and to cut the samples from these areas for the

production.

5 . 2 . 2 P e r i o d i c P o l i n g

Periodic poling of x-cut LNOI was a completely new challenge we had to face. In section

4.2.1.1 we introduced different techniques for periodic poling in LNOI. For our techno-

logy we decided to use electric field poling, since we already had experience in this tech-

nique with other materials like bulk lithium niobate or KTP. Moreover, this technique

has recently become the most popular technique to periodically invert domains in the

community. The time we started with LNOI, periodic poling was only shown in x-cut

LNOI. Efficient periodic poling of z-cut LNOI was shown in late 2019 [132].

We decided to do the periodic poling in x-cut before the waveguide fabrication to have

an unstructured surface for the structuring of the electrodes. The electrodes are fabrica-

ted as finger electrodes facing each other along the z-direction of the crystal, see figure

5.34. With needles the electrodes are contacted and one high voltage pulse is applied to

invert the ferroelectric domains between the fingers.

The first step towards good periodic poling recipes, was to investigate different elec-

trode shapes for the finger electrodes. After that, we used different lithography systems

to improve the quality of the finger tips and the general structure of the electrodes. Next,

we tested different electrode configurations and materials for periodic poling. Last, we

investigated the poled domains via SH microscopy.

5 . 2 . 2 . 1 E l e c t r o d e G e o m e t r y

Before the actual periodic poling process, we have to choose a geometry for the elec-

trodes. Since we are using x-cut LNOI and the spontaneous polarisation is along the

z-direction, we need two electrodes on the top surface to define the periodic poling area.

For a periodic domain inversion we need a periodic structure, which can be designed by

fingers connected to a big rectangular electrode, in the following referred to as contact

pad.

As introduced in section 4.3.2.2, we build a model in COMSOL to simulate the electric

field strength depending on the finger electrode structure. Figure 5.33 shows three dif-

ferent finger tip shapes and their simulated electric field distribution with an applied

voltage of 700V.
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Figure 5.33 – Simulated electric field distribution for different finger tip

shapes: a) rectangular, b) round and c) tapered. The finger

shape is indicated by the white dashed lines.

The shape of the finger tip influences drastically the domain growth along the z-direction.

A rectangular finger electrode, as shown in figure 5.33 a), has an increased field strength

at both corners and therefore, intrinsically introduces wider domains. In comparison,

figure 5.33 b) shows the case of rounded finger tips, where the electric field is concen-

trated in themiddle of the finger anddecreases to the sides continuously. With a tapered

finger tip, as shown in figure 5.33 c), the highest field components are located at the tip,

which accelerates the domain growth along the z-direction. Moreover, tapered finger

shapes suppress the domainmerging, which is more prominent in the case of rectangu-

lar tips [188].

The width of the finger influences the width of the domain. For the highest conversion

efficiency we need a 1:1 duty cycle of the poled and unpoled domains with respect to the
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poling period. To precompensate the lateral domain growth, we design the finger width

with 30% of the poling period, which is smaller than the desired 50% of the poled do-

mains.

Depending on the length of the fingers, the distinction of the electric field between the

finger tips and the contact pads can be maximised to avoid poling directly between the

contact pads. Therefore, the electric field between the contact pads needs to be well be-

low the coercive field strength of lithium niobate. This can be achieved by using 10 µm

long fingers.

Besides the lateral domain growth, we need to control the growth in the depth of the

LNOI thin-film. This can be controlled by a separation gap between the opposite finger

electrodes, which should be higher than 20µm to assure a growth through the complete

film thickness [164].

Therefore, we designed our electrodes with 20µm separation gap, 10 µm for the finger

length and 30% of the poling period for the tapered finger width, see figure 5.34.

Figure 5.34 – Design of finger electrodes for periodic poling. The fingers

are connected to bigger contact pads. The crosses indicate

the alignment marker.

5 . 2 . 2 . 2 E l e c t r o d e L i t h o g r a p h y

During this thesis we had the opportunity to test different lithography systems for our

fabrication of finger electrodes, namely laser-lithography and electron-beam-lithography.

In the following we will show the results for the finger electrodes fabricated with differ-

ent lithography approaches.
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S a m p l e P r e p a r a t i o n

The very first step before doing any periodic poling or waveguides is to prepare the sam-

ples. The x-cut LNOI is a 3 inch wafer diced in 10mm × 10mm samples. The top of the

sample is the positive x-surface, referring to a right handed coordinate system in rela-

tion to the +z-direction.

The first step is to clean the surface of the sample. We are using the same cleaning

procedure as in KTP introduced in section 4.1.2.1. Since the periodic poling is done

before the waveguide fabrication it is necessary to have alignment markers to match

the waveguides to the periodically poled region. The alignment markers are fabricated

with a lift-off process. The progress of a lift-off is explained in detail in the following.

For the alignmentmarkers we use 100nmof sputtered titanium (Sputtering System 518

- Prevac).

E l e c t r o d e s v i a L a s e r - L i t h o g r a p h y

In the following, we describe the process steps, which are necessary to structure our

designed electrodes on the surface of LNOI, see figure 5.34.

Figure 5.35 – Schematic of the distinct steps of the fabrication process

to fabricate finger electrodes for periodic poling. Here,

the electrode patterning is performed by means of laser-

lithography.

Before structuring the electrodes, we rinse the sample with isopropyl alcohol and dry it

with nitrogen before spin-coating to ensure good adhesion between the sample and the

resist since the resist is hydrophobic. We use a negative photoresist (AZ nLof 2020 -

MicroChemicals), which we spin-coat at 6000 rounds per minute (rpm) for 5 seconds.

This results in a 1 µm thick resist layer, which is sufficient to lift-off electrodes of 200nm

thickness. Following spin coating we do a softbake of the resist at preheated 110 ◦C for
15min.

After the sample is completely cooled down, we clean the backside of the sample with

acetone and a swab to assure a plain surface during lithography. The sample size of

LNOI is small and the resist forms a bulge at the edges of the sample. Nevertheless,

since we use a laser-lithography (DWL 66+ - Heidelberg Instruments) to structure the
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resist, we do not need to remove it like we do in the case of KTP. Depending on the ma-

terial system, we use fixed parameters to illuminate our desired structures (MgO doped

LNOI: 38mW, focus, -25% intensity 35%, filter 1%; congruent LNOI: power 40mW,

focus -10%, intensity 35%, filter 1%).

Afterwards, we do a post exposure bake (UF30plus - Memmert) to cross-link the ex-

posed areas. Besides the illumination, the post exposure bake is a critical step, where

a too hot or too long baking process cross-links the whole resist layer. To achieve the

strict temperature requirements we are using a computer controlled oven with follow-

ing temperature profile shown in figure 5.36 a). The procedure is to preheat the samples

in the oven to 23.2 ◦C, ramp up the temperature to 124.8 ◦C and open the oven to let the
samples cool down to room temperature.
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Figure 5.36 – a) Temperature in the oven depending on the time. The

blue line shows the set temperature and the red line the

real temperature during the post exposure bake.

During development (AZ 726MIF -MicroChemicalsmixedwithwater at ratio 78:22) all

the non-exposed areas vanish andwe get an undercut of the remaining resist structures,

which benefit the lift-off process. The development of the resist is the third critical step.

It is important to develop long enough to get an undercut in the resist, see figure 5.37

a), but at the same time not too long to avoid undesirable removal of the resist areas,

thus, a too low resist thickness to lift the structures.
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a) b)

0.5 µm

Figure 5.37 – a) Trapezoidal cross-section of the negative resist after de-

velopment. b) SEM image of the resist cross-section from

the laser-lithography with a trapezoidal shape.

Using the previously described optimised parameters for fabricating the lift-off struc-

ture, we achieve a trapezoidal cross-section can be realised and figure 5.37 b) shows our

fabricated cross-section via laser-lithography analysed with a SEM.

For the electrodes we sputter (Sputtering System 518 - Prevac) 170nm chromium on

top of the LNOI surface for a homogeneous conductivity and 30nm gold to prevent the

chromium from oxidisation. We lift the metal layer on top of the resist, by solving the

resist in TechniStrip (TechniStrip NI555 - MicroChemicals) in a warm ultrasonic bath

at 65 ◦C over night and a following step in acetone for 10min and isopropyl alcohol for
10min.

In a fabrication process with optimised parameters it is possible to fabricate finger elec-

trodes with width of around 1 µm. Figure 5.38 shows finger electrodes with a width of

1 µm and a poling period of 3.0 µm on a MgO doped LNOI sample. The resulting finger

electrodes on congruent LNOI are the same and this method is suited for a variety of

thin-film thicknesses.
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10 µm

Figure 5.38 – Finger electrode structure fabricated with laser-

lithography imaged via CLSM.

The resulting finger tip edges are homogeneous. At the same time we can see that the

desired tapered tip is strongly rounded. We investigated different finger tip shapes from

themask design, and the resulting finger tips did not differ from each other. The reason

for this is that for the size of the finger tips, we reach the resolution limit of the laser-

lithography.

Nevertheless, these lifted structures were appropriate to periodically pole LNOI. To

test different poling parameters, we decided to fabricate several 400µm long electrode

structures with a poling period of 3 µm on one sample. Figure 5.39 shows an overview

of an LNOI sample structured with laser-lithography.
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2000 µm

Electrode structure

Figure 5.39 – Composite overview of a sample with several 400µm long

electrode structures. The image is acquired by a CLSM and

the electrodes are patterned by use of laser-lithography.

Our objective is to fabricate periodically poledwaveguides for frequency conversion and

single photon sources. The efficiency of nonlinear processes is depending on the length

of the QPM structure. To increase the efficiency, we need to increase the total length

of our electrodes. Therefore, we increased the electrode length to 7.5mm. This is the

maximal length we can achieve for 10mm long samples, because the electrodes need

to be shorter than the dimension of the resist bulge at the two edges of the sample. In

figure 5.40 we show a sample with 7.5mm long electrodes.

2000 µm

Electrode structure

Figure 5.40 – Composite overview image of a sample with 7.5mm long

electrode structures the electrodes are patterned by use of

laser-lithography and imaged via CLSM.
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E l e c t r o d e s v i a E l e c t r o n - B e a m - L i t h o g r a p h y

In the last month of my PhD, we had the opportunity to use a new electron-beam-

lithography (EBL). Hence, we developed a process to fabricate high quality finger elec-

trodes on LNOI, to further push our technology to a next level.

For the lift-off with EBL, we use a two layer resist lift-off process. Therefore, we spin-

coat two different resists on the sample, illuminate and develop only the top resist and

use a second development to achieve an undercut for the lift-off. Figure 5.41 shows the

double resist structure for the lift-off.

Figure 5.41 – Illustration of a cross-section of the two resist layers and

undercut for the lift-off after development.

Figure 5.42 shows the fabrication steps for finger electrodes with EBL lithography.

Figure 5.42 – Schematic of the distinct steps of the fabrication process to

fabricate periodic electrodes. Here, the electrode pattern-

ing is performed by means of electron-beam-lithography.

The first step is to spin-coat a resist for the undercut, which is not sensitive to the elec-

tron beam. We use LOR3A (Kayaku Advanced Materials), which we spin-coat at 4000

rpm for 45 s. This results in a 300nm thick resist layer, which is sufficient to lift elec-

trodes of 200nm thickness. We do a controlled softbake in an oven (UF30plus - Mem-

mert), which heats up the sample to 190 ◦C holds the temperature for 10min and slowly
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cools down the sample to room temperature. Afterwards, we spin-coat a positive resist

(CSAR 62 - Allresist) on the first resist layer with 4000 rpm for 60 s and do a controlled

second softbake at 150 ◦C for 30min.
We fix the sample on the holder for the EBL (VOYAGER - Raith) with a carbon tape

touching the sample surface to avoid charging effects that occur due to the high energy

of the electron beam on the sample.

We illuminate the areas of the contact pads with a high current and a dose of 250 µC
cm2 .

For the fingers we use a ’zero stitching error’ approach that is called modulated beam

moving stage (MBMS). This technology allows continuous writing of elongated paths

with the combination of patterning, resulting in stitch-free periodic structures. For this

we use a low current and a dose of 225 µC
cm2 .

After the illumination, we develop the first resist layer for 70 s (AR 600-546 - Allresist)

and stop the development process in Stopper (AR 600-60 - Allresist) for 30 s and water

for 30 s. Through the free trenches in the resist, we can develop the lower resist for 17 s

(AZ 726MIF -MicroChemicals) for a sufficient undercut for the lift-off. Analogue to the

lift-off process, which is done via laser-lithography, we sputter 170nm chromium and

30nm gold on the LNOI surface. We lift the structures by moving the sample in Tech-

niStrip (TechniStrip Micro D350 - MicroChemicals). Afterwards, we put the samples

in new TechniStrip in a warm ultrasonic bath at 65 ◦C to solve the parts between the
fingers. When all the structures are lifted, we use isopropyl alcohol and water each for

10min to finally clean the samples. As a result, we have finger electrodes as schemati-

cally shown in figure 5.34, which are ready for poling.

Since we use a two layer resist lift-off process, we need an undercut resist structure for

the lift-off. For the analysis of the cross-section of the resist structures we cleave our

samples in the centre to reveal the cross-sections. Moreover, we need to coat the cross-

section to compensate for surface charges. The cleaving and themetal coating results in

an inhomogeneous surface. Figure 5.43 shows the cross-section of the two layers after

development for the lift-off of the electrodes.
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300 nm

Undercut Resist layer 2

Resist layer 1

Substrate

Figure 5.43 – Resist cross-section from the electron-beam-lithography

with a trapezoidal shape imaged with a SEM. The dirt at

the cross-section is due to the cleaving and metal-coating.

We can see an undercut in the double resist structure, which is well pronounced com-

pared to laser-lithography. Thus, this enables a reliable lift-off.

By carefully choosing the electron beam current during MBMS illumination and sub-

sequent metal deposition, we can achieve high quality fingers with a tapered finger tip,

see figure 5.44.

10 µm

Figure 5.44 – CLSM image of a finger electrode structure fabricated with

electron-beam-lithography.
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If we would use a standard EBL system and fabricate test-structures for periodic poling,

it normally would take days to illuminate the complete sample. But if we combine the

unique properties of the Voyager system, namely the MBMS in low current mode for

the finger and standard writing-fields and high current for the contact pads, it is pos-

sible to write the same areas in less than nine hours. Figure 5.45 shows identical lifted

electrodes structures for testing poling parameters.

2000 µm

Electrode structure

Figure 5.45 – Composite overview imaged with CLSM of a sample with

400µm long electrode structures fabricated with electron-

beam-lithography.

Therefore, this process allows us to fabricate high quality finger electrodes in an accept-

able amount of writing time.

5 . 2 . 2 . 3 P e r i o d i c P o l i n g

With the fabricated electrodes we are able to periodically pole our samples by applying a

high voltage pulse to the electrodes. We investigated different plateau times and plateau

voltages for the pulses and analysed the poled domains via SH microscopy.

P e r i o d i c P o l i n g S e t u p

For the electric field poling a new poling setup was required. Due to the x-cut and two

top electrodes, the setup for conventional z-cut bulk lithiumniobate is not suitable. Fig-

ure 5.46 shows the new setup we build with micro-manipulators and needles to directly

contact the electrodes.
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Figure 5.46 – Schematic representation of the periodic poling setup for

LNOI. The electrodes are contacted by means of high volt-

age probes.

The LNOI sample is immersed in oil (ELBESIL TRANSFORMATORENÖL BTR 50 -

Silikon Profis) to prevent arcing due to the high voltage between the electrodes. The

sample is placed below an optical microscope to align the needles directly to the con-

tact pads. The contact pad is used to contact all finger electrodes. We use micro-

manipulators to hold and align precisely the needles manually. Moreover, the needles

are contacted to a high voltage amplifier (20/20C - Trek), which is controlled by a com-

puter program to define the pulse shape and voltage amplitude of the poling pulses. The

software records simultaneously the applied voltage and the current from the amplifier.

Nevertheless, it is not possible to monitor the poling process by controlling the charge

as it is normally done in conventional lithium niobate [189]. In the case of LNOI, the

areas we pole are much smaller, implying a lot lower charge and, as a result, a lower

current in the micro ampere range. For this reason, the poling signal is small compared

to the noise in the system.

We use one single-voltage pulse to pole LNOI periodically. Hence, we need to design

the poling pulse to our needs. Figure 5.47 shows our well-experienced poling pulse from

bulk lithium niobate, which shape we adapted for LNOI. We need a fast ramp up to a

maximum voltage, which is hold for a specific amount of time. In this plateau time,

the voltage is higher than the coercive field strength and the spontaneous polarisation

is inverted. After that, the voltage drops to 80% of the maximum voltage to stop the

poling process. We have a discharge time, where we slowly decrease the voltage to zero

to stabilise the domains and avoid back-switching of the domains.
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Figure 5.47 – Graph of the applied high voltage pulse used for poling. A

rapid reduction of the voltage after the poling stops the pol-

ing process and simultaneously a long discharge time sta-

bilises the domains.

For x-cut LNOI we fix the rise time to 0.2ms, the voltage drop to 80%, the fall time

to 0.1ms and the discharge time to 300ms [190]. During this work, we varied the

maximum voltage (between 500V and 1300V) and the plateau time (between 1ms and

10ms) to achieve perfect periodic poling depending on the material system and poling

period. For simplicity, the plateau voltage and plateau timewill be referred to as voltage

and time in the following.

Before the waveguide fabrication, the finger electrodes have to be removed in a gold

etchant (TechniEtch ACl2 - MicroChemicals) for 10min and chromium etchant (Tech-

niEtch Cr01 - MicroChemicals) for 10min.

I n i t i a l P o l i n g T e s t s

The first poling tests were done with block electrodes without fingers to narrow the pos-

sible parameter range for the applied pulses to achieve domain inversion inMgO doped

LNOI. The following results are for electrodes fabricatedwith laser-lithography onMgO

dopedLNOIwith a thin-film thickness of 300nm. Weused testing block electrodeswith

a separation gap of 40µm, a length of 400µm, and a width of 300µm, see figure 5.48.

We applied to each structure a single-voltage pulse with voltages ranging from 0.8 kV

to 2 kV in 0.2 kV increments and times from 1ms to 10ms in 1ms steps.

For the investigation we used SH microscopy. We started with line-scans, where we

expected a change in the intensity at the domain walls and thus, peaks in the spectrum.

However, it turned out that line-scans did not give enough information about the do-

main growth from electrode to electrode, since it depends on the exact position of the

line-scan relative to the electrodes.
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Area-scan

Figure 5.48 – Schematic representation of block electrodes. The dashed

rectangular indicates the area-scan with the SH mi-

croscopy.

Therefore, we decided to use only area-scans for the analysis, even though the genera-

tion of this scan is more time consuming. Figure 5.49 shows a SHmicroscopy area scan

for a poled block electrode with a 40µm distance and an applied voltage of 1.4 kV for

9ms.
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Figure 5.49 – SH microscopy area-scan of block electrodes poled with a

voltage of 1.4 kV and a time of 9ms. The domains are grow-

ing from the positive electrode to the negative electrode.

In this figure and all the following SH microscopy area-scans the negative electrode is
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on top and the positive electrode is at the bottom. The domain walls are shown in green.

The domain inversion starts at the positive electrode, which is in good agreement with

the findings of Rüsing et al. [164]. Despite the fact that the block electrodes have no pe-

riodic structure, these domainwalls tend to nucleate in a periodicmanner. Even though

we can observe an intrinsic periodic behaviour of the domain growth, we did not further

investigate that, because we did not want to use this uncontrolled effect. As a result of

this initial test, we know that we need voltages above 1.4 kV for 40µm separation gaps

to invert the spontaneous polarisation.

Because the size of the separation gap as well as the finger electrodes themselves have

a large impact on the poling results, these preliminary poling tests are simply a rough

study for the poling parameters. Therefore, we did a similar parameter studywith finger

electrodes.

F i n g e r E l e c t r o d e s

For the investigation of finger electrodes, we fabricated finger electrodes with a poling

period of 3 µm, fingerwidths of 1.2 µmand finger lengths of 10 µm. Weused a separation

gap of 20µm, a total periodic poling length of 400µm and contact pads with a width of

300µm, see figure 5.50.

Area-scan

Figure 5.50 – Schematic representation of finger electrodes. The dashed

rectangular indicates the area-scan with the SH mi-

croscopy.

From the initial poling tests we know that the best voltage for block electrodes is above

1400V for a 40µm separation gap. For this reason, we decided to use values around

700V for a 20µm separation gap and extended the voltage range to find the optimal

parameter for finger electrodes. We applied single-voltage pulses with voltages ranging

from 500V to 1300V in 100V increments and times of 1ms, 4ms, 7ms and 10ms.

Voltages below 800V are not sufficient for a homogeneous poling from one electrode to
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the other and voltages above 1000V lead to a strong overpoling of the structure. Figure

5.51 shows a SHmicroscopy area-scan (logarithmic scale) of a periodically poled sample

with a poling period of 3.0 µm with a voltage of 900V and a time of 1ms yielding the

best duty cycle and homogeneous poling result.
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Figure 5.51 – SHmicroscopy area-scan (logarithmic scale) of finger elec-

trodes poled with a voltage of 900V and a time of 1ms.

The yellow-green lines display the domain walls. All poled domains have grown from

one electrode to the other. The domain walls at the positive electrode on the bottom

are more angular than the tapered domain wall shape at the negative electrode. This

indicates again a domain growth from the positive to the negative electrode, which

means the domains grow from +z to -z. Moreover, the duty cycle of the poled and un-

poled domains is close to 1:1. In some areas the poled domains have a stronger lateral

domain growth, which corresponds to overpoling induced by local imperfections and

nano-domains in the material itself.

For efficient devices, we have to increase the overall length of the electrodes and pole

these homogeneously over the entire length.

L o n g e r F i n g e r E l e c t r o d e s

In a first step, we increased the total length to 5mm long electrodes, because the effi-

ciency of a nonlinear process increases quadratically with the length. We fixed the time

to 1ms and tested voltages between 870V up and 950V in 10V steps. We contacted the

long electrodes in the centre to allow for a homogenous distribution of the voltage over

the entire electrode structure.
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A voltage of 870V results in the best poling behaviour, measured with a SHmicroscopy

area-scan. To get information about the homogeneity of the poling over the electrode

length, a second area-scan was done on one of the ends of the electrode. Figure 5.52

shows the two area-scans with respect to their position on the electrode.
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Figure 5.52 – SHmicroscopy area-scan (logarithmic scale) of 5mm long

finger electrodes with a poling period of 3 µm on the edge

and in the middle of the electrode. The sample is poled

with a voltage of 870V and a time of 1ms.

The area-scan in the middle of the electrode shows homogeneous domain inversion be-

tween the finger electrodes. The domain walls are straight, with only partly and little

overpoling. In comparison, the area-scan at the edge of the electrode structure reveals

certain domains that are grown together. As a result, the sample is overpoled in this

area. Inhomogeneities in the thin-film layer, such as nano-domains or variations in

the thin-film thickness, do have a huge influence on the homogeneity of the duty cycle.

Nonetheless, this shows that we are able to periodically pole 5mm long electrodes with

a poling period of 3 µm homogeneous over the entire electrode length.

After the successful poling of 5mm we extended the electrodes to 7.5mm length. We

used the same poling parameters as for poling of the 5mm long electrode samples. In

addition, the poling period of the finger electrodes was varied in steps of 0.1 µm from

2.7 µm to 2.9 µm to evaluate the effect of the poling period. Figure 5.53 shows area-scans

in the middle and at the edge of the electrode for a poling period of 2.7 µm.
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Figure 5.53 – SH microscopy area-scan (logarithmic scale) of 7.5mm

long finger electrodes with a poling period of 2.7 µm on

the edge and in the middle of the electrode. The sample

is poled with a voltage of 870V and a time of 1ms.

In the middle of the area-scan the domain walls are only visible near the top negative

electrode. Sine we know that the domains grow from the +z to -z, we can conclude

that this sample is overpoled. The reason for this could be a change in the total thick-

ness of the sample, compared to the previous one. As already mentioned, the thickness

of thin-film layers varies, within the sample and between different samples, and has a

huge influence on the required voltage for periodic poling. Even though the structure is

overpoled in the middle, the area-scan at the edge of the electrode shows no overpoling

except from the inhomogeneity induced overpoling. This indicates a voltage drop along

the electrodes and an decreased external electric field at the edges of the electrodes,

since we contact in the middle. This can be compensated by modifying the electrode

and poling parameters.

5 . 2 . 2 . 4 F i n a l R e m a r k s f o r P e r i o d i c P o l i n g o f L N O I

We have developed the technology for the fabrication of finger electrodes as well as the

poling technique. We successfully periodically poledMgOdoped LNOIwith a poling pe-

riod of 3 µm for 400µm and 5mm long electrodes. Beyond that we poled 7.5mm long

electrodes with poling periods between 2.7 µm to 2.9 µm. These structures are over-

poled, but can be optimised with some adaptions in the poling process.
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In the future, we can reduce the voltage drop, by increasing the thickness of the elec-

trodes by a factor of 1.5 to 255nm chromium and 45nm gold, to compensate the 1.5

longer electrode length compared to the 5mm electrodes. Moreover, we need to ob-

serve the influence of the thin-film thickness on the overall poling behaviour.

One reason for the overpoling is the poling pulse shape itself. The voltage drops to

80% of the maximum voltage and this was adapted from the conventional lithium nio-

bate poling technology. Since we use much higher electric field strengths as needed

for lithium niobate we are with 80% and a voltage of 696V far above the coercive field

strength (for a 20µm the voltage is 420V) and this will introduce further poling during

the discharge time. Hence, we suggest to reduce the voltage to 10% of the maximum

voltage to avoid any poling during the discharge time.

Additionally, we can get rid of nano-domains by preconditioning pulses similar to those

we do in RbKTP for stable domains and to homogenise the substrate material and avoid

local overpoling.

The fabricated finger electrodes with the electron-beam-lithography show much more

tapered finger tips, thus, will concentrate the electric field at the finger tip and this will

allow for directed domain growth between the electrodes and less domain broadening.

An open question that remains and needs to be answered in the future is the growth of

the domains into the depth of the thin-film for our specific poling parameters. This is

possible to analyse with a SH microscope [164].

5 . 2 . 3 W a v e g u i d e s

Waveguides in LNOI are rib waveguides and require a surface structuring. As intro-

duced in section 4.2.1.2 the most promising approach for structuring LNOI is using dry

etching with an Ar+ plasma. The fabrication of waveguides in LNOI was a completely

new challenge. The first step was to investigate different mask materials for the dry

etching. Then, we had a look at the dry etching process itself. After that, we explored

different techniques to remove the redeposition material during dry etching. Last, we

developed a technique to polish the end-facets of the waveguides.

5 . 2 . 3 . 1 D r y E t c h i n g

The waveguides are fabricated via dry etching. We have chosen pure argon as the etch-

ing material, because using reactive ions of other gases selectively react to crystal ori-

entations and etch them differently. Since our goal is to make integrated devices and

sources, we need periodically poled structures. A reactive ion, thus, a gas that reacts to

the orientation of the domains would induce corrugated waveguides. To prevent this,

we use only argon and physical dry etching. Our first step was to decide on a mask

material that wouldmeet our requirements and withstand the physical etching process.
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M a s k M a t e r i a l
There are different ways to fabricate themask for the dry etching. Either the photoresist

is used directly as an etchingmask, or we use the photoresist structure to produce a hard

mask through a lift-off. We have tested both, for the resist we used AZMIR 701 (Micro-

Chemicals) for mask-lithography as well as for laser-lithography. This resist has a high

resolution and is advertised by themanufacturer as stable in dry etching processes. The

advantage of photoresist as a direct etchingmask is that the amount of process steps are

significantly reduced. However, we noticed that the photoresist formed bubbles during

the etching process. Figure 5.54 shows the resist strip with the induced bubbles after

dry etching.

10 µm

Bubbles in the resist

Figure 5.54 – CLSM image of a photo resist stripe after usage as a dry

etching mask. After the process distinct bubbles, which

were formed during the etching process, are visible.

These bubbles increased the sidewall roughness and thus, the losses of the waveguides.

So, we investigated the origin of the bubbles to check, if they were induced by the vac-

uum or by the high temperatures during etching. We have exposed the photoresist

structure to both high pressures around 10−7mbar and high temperatures of 300 ◦C
and have not seen any bubble formation. Therefore, the only possibility is that the pro-

cess reacts to all factors simultaneously directly in the etching. In order to avoid bubble

formation due to the outgassing of the photo resist, we tried flood exposure of the resist

after development, but this did not lead to the desired result. The only way to prevent

bubble formation is to cool the sample during dry etching. To do this, the holder plate is

cooled with helium (30mTorr). To cool the sample, the sample must be thermally con-

tacted. Vacuumgrease has proven to be the bestmaterial for this, and it can bewiped off

very well with isopropyl alcohol afterwards. Figure 5.55 shows the resist and waveguide

structure after dry etching with helium back-side cooling and vacuum grease.
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10 µm

No bubbles in the resist

Figure 5.55 – Photoresist and waveguide structure after dry etching with

helium back-side cooling and vacuum grease imaged via

CLSM.

Due to the helium cooling, it is possible to reduce the formation of bubbles. However,

the helium cooling reduces the pressure in the chamber and the etching rate decreases.

As a result, using photoresist as a hardmask is attractive because of the reduced amount

of process steps, but we would prefer a hard mask, which does not require cooling to be

stable during the dry etching.

As an alternative, we investigated different materials as suitablematerials for a physical

dry etching process andwe fabricated hardmasks with a lift-off process [171]. We inves-

tigated the etch mask materials in terms of their etch rates as well as the homogeneity

of the structure. Table 5.7 shows different mask materials and their etch rates and se-

lectivity, which is the ratio between the etch rate of the material and lithium niobate, as

a mask material.

Table 5.7 – Etching rates for different materials with process parameters

during dry etching of argon gas flow rate of 20 sccm, a pres-

sure of 2mTorr, a RF power of 70W and an ICP power of

100W [171].

Material Etch rate [nm/min] Etch selectivity to LN

Lithium niobate 11.5 ± 1.6 -

Chromium 14.4 ± 0.1 0.8 : 1

Silicon dioxide 7.5 ± 1.1 1.5 : 1

Titanium 9.1 ± 0.1 1.3 : 1

Chromiumhas a high etch rate and therefore, a lower selectivity during the etch process,

whichmakes it harder to produce deeper waveguide structures. SiO2 and titanium have

comparable etching rates. Even though our first investigations showed a higher homo-

geneity of the sidewalls for titanium, we decided to use SiO2 as an etching mask mate-

rial, because the best waveguides, with the lowest losses at that time, were fabricated
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with hydrogen silsesquioxane (HSQ) resist and physical dry etching [123]. HSQ offers

the advantages of a photoresist as a dry etching mask, but is at the same time stable

as SiO2 during dry etching. Therefore, we decided to optimise our fabrication process

with SiO2 as an etchingmask, to facilitate the transfer toHSQ resist and electron-beam-

lithography in the future.

The thickness of SiO2 depends on the desired etching depth. Since we have a physical

etching process, the selectivity between the mask and lithium niobate is 1.5:1. Conse-

quently, the mask has to be at least as 1.5 times thicker than the desired etching depth.

Moreover, since we use a physical etching, the sidewalls of the waveguides are slanted.

Therefore, the width of the SiO2 mask design has to be equal to the bottom width of the

etched waveguide. Figure 5.56 shows the difference between the mask definition and

the etched waveguide with slanted sidewalls.

a)

SiO2

Thin film LN

SiO2

b)

SiO2

Thin film LN

SiO2

Figure 5.56 – Schematic representation of themask a) before and b) after

dry etching the waveguide with slanted sidewalls.

D r y E t c h i n g

To transfer the SiO2mask into the lithium niobate thin-film, we use inductively coupled

plasma - reactive ion etching (ICP-RIE - Oxford Plasmalab 100). Figure 5.57 shows the

ICP-RIE and its parameters to tune the dry etching behaviour with the gas flow rate, the

ICP power, the RF power and the chamber pressure.
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Figure 5.57 – Schematic representation of the dry etching system and pa-

rameters in an ICP-RIE.

During the dry etching process the incident ions lead to a cascade of collisions on the

surface on LN. If the kinetic energy of the ions is higher than the binding energy of the

etchedmaterial, atoms are knocked out of the substrate surface andmaterial is removed

from the surface.

The larger the gas flow rate, the more argon plasma can be activated by the ICP. The

higher the ICP power, the more atoms will be ionised, which can be accelerated to the

sample by the RF. The higher the RF power, the higher the DC bias voltage and there-

fore, the acceleration speed will be larger as the electric field is stronger. This corre-

sponds to a stronger ion bombardment, thus, increasing the etching rate. Nevertheless,

with a high gas flow rate, ICP and RF power, side wall roughness will be reduced but at

the same time redeposition is increased, which means a higher side wall angle. More-

over, the selectivity between the mask and the lithium niobate decreases [159]. The

lower the chamber pressure, the longer the mean free path of the gas molecules and the

accelerated ions have more energy before collision, thus, we achieve higher etch rates.

For the best results the chamber pressure has to be as low as possible and the gas flow

rate, ICP and RF power have to be balanced with respect to the sidewall roughness and

angle.

Physical dry etching as a versatile procedure can be used for different kind of structures,

e.g., straight waveguides or couplers with a bottom gap from edge to edge down to 1 µm,

see figure 5.58.
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a) b)

c)

d)

Figure 5.58 – Schematic representation of different kind of structureswe

are able to fabricate with our developed fabrication tech-

niques. Cross-section of a) one waveguide and b) a direc-

tional coupler. Top view of c) one waveguide and d) a di-

rectional coupler.
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In the following, we show our dry etched waveguides for a SiO2 etchingmask. To define

the SiO2 mask, we adapted the lift-off process (via laser-lithography or electron-beam-

lithography) explained in section 5.2.2. After the lift-off we end up with a SiO2 mask

ready for the dry etching. Figure 5.59 shows a lifted SiO2 structure for the waveguide

dry etching.

SiO2

200 nm

Fences from lift-off

Figure 5.59 – SEM image of a lifted SiO2 structure for dry etching.

We can see rough sidewalls, which are introduced by fences from the lift-off process

itself. These structures are directly transferred into the waveguide after dry etching, see

figure 5.60.

Waveguide

1 µm

Roughness from fences

Sidewall

Figure 5.60 – SEM image of a waveguide after dry etching with a SiO2
mask.

Nevertheless, these waveguides show a promising surface with a low variation, which
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represents a huge improvement of the first waveguides we fabricated. Figure 5.61 a)

shows one of the first fabricated waveguides. This waveguide shows a lot of inhomo-

geneities in the width along the propagation direction and at the sidewalls a lot of dam-

ages.

a)

10 µmRoughness 

Waveguide

b)

10 µm

Waveguide

Figure 5.61 – a) The first fabricated waveguides in LNOI. b) Fabricated

waveguides after optimisation of process steps and para-

meters.

We were able to improve the fabrication of the etching mask itself and etching proce-

dure to reduce the inhomogeneities and damages at the sidewalls, see figure b).

Besides the sidewall roughness, the other important parameter is the waveguide geom-

etry, which we can analyse from the cross-section.

W a v e g u i d e G e o m e t r y

The geometry of the waveguide can be described by different parameters, which are the

width, the depth and the angle. The width is set by the etch mask and results in the

bottom width of our waveguide. To evaluate the top width of our waveguides, we need

to know the etching depth and angle of the waveguide. We can adjust the etching depth

by the time in the etching process. For our chamber parameters (argon gas flow rate of

60 sccm, pressure of 7.3mTorr, RF power of 70W and ICP power of 100W) we obtain

an etch rate of 6.26 nm/min. The angle of the waveguide depends on the parameters in

the chamber and is in our case around 60 ◦. Figure 5.62 shows an etched and polished
waveguide end-facet.
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200 nm

Waveguide top width

Waveguide height
Sidewall angle

56°

Figure 5.62 – SEM image of a dry etched and polished waveguide end-

facet. The etching conditions had an argon gas flow of

60 sccm, a pressure of 7.3mTorr, a RF power of 70W and

an ICP power of 100W, resulting in an 56 ◦ angle of the
sidewall.

With the SEM we can analyse the geometry of the waveguide. This waveguide in fig-

ure 5.62 has a height of 470.8 nm, a top width of 1.715 µm and a sidewall angle of 56 ◦.
The ideal case would be an waveguide structure with a 0 ◦ angle of the sidewalls, which
is not possible with an anisotropic etching process, like we have in the case of ICP dry

etching. Nevertheless, the etching conditions have much more room for improvement

to decrease the angle.

First tests show that if we use SiO2 as a maskmaterial instead of photoresist and reduce

the argon flow rate to 20 sccm, we can increase the pressure to 12.7mTorr. This allows

for much steeper angles, see figure 5.63.

1 µm

19°

Figure 5.63 – SEM image of a dry etched and polished waveguide end-

facet. The etching conditions had an argon gas flow rate

of 20 sccm, a pressure of 2mTorr, a RF power of 70W and

an ICP power of 100W, resulting in an 19 ◦ angle of the
sidewall.
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The particles on the waveguide and next to the waveguide are remaining residuals from

the end-facet polishing. Moreover, this image shows on both sides of the waveguide

trenches. These trenches are induced by additional etching from reflected ions from

the sidewalls of the waveguide. Up to now we reduced the argon flow rate to 20 sccm,

which enabled us to reduce the angle from56 ◦ to 19 ◦ degrees, due to the higher pressure
in the chamber. This comparable to demonstrated sidewall angles with 15 ◦ in literature
[191]. When we further reduce the flow rate, we still need to see if more optimisation is

possible. The fact that we can change the angle through the etching conditions, gives us

completely new possibilities for modelling and a huge parameter range. We can adjust

our sources according to your needs, by tuning not only width and depth of a waveguide

but the angle of the sidewalls. This gives us the possibility of designing and fabricating

unique sources with special requirements.

After the dry etching we clean the sample in a cleaning procedure. To reduce the pro-

pagation losses of our waveguides we need to minimize the the sidewall roughness.

5 . 2 . 3 . 2 S i d e w a l l R o u g h n e ss M i n i m i s a t i o n

During dry etching LN molecules are ejected in all directions and some of these sput-

tered molecules deposit on the sidewalls of the waveguide. As a result of this redepo-

sition, the optical performance of the etched ridges is reduced. Figure 5.64 a) shows

waveguide with redeposition after dry etching.

a)

10 µm

WaveguideRedeposition

b)

10 µm

WaveguideRemoved redeposition

Figure 5.64 – CLSM images of a a) dry etched waveguide with redeposi-

tion and b) waveguide after removing of the redeposition

with an ammonia solution (NH4OH, H2O2, H2O volume

ratio 2:2:1) for 90min at 75 ◦C.
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To remove this redeposition, we can use chemical etching in an ammonia solution

(NH4OH, H2O2, H2O volume ratio 2:2:1) for 90min at 75 ◦C in an ultrasonic bath. Fig-
ure 5.64 b) shows the same waveguide with removed redeposition. Nevertheless, one

has to mention that this solution is similar to the one we use to selectively etch domain

structures, which makes this approach problematic for periodically poled waveguides,

because the sidewalls are attacked selectively to the domain orientation.

To avoid chemical etching, we started to investigate top surface polishing via CMP tech-

nique to remove the redeposition. The waveguide tops are protected with a chromium

layer that we avoid polishing of the top surface of the waveguide. The sample is fac-

ing with the top surface upwards and fixed to a sample holder, which we turn upside

down and mount into a second holder on the polishing plate with an velvet polishing

cloth. We choose an amorphous colloidal silica suspension (MasterMet - Buehler) with

a 60nm diameter of the particles. Wemove the sample holder manually back and forth

parallel to the direction of the waveguide, to avoid strong polishing lateral to the wave-

guide. Afterwards, we remove the chromium in a chromium etchant (TechniEtch Cr01

- Microchemicals) and clean the samples in a cleaning procedure. The samples get a

cladding layer of 600nm SiO2 to facilitate the end-facet polishing.

We used four waveguide samples with identical waveguide structures and increased

with each sample the polishing time. With longer polishing, we expected to remove

more redeposition material and get smoother sidewalls. As a result, we expected to see

a decrease in the losses with increasing polishing time. We measured the losses with

the Fabry-Pérot method and contrary to our expectations, the losses increased with the

polishing time. Moreover, the sample that was not polished at all had the lowest losses

[192].

SEM images of each sample were taken to better understand the increasing losses with

the polishing duration. Figure 5.65 shows SEM images of the waveguide cross-section

at the polished end-facet from each sample.

The four pictures show the end-facet of a waveguide with increasing polishing time.

Waveguide a) with no polishing looks like we expected after dry etching. Waveguide b)

- d) show all damages at the sidewalls due to the surface polishing. This explains the

higher losses in these waveguides. Moreover, the waveguide d) with the longest polish-

ing time is decreased in total height, which gives an indication that the chromium layer

was not thick enough for 90 s polishing time and we directly polished the waveguide

top.
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a)

200 nm
Waveguide

b)

200 nm
Waveguide

Damage

c)

200 nm
Waveguide

Damage

d)

200 nm
Waveguide

Damage

Figure 5.65 – SEM images of waveguide end-facets for different degrees

of surface polishing. The degree of polishing is determined

by the used time. For a) no additional polishing was con-

ducted. The used polishing times are b) 30 s, c) 60 s and d)

90 s.

As a result of these measurements, we can conclude that polishing the surface in this

manner does not reduce our losses, in fact it increases them. Therefore, we suggest

for the future to reduce the polishing time to remove the redeposited material without

chemical etching and at the same time avoid damage at the sidewalls.

Following the removing of the redeposition, we need to polish the end-facets, with a

method similar as described in section 4.1.2.2, for the in-coupling of the waveguides.

5 . 2 . 3 . 3 P o l i s h i n g

We have many years of experience in polishing end-facets in conventional LN and KTP.

Therefore, we have chosen thismethod to prepare the end-facets of LNOI. For polishing,

we use themethod presented in section 4.1.2.2. Instead of photoresist between the sam-

ples, we use a cladding layer of SiO2 on the waveguides of the LNOI sample to improve

the polishing results. This distributes the pressure from the individual waveguides over

the entire substrate, if we press a second sample onto the LNOI sample. We examine

the polishing result in the holder under the CLSM for an efficient and quick study of the

polished end-facets. Figure 5.66 a) shows one of our polished end-facet with a cladding

layer.
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a)

10 µm

Waveguide

Cladding layer

b)

10 µm

Waveguide

Figure 5.66 – CLSM image of a polished end-facet with a) a cladding

layer and b) without a protection layer.

Our objective is to develop dispersion engineered sources and most of our simulations

show that we need to avoid the cladding layer to realise desired source designs [73].

Therefore, we started to investigate the possibility of polishingwithout a cladding. From

conventional lithium niobate we know that it is possible to polish samples without any

protection layer between the substrates. Thus, we tested polishing LNOI without any

protection. It takes some attempts to polish the end-facet without breaking small parts

of the waveguides end-facet. Figure 5.66 b) shows a polished end-facet without a pro-

tection layer imaged with the CLSM.

Even though it is possible to polish the waveguides without a protection layer, we get a

lot of residuals from the polishing on top of the sample, see figure 5.67.

10 µm

Figure 5.67 – Residuals from the end-facet polishing on top of the sample

imaged with a CLSM.

The dirt settles between the two samples due to the spaces between them. These par-

ticles can introduce additional scratches on the waveguides and these lead to higher
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losses. It is possible to avoid this, by using a thin layer of photoresist on the LNOI sam-

ple, which we can remove with a cleaning procedure after the polishing.

P o l i s h i n g R e s i d u a l s

One important point we would like to mention is that the dirt from the polishing at the

end-facet is not visible with the CLSM. If we image the same sample as figure 5.66 a)

with a SEM, we see a lot of polishing residuals on the end-facet, see figure 5.68 a).

a)

2 µm

Waveguide

b)

1 µm

Waveguide

Cladding layer

Figure 5.68 – a) SEM image of an end-facet in LNOI directly after polish-

ing. b) SEM image of an polished end-facet in LNOI after

an extended cleaning procedure.

It is possible to clean the end-facet with an extended cleaning procedure. Therefore, we

first immerse the samples for 10min in an ammonia solution and then, we do a standard

cleaning procedure afterwards. Another solution could be to clean the samples directly

after the end-facet polishing in hot tickopur. Figure 5.68 b) shows the same end-facet

after cleaning.

As a result, we highly recommend to clean the samples independent of the substrate

(LNOI, KTP or LN) with an extended cleaning procedure.

5 . 2 . 3 . 4 P r o p a g a t i o n L o ss e s

We used the Fabry-Pérot method described in section 4.3.2.2 to measure the losses in

LNOI. We measured the losses of LNOI waveguides at a wavelength of 1550nm using

the Fabry-Pérot method. We measured the through coupled intensity while tuning the

wavelength between 1550.0 nm and 1550.5 nm in 0.005nm steps. Themeasured inten-

sity oscillations as a function of wavelength for the fundamental qTEmode of a 1 µm top

width waveguide is shown in figure 5.69.
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Figure 5.69 – Intensity oscillations as a function of the wavelength dur-

ing Fabry-Pérot measurements of the fundamental qTE

mode of a 1 µm top width waveguide in LNOI.

We measured propagation losses in our waveguides down to 2 dB/cm for a reflectivity

of R = 0.135. As mentioned in section 4.3.2.2, we can not calculate the reflectivity using

the Fresnel-reflectivity and hence, we estimate the reflectivity via FDTD simulations.

Nevertheless, we do not know the reflectivity for sure and this introduces an uncertainty

in the loss definition.

The only way tomake an accurate statement about the losses is not to assume a value for

the reflectivity, but to determine the losses by the measurement itself. This is possible

via the transmission spectrumof a ring resonator. Therefore, the next logical stepwould

be to develop ring resonators in the future and use them first to determine the losses of

our waveguides.

5 . 2 . 3 . 5 F i n a l R e m a r k s f o r L N O I W a v e g u i d e s

We developed the technology for LNOI to fabricate a mask for dry etching and the dry

etching process itself. We extended our knowledge in the polishing for removing the

redeposition from dry etching and polish our end-facet for waveguide in-coupling.

In the future, we can use the electron-beam-lithography to either lift-off SiO2 as a dry

etching mask or directly use HSQ resist for a higher resolution and smoother edges of

the mask and thus, smoother sidewalls of the waveguides. This enables us to fabricate

waveguides with lower losses. Onemore important point we have tomention is that the

stability of the ICP system has a huge impact on the reproducibility of waveguides, the

more stable the etching conditions in the chamber are, the more reliable is the wave-

guide fabrication.
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5 . 2 . 4 M o d e l l i n g o f L N O I S t r u c t u r e s

LNOI has unique features that make it an ideal technological platform for the fabrica-

tion of waveguides for quantum optical applications. However, LNOI is a new material

platform such that first a systematic investigation of the dispersion is essential to prop-

erly understand its possibilities and limitations. For this reason, we studied the influ-

ence of the waveguide geometry on the dispersion relation. Moreover, we simulated a

coupler structure, which we fabricated and characterised to improve and validate our

simulations.

5 . 2 . 4 . 1 M o d e l l i n g o f W a v e g u i d e s

To investigate the influence of the waveguide geometry on the spatial modes and effec-

tive refractive indices, we simulated various geometries via Lumerical. Especially the

influence of fabrication errors on the phase matching is important for us. For this rea-

son, we performed a study of the dispersion relation of congruent LNOI andMgOdoped

LNOI.

We used the model introduced in section 4.3.2.2 and designed a waveguide by defining

the waveguide top width w, etching depth d, thin-film thickness t, sidewall angle θ and
a cladding thickness c of SiO2. We fixed the thin-film thickness to 600nm, because

preliminary studies showed that this is themost promising thin-film thickness for future

sophisticated quantum optical devices. Moreover, we set the cladding layer to zero, as a

cladding layer lowers the difference in refractive index between the waveguide core and

its cladding, bringing it closer to a weakly guiding regime [73]. For all simulation we

set the temperature to 20 ◦C for operations at room temperature. Figure 5.70 shows an

exemplary simulated qTEmode for a 600nm thin-film, 300nm etching depth, 0.75 nm

top width and a sidewall angle of 60 ◦.

1 µm

Figure 5.70 – Simulated qTEmode, for a 600nm thin-film, 300nmetch-

ing depth, 0.75 nm top width and a sidewall angle of 60 ◦.
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The simulations in Lumerical give us the fundamental and higher ordermodes of differ-

ent waveguide geometries including their polarisation and their corresponding effective

refractive index neff of the individual modes.

For the first analysis, we studied the influence of the width and depth for congruent

LNOI. Therefore, we fixed the angle to 60 ◦. We varied the etching depth between 25nm

and 600nm in 25nm steps and the waveguide top width between 0µm and 2.0 µm in

0.25 µm steps. Moreover, we scanned a wavelength range from 400nm to 2500 nm.

Figure 5.71 shows the effective refractive index for the fundamental qTE (blue) and qTM

(red)modes depending on the wavelength for a fixed etching depth of 500nm and vary-

ing waveguide width. The colour gets darker with increasing waveguide width.
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1.6
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Increasing waveguide width: -→ -

qTM

qTE

Figure 5.71 – Effective refractive index neff for the fundamental qTE

(blue) and qTM (red) modes depending on the wavelength

for a fixed waveguide depth of 500nm. The waveguide top

width varies from 0µm (light) to 2 µm (dark).

This figure shows that the waveguide width has a huge influence on neff for both polari-
sations, in particular for longer wavelength.

In contrast to that the effective refractive index for the fundamental qTE (blue) and qTM

(red) modes for a etching depth variation and a fixed waveguide width of 1 µm is shown

in figure 5.72. For increasing etching depths the colour gets darker.

In general the etching depth has a stronger influence on the effective refractive index

for higher wavelength, in particular for the qTM mode. Nonetheless, the dependence

on the etching depth is not as strong as on the waveguide width for neff.

155



Chapter 5 Technology Results
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Figure 5.72 – Effective refractive index neff for the fundamental qTE

(blue) and qTM (red) modes depending on the wavelength

for a fixed waveguide top width of 1 µm. The etching depth

varies from 25nm (light) to 600nm (dark).

For our fabrication and future reliable devices, it is important to find geometry ranges,

which do not have a strong variation in the effective refractive index to bemore resistant

to fabrication errors. Figure 5.73 shows the effective refractive index of the qTE (blue)

and qTM (red) mode for the fixed wavelength of 775 nm and 1550nm. With darker

colour we increased the etching depth.
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Figure 5.73 – Effective refractive index neff for the fundamental qTE

(blue) and qTM (red) modes depending on the waveguide

top width for the fixed wavelength of 775 nm and 1550nm.

The etching depth varies from 25nm (light) to 600nm

(dark) in 25nm steps.
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Analogue to figure 5.71, figure 5.73 shows that the waveguide width has a higher impact

for longerwavelength. Moreover, the effective refractive index increases forwiderwave-

guides, which is more prominent at 1550nm. Furthermore, the shallower the wave-

guides are etched, the less pronounced in the variation in the refractive index depend-

ing on the waveguide width. In addition, for the wider waveguides, the variation of neff
reduces to a change in the second decimal place, which still has a major impact on the

phase matching.

We also had a look at the influence of the angle on the effective refractive index. Hence,

we varied the sidewall angle from 0 ◦ to 85 ◦. Figure 5.74 shows the influence of the
sidewall angle, the steeper the sidewalls the darker is the colour, for the qTE (blue) and

qTM (red) mode for the fixed wavelength of 775 nm and 1550nm.
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Figure 5.74 – Effective refractive index neff for the fundamental qTE

(blue) and qTM (red) modes depending on the waveguide

top width for the fixed wavelength of 775 nm and 1550nm.

The sidewall angle varies from 0 ◦ (light) to 85 ◦ (dark).

We can see that the angle has the most influence at waveguides with a smaller width.

Moreover, the steeper the waveguide and the more the waveguide becomes similar to a

rectangular shape, the less does the angle impact the effective refractive index. This is

comparable with the results for the etching depth.

This strong dependence on the geometry shows the huge opportunities of LNOI and

possibilities for dispersion engineering for novel phase matching processes.

Since we use two material versions of LNOI, namely congruent and MgO doped, we

are interested in the influence of the material on the dispersion relation. Therefore,

we simulated the same width and depth dependence for MgO doped LNOI. We could

not see a huge difference between the two materials in the form of presentation from
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figure 5.71. Therefore, we calculated the difference in the refractive indices to visualise

the dissimilarities. Figure 5.75 shows the difference between the effective refractive of

MgO doped LNOI and congruent LNOI for a variation in the waveguide width.
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Figure 5.75 – Difference between the effective refractive index ∆neff of
MgO doped LNOI and congruent LNOI for the funda-

mental qTE (blue) and qTM (red) modes depending on

the wavelength for a fixed waveguide depth of 300nm.

The waveguide top width varies from 0µm (light) to 2 µm

(dark).

The variation in the ∆neff between the materials is for the qTE mode in the fifth deci-
mal place and lower than 0.0005. Moreover, it does not vary much over the presented

wavelength range. This is strongly different for the qTM mode. The variation is in the

fourth decimal place, which has an effect on the phase matching. Nevertheless, the im-

pact of the material is much lower, than the geometry of the waveguide itself. This is

reasonable, because the dispersion of strongly guiding waveguides is more influenced

by the waveguide geometry.

Analogue to the variation in the waveguide width, figure 5.76 shows the difference be-

tween the effective refractive of MgO doped LNOI and congruent LNOI for a variation

in the waveguide depth.

This analysis shows the same result as for the variation of the width that the qTE mode

is not as strongly influenced by the difference between the materials as the qTMmode.

This study implies that we can employ both materials and pick out the best geometries

for dispersion engineering, which are feasible to fabricate and less critical to fabrication

errors.
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Figure 5.76 – Difference between the effective refractive index neff of
MgO doped LNOI and congruent LNOI for the fundamen-

tal qTE (blue) and qTM (red) modes depending on the

wavelength for a fixed waveguide top width of 1 µm. The

etching depth varies from 25nm (light) to 600nm (dark).

To investigate the influence of fabrication errors, we have chosen an exemplary geom-

etry, which is single mode at 1550nm. We define the waveguide top width to 0.75 µm,

etching depth to 300nm, thin-film thickness to 600nm, sidewall angle to 60 ◦. For this
geometry we get for a type II process a poling period, calculated with equation 3.75, of

2.869µm.

To represent the influence of the fabrication we estimated a maximal fabrication error

for the top width between 0.65 µm and 0.85 µm. The mean poling period is (2.867 ±
0.028) µm. The uncertainty is the standard deviation and gives us an indication of the

extent, to which the fabrication errors have an impact on the poling period. For a vari-

ation in the etching depth between 250nm and 350nm we get a poling period of (2.871

± 0.006) µm. This shows that the fabrication errors in the etching depth are more tol-
erable than in the waveguide width. This is the same result we got from figure 5.73. By

varying the angle of the sidewalls between 55 ◦ and 65 ◦, we calculated a poling period
of (2.873 ± 0.027) µm, which shows that the phase matching sensitive to errors in the
fabrication of the sidewall angle. Finally, we investigated thin-film thickness variations

between 582nm and 618nm. This results in a poling period of (2.868 ± 0.049) µm.
This shows that the thin-film thickness has the highest impact on the phase matching.

In conclusion, this study shows that very small changes in the fabrication lead to vari-

ations in the phase matching. This demonstrates that LNOI waveguides are ideal for

dispersion engineering, but at the same time it demands a high precision in the fabri-

cation. To counteract fabrication errors, we suggest to vary the poling period in small

steps of 1 nm.
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5 . 2 . 4 . 2 M o d e l l i n g o f C o u p l e r s

Light can couple between two waveguides, when they are placed close together, as ex-

plained in section 3.1.2. The distance between the waveguides, also known as the gap,

and the coupling length are the twomost essential geometrical factors thatmust be opti-

mised in order to facilitate coupling between them. We performed a simulation analysis

with Lumerical of different coupler geometries to identify a coupler geometry, which we

could fabricate. For the study of couplers, we extended the template of Dr. M. Santan-

drea [73] for waveguides in LNOI to coupler structures. Therefore, we added a second

waveguide and adapted the cladding layer for the two waveguides. The coupler tem-

plate consist of two straight waveguides, imitating the coupling region of the coupler.

The centre-to-centre distance between the two waveguides is defined as a new parame-

ter, which we will refer to as the gap in the following. This gives us the possibility to

adjust the gap between the waveguides in addition to the parameters for the waveguide

geometry and cladding. We can define the waveguide top width w, etching depth d,
thin-film thickness t, sidewall angle θ, coupling gap G and a cladding layer thickness c
of SiO2. Figure 5.77 shows a designed coupler geometry in Lumerical with the different

parameters to change.

w

d tc 𝛳

G

Figure 5.77 – Representation of the coupler geometry designed in Lume-

rical for LNOI and the domainmesh, indicated with orange

lines.

Our goal is to find a coupler geometry, which is producible via optical-lithography en-

abling an upscaling to wafer scale fabrication. Moreover, in best case the individual

waveguides in the coupler are single mode and the coupling length is not too long en-

abling dense integration. Due to the high confinement of themode in LNOIwaveguides,

the gap needs to be small in order to realise a coupler with an adequate coupling length.

In the coupling zone, it is critical that the two waveguides are well separated. If this

is not the case, the coupler transforms into a multimode-interference (MMI) coupler,
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which functions differently than a directional coupler. For this reason, we did a prelim-

inary study on the minimal possible coupling gap that we can fabricate with a lift-off

structure with the laser-lithography. We are able to fabricate a minimal coupling gap of

1 µm.

For different geometries of the waveguides and different gap values we studied various

parameter sets that allow for the guiding of the symmetric and antisymmetric mode in

the coupler. Only if both modes are guided, a coupling between the waveguides takes

place. Figure 5.78 shows the symmetric and antisymmetric mode of the coupler.

a)

Symmetric mode
1 µm

b)

1 µm
Asymmetric mode

Figure 5.78 – Simulated a) symmetric mode and b) antisymmetric mode

of a coupler.

Lumerical gives us the effective refractive indices of the twomodes and with this we can

calculate the cross-over length with equation 3.44.

Due to the fabrication limitations we decided to go to shallower etched waveguides, be-

cause the modes are less confined and couple easier between adjacent waveguides. For

single-mode waveguides, we fixed the etching depth to 150nm, the top width to 1 µm,

the angle to 60 ◦ and added a 150nm SiO2 cladding layer. After that we looked for the

best value for the centre-to-centre gap, which compromises fabrication limitations and

desirable coupling behaviour. A gap of 2.3 µm allows for small deviations of the centre-

to-centre gap, width, etching depth, angle and thin-film thickness, which are within the

fabrication errors, without big impact on the single-mode and coupling behaviour. The

theoretical cross-over length Lx of this coupler is 120µm. We fabricated this coupler

geometry and investigated the coupling behaviour.

5 . 2 . 5 C o u p l e r s

Based on the simulation results from Lumerical, we designed a mask for the laser-

lithography with different length of the coupling region varied from 30µm to 580µm.

With these different couplers, we could measure the coupling ratio and calculated the

cross-over length Lx.
We used for the fabrication the lift-off process via laser-lithography described in sec-

tion 5.2.2. Figure 5.79 a) shows an etched coupler structure and b) shows an overview
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Chapter 5 Technology Results

of etched coupler structures with different lengths.

a)

10 µm

b)

10 µm

Figure 5.79 – a) Coupler structure with centre-to-centre gap of 2.3 µm.

b) Overview of coupler structures with different coupling

length.

We studied the fabricated coupler structures in our optical setup with the method as

introduced in section 4.3.2.2. We couple into one waveguide, in this case waveguide b,
and image the output of the coupler. Figure 5.80 shows images for the power of the

qTEmodes in the coupler for three different coupling length. It was not possible to take

mode images of the couplers for the qTM polarisation, since the qTM mode was not

guided properly. For further details see [192].
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a)

Coupling length: 200 µm

b)

Coupling length: 58 µm

c)

Coupling length: 257 µm

Figure 5.80 – Images of the power of the qTE modes of couplers with

different coupling length: a) 200µm - Almost all light re-

mains in waveguide b. b) 58 µm - Almost all light couples

to waveguide a. c) 257 µm - Almost 50% of the light cou-

ples from waveguide b to waveguide a.

For a coupling length of 200µm almost all light remains in waveguide b. For a coupling
length of 58 µm almost all of the light couples from the input waveguide b to the other
waveguide a. In the case of 257 µm coupling length, light is partially coupled into the

second waveguide a, thus, we can image two modes with almost equal intensity.
As explained in section 4.3.2.2 wemeasured the power of the twomodes, calculated the

power ratio and plotted it against the corresponding length of the coupler. Figure 5.81

shows the normalised power against the coupling length for both waveguides a and b of
a coupler for the qTE modes.

The data show that the light oscillates between the two waveguides as expected. With

a sine-fit using equation 4.15 we calculated the cross-over length. For waveguide a we
calculate a cross-over length of (114.81±1.57) µm and (110.7±1.57) µm for waveguide b.
We measured the waveguide geometry with a SEM, see figure 5.82, and seeded the ge-

ometry information back into the simulations.
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Figure 5.81 – Measured power ratio as a function of the coupling length

for a set of directional couplers. The coupling is measured

for both, mode a and b. The uncertainty of the acquisition
is less than the size of the symbols.

We aimed with our initial values for a cross-over length of 120µm. With the fabrication

corrected values we simulated a cross-over length of 120.29 µm. The coupler performs

as expected for the qTE mode and the simulations correlate well with the fabricated re-

sults. This shows that our fabrication is reliable to produce targeted waveguide geome-

tries, which is necessary for designing and fabricating dispersion engineered sources.

200nm

Waveguide

Cladding layer

SiO2

LN

Figure 5.82 – SEM image of one of thewaveguides from the coupler sam-

ple. The damaged cladding layer is due to the low SiO2 de-

posit quality.
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5 . 3 F i n a l R e m a r k s

For our technology, we presented novel developments for the fabrication of periodic

poling and waveguides in RbKTP and LNOI. The aim of this thesis was to enhance the

existing technology and overcome the obstacles in the fabrication for KTP and develop

a functioning technology for LNOI.

At the beginning of this thesis, we had to deal with irregularities in the diffusion of wave-

guides and instable domains after periodic poling in KTP. To understand the diffusion

dynamics, we developed a model for waveguides in KTP that explain the influence of

stress on the waveguide depth and that narrow waveguides are deeper. The developed

model showed good agreement with our measured data. To achieve a 1:1 duty cycle, we

added investigation pulses to the optical monitoring technique during periodic poling.

In order to stabilise and homogenise domains in RbKTP, we established precondition-

ing pulses. We improved the exchange process and showed that we are able to fabricate

waveguides with nearly no corrugation. Furthermore, we extended the existing model

in RSoft tomodel our waveguides in RbKTP. As a result, we are able to reliably fabricate

periodically poled waveguides in RbKTP.

For LNOI, we started from a blank page and developed an entirely new technology. For

periodic poling, we established the poling setup with needles for contacting the new de-

veloped finger electrodes. We successfully periodically poled MgO doped LNOI with a

poling period of 3 µm for 5mm long electrodes. For the waveguide fabrication, we in-

vestigated different possible fabrication routines. We extended our knowledge in the

polishing, and used this technique to remove the redeposition from dry etching. More-

over, we demonstrated that it is possible in LNOI to polish the end-facets for waveguide

in-coupling. Waveguides with sidewall angles as low as 19 ◦ can be produced using our
developed fabrication technique for dry etched waveguides. It may be possible to alter

the etching conditions to fine-tune the angle. This opens up entirely newpossibilities for

themodelling and source engineering and expands our parameter range for fine-tuning

sources to meet our specific requirements. For a full understanding of the waveguides

in LNOI, we have analysed various geometries to comprehend the influence of the ge-

ometry on the modes and effective refractive indices. In particular, variations in the

thin-film of nanometres have a huge impact on the phase matching. In addition, we

simulated, fabricated and analysed coupler structures. The calculated coupling length

matches the simulations extremely well. As a result, we are in a position to fabricate

periodically poled waveguides in LNOI.

With the results presented in this work, we have now laid the foundations for a tool-

box to realise novel and engineered devices. With this toolbox we are ready to design

and fabricate advanced complex components on a single chip in KTP and LNOI. In ad-

dition, together with our developed simulations we can start sophisticated dispersion
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Chapter 5 Technology Results

engineering to design, fabricate and demonstrate unique sources.

Summary

In this chapter, we explained our solution to overcome challenges for the pe-
riodic poling and waveguide fabrication in KTP. We showed that we are able
to fabricate with preconditioning pulses stable and homogeneous domains in
RbKTP and waveguides with almost no corrugation in this material. More-
over, we extended the existing model in RSoft to model our waveguides in
RbKTP. We provided a detailed overview of our developed processing pro-
cedures required to fabricate periodic domains and waveguides in LNOI. We
successfully periodically poled LNOI with a poling period of 3 µm over 5mm
long electrodes. We developed the technology to fabricate amask for dry etch-
ing and the dry etching process itself. We extended our knowledge in CMP
for removing the redeposition at waveguides caused by dry etching. More-
over, we showed that it is possible to polish the end-facet of waveguide. We
can produce sidewall angles as small as 19 ◦ using our developed fabrication
procedure for dry etchedwaveguides. Beyond that, the etching parameters al-
low for fine-tuning the sidewall angle. This opens up entirely new modelling
possibilities and expands our parameter set for tailoring sources to your own
requirements. Finally, we simulated, fabricated and analysed coupler struc-
tures. The simulated coupling length matches the simulated ones extremely
well. With this work, we have laid the foundations for a toolbox to realise
novel and engineered devices in RbKTP and LNOI.
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In this chapter, we demonstrate and

analyse the performance of our tailored

sources in KTP and LNOI. We give for

both materials an overview of the state

of the art of special sources. Further-

more, we present our SHG analysis,

JSI characterisation and modelling in

periodically poled RbKTP waveguides.

For LNOI we show a SHG analysis of our first in-house fabricated periodically poled

waveguides.

6 . 1 P o t a ss i u m T i t a n y l P h o s p h a t e

In this section, we characterise the nonlinear optical properties of our periodically poled

waveguides in RbKTP. We give an overview of the state of art decorrelated sources in

KTP and present our nonlinear characterisation for one of our sources.

6 . 1 . 1 S t a t e o f t h e A r t : D e c o r r e l a t e d S o u r c e s i n K T P

Fundamental to the realisation of complex photonic systems for quantum communica-

tion or quantum simulation applications is the generation and the interference between

different quantum states of light at a beam splitter [9–11]. This means it requires near

perfect interference between photons of multiple sources. An established standard for

the generation of photon pairs are PDC sources, where we can detect one photon to her-

ald the second one. It is necessary to have separable PDC sources, defined as having no

time-frequency correlations between signal and idler, because correlations introduce
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Chapter 6 Tailored Waveguide Sources

mixedness in the heralded photons [38] and this decreases the visibility of the inter-

ference. Every photon that is not pure is described as mixed and posses correlations

between the signal and the idler photon. One can describe the correlations between the

signal and idler photon using the JSI. A decorrelated JSI is represented by either a sym-

metric shape, i.e., a circle, or by an ellipsoid aligned to either axis. For a symmetric JSI,

the projection of the JSI on the axis gives identical spectral shapes for signal and idler.

This is possible with an angle of the phase matching function at 45 ◦ and equal band-
width between the phase matching function and the pump function. As soon as there

are correlations between the two photons, the JSI deviates from the ideal circular shape

and heralding results in a mixed state. Every angle between 0 ◦ and 90 ◦ gives partly
decorrelated photons for a tailored bandwidth of the pump compared to the bandwidth

of phase matching. Individual photons in the form of light pulses can only interfere

with each other, if the wave is totally coherent and there are no wildly mixed frequen-

cies. Thus, for the performance of such applications the purity and indistinguishability

of these states is crucial. Indistinguishable photons must have the same wavelength,

polarisation, and temporal and spatial extent.

For this reason, we need to create quantum state sources, which are bright and effi-

cient, but at the same time generate pure and indistinguishable photons. One possible

approach is to use a type II source with identical central frequencies of signal and idler

and rotate the polarisation of one of the photons for the interference.

Using a PDC source it is possible to generate separable two-photon states for heralding

single photons [12–15]. Nevertheless, very often spectral filtering is used in order to

increase the purity of heralded photons [193, 194], which one the one hand reduces the

brightness of the source and on the other hand breaks the photon number correlations

[195].

By dispersion engineering it is possible to tailor the dispersion properties of the non-

linear medium in such a way that the PDC process produces decorrelated states directly

[38, 196] without the need for narrowband filtering.

In periodically poled KTP waveguides, a decorrelated source was realised for telecom

wavelengths [197]. Indistinguishability between signal and idler has been realised in

bulk KTP [198]. The next logical step was to exploit the dispersion properties and

combine decorrelation and indistinguishability in periodically poled waveguides in KTP

[16].

For a perfect decorrelated source, we would need sGVM and thus, an angle in the phase

matching of 45 ◦. However, the presented decorrelated source with indistinguishable
photons has an angle of 59 ◦ [16]. Therefore, our objective is to use our developed tech-
nology from the two previous chapters 4 and 5 to overcome the limitations of the pre-

sented source and decrease the angle of the phase matching function to 45 ◦, which is
important for a really high purity.
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6 . 1 . 2 K T P S o u r c e

In order to produce the desired decorrelated source type II at 1550nm with indistin-

guishable photons using the unique properties of KTP, precise control over the periodic

poling of the sample is required.

For this reason, we periodically poled RbKTP samples and fabricated waveguides in

the poled material, the technological steps are described in section 4.1. In the case of

bulk KTP, we would need a poling period of 46.55 µm [198] to generate two photons at

1550nm. For periodically poled waveguides in KTP this poling period shifts to 104 µm

[197] or even further away from the bulk value to 117 µm [16]. Previous investigations

have shown that we should use poling periods above 120µm. For this reason, we perio-

dically poled samples with a variation in the poling periods between 120µm and 150µm

in 2µm steps. We have chosen a wide range, because we did not know, at which wave-

length the momentum is conserved, since our simulations deviated from the fabricated

devices. We fabricated waveguides in the periodically poled material.

In addition to the variation of the poling period, we have a small variation of the wave-

guide width nominally 2.0 µm - 3.5 µm in 0.5 µm steps. In the following, we refer to

these, with increasing waveguide width, as A,B,C,D. The waveguide width has an influ-

ence on the penetrationdepth andboth of themhave an influence on the phasematching

due to the change in the geometry. The flexibility in the poling periods and waveguide

width allows us to tune the central wavelength of the phase matching. Moreover, we

also made several samples to check the reproducibility.

6 . 1 . 2 . 1 S e c o n d - H a r m o n i c G e n e r a t i o n

In the following, we want to compare the central wavelengths of the SHG phase mat-

ching spectrum depending on different poling periods. Via second-harmonic genera-

tion, we analysed the nonlinear behaviour with the setup introduced in section 4.3.2.2.

We scanned the wavelength between 1490nm and 1590nm for 45 ◦ polarised light to
excite the fundamental qTE and qTM modes simultaneously. Second-harmonic light

polarised along qTE is generated in a type II process in thewaveguide at half of the pump

wavelength, for further details see section 3.3.1.2. We determined the phase matching

spectrum for the type II process for four equally fabricated samples to investigate the

influence of fabrication errors. We determined that we are within the wavelength range

of our laser system and match our desired wavelength only for poling periods between

144µm and 148µm. For this reason, we investigated the different samples and their

waveguides for this poling period further. Figure 6.1 shows the central wavelength of

the different waveguide width and samples for the three poling periods.
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Figure 6.1 – Central wavelength of the SHG phase matching spectrum

depending on different waveguide width and poling periods

for four different samples indicated by the coloured crosses.

Each colour represents a different sample with nominally the same fabrication parame-

ters. We can see that there are deviations in the central wavelength of the SHG phase

matching spectrum for a fixed poling period and nominal waveguide width, for various

sample batches. Two fundamental factors that may have an impact on the deviations,

are the waveguide width and the exchange parameters. A deviation in the width of the

titaniummask during mask fabrication can introduce a different waveguide width than

the nominal width. Additionally, deviations in the temperature during the exchange

lead to different penetration depths. Aswe know the geometry of thewaveguide changes

the effective refractive index of the modes and thus, the phase matching.

Despite this, we see that the central wavelength of SHG phase matching spectrum de-

creases as the grating of the periodic poling increases. This demonstrates the impor-

tance of varying the poling period in order to compensate for geometric fabrication er-

rors. For long poling periods the term m
Λ from equation 3.74 gets small and therefore,

the effective refractive indices and thus, the geometry of the waveguide has a major in-

fluence on the phase matching.

The central wavelength of the phasematching spectrum inRbKTPwaveguides is around

1550nm for waveguides between 2.0 µm and 3.5 µm and a Rb-exchange in 88mol%

RbNO3, 1mol% Ba(NO3)2 and 11mol% KNO3 at 358
◦C for 43min, the poling period

should be investigated in future in smaller steps around 144µm-146 µm. One possible

reason for this lack of the reproducibility is variations in the fabrication from run to run.

Automating the exchange, especially the lowering, immersing into the melt and raising

of the sample can enhance the reproducibility. Moreover, we can increase the accuracy

of the exchange, by including an automatic temperature stabilisation, to ensure a con-

stant temperature distribution.
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From the width of the phase matching spectrum, we can gain information about the

quality of the waveguide and periodic poling. As a result of analysing the phase mat-

ching spectra of all the waveguides, we concentrate our efforts on the one that showed

phase matching in close proximity to the target process at 1550nm. For a more de-

tailed analysis, we looked at the waveguide with a measured width of 2.7 µm and depth

of 7.39 µm and with poling period of 146 µm. Figure 6.2 shows themeasured SHG spec-

trum for this waveguide.

1500 1520 1540 1560 1580
Pump wavelength [µm]

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

is
ed

S
H

G
in

te
n

si
ty

[a
.u

.]

Measured SHG signal

Sinc-squared-fit

Theory

Figure 6.2 – Measured SHG spectrum for a periodically poled KTPwave-

guide. Measured SHG intensity in blue as the pump wave-

length is varied for a waveguide with a measured width

of 2.7 µm and depth of 7.39 µm and with poling period of

146 µm. The sinc-squared-fit is shown in red and the dashed

orange curve shows the theoretical spectrum.

The SHG intensity follows an expected sinc-squared-function with the central wave-

length at 1547 nm at room temperature. With the help of a fit, see equation 3.73, we

can determine the FWHM of the spectrum and from this the effective poling length.

The broadened width of the phase matching bandwidth is associated with fabrication

imperfections, e.g., that the periodic poling or that dispersion properties vary along the

waveguide. Any poling inhomogeneities, e.g., missing domains or imperfections, or any

waveguide inhomogeneities, e.g., variations in the width of depth, broadens it. The fit

results in an effective poling length of 3.9mm. This is equal to 27 poling periods of

146 µm resulting in a total length of 3942µm. Whereas the theoretical function has an

effective poling of length ofL=4818µm. Apossible explanation for this reduced effective
poling length is that six out of 33 poling periods are not completely inverted or missing.

This fits very well with our investigations of the surface topography of the domains in-

vestigated with the CLSM, comparable to the analysis in section 5.1.1.3. The higher pol-

ing periods of 120µm - 150µm, particularly the poling periods 144 µm, 146 µm, 148µm,
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are at the edge of the sample. This means that these waveguides are fabricated in the

periodically poled regions, which were at the edge of the o-ring during the poling pe-

riod. This leads to inhomogeneous poling behaviour, because the electrolyte does not

reach the poling periods at the edge to contact these areas properly. In future, it would

be preferable to use the desired poling periods in the middle of the sample to enhance

the duty cycle homogeneity over the entire waveguide length, see our analysis about the

homogeneous duty cycle in section 5.1.1.3.

The next parameter to study the quality of the periodically poled waveguides, is to anal-

yse the conversion efficiency of a process. To investigate the conversion efficiency we

measured the generated output power PSHG and the pump power Ppump after the wave-
guide with a powermeter (PM100 - Thorlabs). We can calculate the SHG efficiency with

the following equation

ηeff =
PSHG

P 2
pump ·L2

· 100%, (6.1)

where L is the length of the periodic poling in the crystal as retrieved from the phase

matching bandwidth. We corrected the pump and SHG power by the reflection losses

at the end-facet and out-coupling lens and transmission losses in the waveguide, which

are 4.53 dB/cm. This results in a SHG efficiency of ηeff = (2.6 ± 1.4)·10−2%/(W·cm2).

In addition, we calculated the theoretically normalised conversion efficiency [199] with

ηnorm =
8 ·π2 · d224,eff · |Θ |

2

npump, qTE ·npump, qTM ·nSHG, qTE · c · ε0 ·λ2
pump

(6.2)

where c is the speed of light, ε0 is the permittivity of free space, λpump the pump wave-
length, d224,eff =

2
π ·d24 =

2
π · 7.9

pm
V [65]. The refractive indices ni of the pumpmodes and

SHmode are simulated with RSoft given the geometry of the waveguide and the poling

period. The overlap integral Θ is between the three normalised involved modes and is

equal to 7.9 · 109m−1. This value was determined using RSoft and modelling the fun-
damental and second-harmonic modes. This yields a normalised conversion efficiency

of ηnorm = (4.4 ± 0.9)%/(W·cm2), where we estimated the error assuming uncertain-

ties for the mode overlap of 10%. These estimation is justified, because it is difficult to

precisely evaluate the field overlap with simulations, since we know that we have still

deviations from the real waveguide.

There is a large deviation between the experimental and theoretical efficiency, which is

not solely explainable by waveguide and poling inhomogeneities and the reduced effec-

tive poling length. Possible reasons for this deviation could be that there are changes in

the nonlinearty of the substrate, or the overlap of the modes is not as expected. More-

over, on the experimental side, it is possible that we underestimated the losses for the

775 nm light, because we assumed the same losses as for light at 1550nm.
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For comparison we alsomeasured the SHG efficiency for a commercially available sam-

ple from AdvR. For the commercial sample, we could only correct the pump power for

the reflection losses at the lens and we obtained a maximal SHG efficiency of ηeff,AdvR =
(2.3 ± 0.4)·10−2%/(W·cm2). With the same corrections our sample has an efficiency of

ηeff,IQO = (3.4 ± 0.6)·10−2%/(W·cm2). This shows that even though our measured SHG

efficiency is far below the normalised conversion efficiency, we already outperformed

commercially available sources with our in-house technology.

6 . 1 . 2 . 2 J o i n t S p e c t r a l I n t e n s i t y M e a s u r e m e n t s

As introduced in section 3.2.4.2 the spectral properties of a PDC source can be charac-

terised by the JSI. To evaluate our fabricated source, we measured the JSI spectrum by

using difference-frequency generation using the setup shown in figure 6.3.

Figure 6.3 – Setup to measure the JSI spectrum of our periodically poled

waveguide source in RbKTP.

We used for the pump femtosecond (<100fs) pulses at 775 nm and scanned the sig-

nal frequency ωs to stimulate the generation of the idler frequency ωi in the waveguide

[200]. By using a broad pump we can project the ωi by measuring the generated signal

spectrum by an optical spectrum analyser (OSA - Anritsu). By varying the ωs we can

map the ωi and reconstruct the JSI spectrum. Since we have a type II process, we use a

pump, which is polarised along 45 ◦ and use a seed field along one polarisation. There-
fore, we can generate a signal in the KTP waveguides with seeding atωs polarised along

qTE to generate the idler light ωi at the other polarisation qTM. We blocked the pump

after the sample via a wavelength filter and displaced the seeded signal ωs with a beam

displacer in order to get a huge amount of suppression of the seed field. The generated

field is launched into a fibre and analysed with an OSA.
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In the spectrum we can detect two peaks, one from the external cavity diode lasers

(ECDL, T100-HP - EXFO) ωs, which is not completely blocked, and one from the ge-

nerated signal, which is much weaker. By tuning the seeded signal we see a change in

the ωi frequency. Figure 6.4 shows the measured JSI by using a broad pump band-

width and scanning the signal frequency. For visualisation, we show the measured JSI

spectrum in wavelength (signal λs, idler λi) and not in frequency, as they are inversely

proportional to each other. The residual seed field shows up as a thin yellow line along

the 45 ◦.
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Figure 6.4 – Measured phase matching function for a type II process.

Thewaveguide is 2.7 µmwide and 7.39 µmdeep and the pol-

ing period is 146 µm.

The figure shows a second line with a higher intensity than background level, which

crosses the yellow line at 1550nm. This is our measured JSI spectrum from the phase

matching in the waveguide. The measured JSI spectrum has an angle of (58 ± 2) ◦ for
the phase matching function. The measured angle deviates 13 ◦ from our desired 45 ◦

for symmetric group velocity matching, see section 3.2.4.2.

To see if we can reconstruct the measured phase matching function with our modelling,

we did simulations on exactly this waveguide geometry.

6 . 1 . 2 . 3 M o d e l l i n g

To simulate our source, there are some parameters, e.g., geometry of the waveguide,

wavelength or polarisation, we need to put into the simulation. One issue of this mod-

elling is that we cannot estimate parameters ab-initio. As long as our fabrication is not
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completely reliable, we need to measure the waveguide geometry beforehand to incor-

porate the collected data into the simulation. Moreover, we aremissing the refractive in-

dex increase at the surface∆n0, which we cannotmeasure, as outlined in section 5.1.2.3.
Nevertheless, we can conclude from the simulation in the last chapter that describing

the fundamental qTM and qTM modes with a refractive index increase at the surface

∆n0 between 0.011 and 0.015 is feasible. However, at this point we were missing the
∆n0 for 775 nm, so we decided to do a large parameter scan.

We simulated the fundamental modes for qTE and qTM at wavelengths of 775 nm and

1550nm and calculated the effective refractive indices by varying ∆n0 between 0 and
0.04 in 0.001 steps. With the effective refractive indices of the modes, we could calcu-

late with equation 3.75 the poling period for a type II process at 1550nm. We studied all

26100 combination of the effective refractive indices, which gave us the poling period

of 146 µm. Only one combination remained in the end, which was likewise for the fun-

damental qTE and qTMmode at 1550nm within our prior simulations with ∆n0=0.012
from section 5.1.2.3. At 775 nm, the refractive index increase at the surface qTE mode

was 0.039.

For this specific parameter set, we calculated the effective refractive indices for the

modes by doing a wavelength scan in the immediate vicinity of our target wavelengths.

This allows us to reconstruct the phase matching function. Figure 6.5 shows the phase

matching function plotted as a function of signal and idler.
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Figure 6.5 – Simulated phase matching function for a type II process.

The waveguide is 2.7 µmwide and 7.39 µmdeep and the pol-

ing period is 146 µm.

The angle of phase matching is 64 ◦ and thus, deviates 6 ◦ from our measured JSI. If we

nowmultiply this phase matching function with a broadband pump function, we get for
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our simulated JSI, see figure 6.6, a comparable result to our measured JSI, see figure

6.4.
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Figure 6.6 – Pump envelope function, phase matching function and the

resulting JSI of our simulatedwaveguide geometry for a type

II process at 1550nm.

Even though, we are not under an angle of 45 ◦, we can reduce the pump bandwidth and
achieve a single-mode profile with low correlations between signal and idler, see figure

6.7.
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Figure 6.7 – Pump function with a narrow bandwidth results together

with the phase matching function in an almost circular JSI

for our simulated waveguide geometry for a type II process

at 1550nm.

At this point we would like to note that even though we can reconstruct the phase mat-

ching function with our simulations, themodelling of RbKTPwaveguides is a hard task,

because we need to estimate the refractive index increase at the surface ∆n0. Further
measurements are needed to improve the modelling, especially we need a larger para-

meter set of JSI measurements for different poling periods and waveguide widths to

investigate the influence of the geometry of the waveguides on the angle of the phase

matching function.
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However, our presented work takes us one step further in describing our waveguide

sources. The work presented in chapter 5 laid the foundation for the technology to pro-

duce the first in-house fabricated decorrelated source at 1550nm. We have developed

all the tools to start dispersion engineering and optimise the source. To change the angle

of the JSI we need to adapt the waveguide geometry or the melt composition during the

exchange. Our source paves theway for future tunable quantumdevices with dispersion

engineering.
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Chapter 6 Tailored Waveguide Sources

6 . 2 L i t h i u m N i o b a t e O n I n s u l a t o r

With the development of the technological procedures described in the previous chap-

ter, we pave the way for a large variety of devices for classical and quantum optical

applications. In the following, we provide an overview of the state of the art sources in

LNOI and show our first periodically poled waveguides analysed with second harmonic

generation.

6 . 2 . 1 S t a t e o f t h e A r t : S o u r c e s i n L N O I

The second order nonlinearity of lithium niobate in LNOI enables frequency conver-

sion, as well as the generation of non-classical states of light through PDC. In the follow-

ing, we give an overview of recently demonstrated periodically poled straight waveguide

sources, which are continuously pushing the nonlinear efficiency to higher records.

In comparison to conventional LN waveguides, the process efficiency of frequency con-

version processes is considerably improved in LNOI waveguides, since the efficiency

depends mainly on the spatial mode overlap, the effective mode area and the effective

nonlinear susceptibility [201]. In LNOI the modes areas are more than one order of

magnitude smaller than those in conventional LN and therefore, the conversion effi-

ciency can be much higher in LNOI waveguides. Periodic poling up to 4.2mm is shown

with normalised conversion efficiencies of 33000%/(W ·cm2) [20].

Besides classical processes, the first quantum processes via PDC have been demon-

strated on LNOI in microdisks [202], in periodically poled waveguides [78–80, 203]

and in periodically poled rings [204]. One of the main objectives is to do dispersion en-

gineering, which was recently demonstrated in this system with a source for spectrally

pure heralded single photons [205].

6 . 2 . 2 L N O I S o u r c e

Our intention is to identify and produce unique sources for our applications through

dispersion engineering. Bringing simulation and experiment together is the first step

in source engineering. Hence, to improve our simulations we used our manufactured

samples, the technological procedures are presented in section 5.2.

For this purpose, we poled a sample similar to the sample from figure 5.53. The periodic

poling length was 7.5mm with poling periods of 2.7 µm and 2.8 µm. Afterwards, we

fabricated two waveguides with a top width of 1 µm and etching depth of 60nm in the

poled region. To facilitate end-facet polishing, the sample was given a cladding layer of

150nm SiO2. With this approach, we created our first periodically poled waveguides in

LNOI, which we used for a nonlinear characterisation.
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6 . 2 . 2 . 1 S e c o n d - H a r m o n i c G e n e r a t i o n

In order to gain the first insights into the properties of our periodically poled wave-

guides, we measured the generated second-harmonic light. We employed the setup de-

scribed in section 4.3.2.2 for the SHG measurements. Figure 6.8 shows the measured

SHG intensities as the pump wavelength was varied for the two waveguides with poling

periods of 2.7 µm and 2.8 µm.
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Figure 6.8 – Measured SHG spectrum for two waveguides with different

poling period of 2.7 µm in red and 2.8 µm in blue.

The red traces represent the two waveguides with a poling period of 2.7 µm, whereas

the blue signal corresponds to the two waveguides with a poling period of 2.8 µm. This

shows that a change in the poling period of 0.1 µm leads to a shift of 58nm in the central

frequency of the SHG signal. The waveguide 1 (red and blue) describes the waveguides,

whose position is closer to the negative electrodes, whereas the waveguide 2 (dark red

and dark blue) are closer to the positive electrode. The dark red and dark blue curves

show low to no SHG signal, which indicates no periodic domain inversion. If we as-

sume that this sample poled similar to the previously analysed 7.5mmpoled sample, we

know that with a voltage of 870V the domains are probably completely inverted near

the positive electrodes. A complete inversion of the domains is equivalent to no domain

inversion, where we do not expect a generated SHG signal. Waveguide 2 for a poling

period of 2.8 µm shows a little increase in the SHG intensity. We assume that there are

over the length of 7.5mm remaining domains, which contributed to the SHG genera-

tion. These domains did not completely merge together due to crystal inhomogeneities

or defects in the contacts of the finger electrodes and contributed to the effective poling

length.
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Chapter 6 Tailored Waveguide Sources

For this sample, we had the possibility to analyse the poled structure in the waveguides

via piezoresponse force microscopy (PFM), see figure 6.9.

6 µm

Waveguide 2

Waveguide 1

Figure 6.9 – PFM area scan of two waveguides in periodically poled do-

mains with a length of 7.5mm and a poling period of 2.7 µm.

The PFM area-scan was measured with a Dimension Icon

XR SPM-System of Bruker.

This image shows the inverted domains in light and initial domains in dark with respect

to the position of the two waveguides, where waveguide 1 is on top and waveguide 2 at

the bottom. This measurement shows similar results as the SH microscopy area scan

from figure 5.53. The PFMmeasurements confirm our assumption that waveguide 2 is

overpoled and that only waveguide 1 is periodically poled. Moreover, we can also vali-

date that the domains are stable and do not switch back, even after the processing of the

waveguides, where the sample is exposed to high temperatures or after several weeks.

If we have a closer look at waveguide 1 with a poling period of 2.8 µm, we see the ex-

pected sinc-squared-function, see figure 6.10.
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Figure 6.10 – Comparison of the measured SHG spectrum and our sim-

ulations (orange). Measured SHG intensity depending on

the pumpwavelength for a poling periods of 2.8 µm in blue

and a sinc-squared-fit in red.

Inhomogeneities and variations in the poling and the waveguide itself could explain the

deviations of the envelope of the measured phase matching signal from an ideal sinc-

squared-function.

If we compare this spectrum with the theory from our Lumerical simulations, we can

clearly see a discrepancy in the central frequency of 101 nm. We can fit the phase mat-

ching with equation 3.73 to the measured data and use as the fitting parameters the

poling period and the effective length of the periodically poled domains. We get a pol-

ing period of 2.63 µm from the fit, which deviates 0.17 µm from our fabricated poling

period. This shows, how sensitive the central wavelength of the SHG phase matching

spectrum is to the changes in poling period. Furthermore, this comparison between the

fabricated andmeasured sample and the simulations shows us that our simulations de-

viate from the real fabricated device in the first decimal place of the poling period. This

is under the assumption that the real waveguide geometry is equal to the simulated one,

becausewe cannot excludedeviations in the fabricationprocess. This demonstrates how

the high confinement in LNOI waveguides makes the entire system extremely sensitive

to changes in waveguide geometry, poling period or adopted Sellmeier equations. Fur-

thermore, we can say that our current simulations require adjustments for modelling

the phase matching in LNOI waveguides and hence, poling periods. However, the de-

veloped model is suitable for modelling linear relationships such as the couplers, as

shown in section 5.2.5. This means for us, in the future that we have to adjust the sim-

ulations and at the same time provide a variation of the poling periods in small steps of

10nm to vary our phase matching.

Furthermore, the theoretical spectrum is noticeably narrower than the measured spec-

trum. A narrower phase matching bandwidth is associated with longer effective poling

181



Chapter 6 Tailored Waveguide Sources

lengths and lack of imperfections in the waveguide. Any fabrication imperfections that

reduce the overall effective length broadens the bandwidth as well as imperfections and

variations of the waveguide geometry. For our fabricated periodically poled waveguides

this results in an effective poling length of 0.567 µm, instead of 7.5 µm. This indicates

that in addition to correcting the overpoling, we have to optimise the homogeneity of

our periodically poled structures.

Nevertheless, we have shown at this point that we successfully implemented technolo-

gies for periodic poling and waveguides in LNOI. Moreover, we produced the first in-

house source and achieved the first proof of principle SHG measurement in LNOI. We

have laid the foundations for future periodically poled sources in LNOI and our techno-

logy is ready to take nonlinear and quantum sources to a whole new level.

Summary

In this chapter, we demonstrated our in-house fabricated decorrelated source
in RbKTP for indistinguishable photons for heralded single photons. It is pos-
sible to tune the centre of the phase matching spectrum via the poling period
and the waveguide geometry. We achieved for a type II process at 1550nm
the highest conversion efficiency of ηeff = (2.6 ± 1.4)·10−2%/(W·cm2) in our
source with a poling period of 146 µm and outperformed commercially avail-
able sources. Additionally, we characterised the phasematching as a function
of the signal and idler wavelength with a JSI measurement. This waveguide
shows an angle of (58 ± 2) ◦ for the phasematching. With ourmodel we could
find a parameter set to reconstruct the phasematching function with an angle
of 64 ◦. Narrowing the pump bandwidth would allow us to achieve a decor-
related source with low correlations between signal and idler photons. Fur-
thermore, we have used our new developed techniques for periodic poling
and waveguides in LNOI as a tool box to produce a source in LNOI. The suc-
cessfully performed SHGmeasurements in in-house periodically poled wave-
guides in LNOI show that we have developed a working toolbox for LNOI.
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A l l t h e s h i n e o f a t h o u s a n d s p o t l i g h t s

A l l t h e s t a r s w e s t e a l f r o m t h e n i g h t s k y

W i l l n e v e r b e e n o u g h

L o r e n A l l r e d

7Conclusion and Outlook

7 . 1 C o n c l u s i o n

Through this work we had the opportunity to explore two material platforms, namely

RbKTP and LNOI. One of our main driving motivators was to create a unique syner-

getic environment of simulation, technological development and application, in order

to pave the way for novel integrated quantum optical devices.

Integrated photonics has outstanding potential for realising low-cost and scalable opti-

cal solutions, e.g., for communication and computation. For both classical and quantum

applications, materials with a rich component toolbox and design versatility, will be-

come the material platform of choice for realising multi-functional, high-performance

photonic integrated circuits. For integrated photonics, a variety of material systems

have been investigated and two of themost popularmaterials are RbKTP andLNOI. The

work of this thesis demonstrates our technological developments in RbKTP and LNOI,

as well as our ability to apply this knowledge to create adaptable and unique quantum

light sources.

For the technology, we gave an overview over the current state of the art of techniques

to fabricate and analyse periodically poled waveguides in (Rb)KTP and LNOI. We pre-

sented a full overview of the processing procedures required for the fabrication of perio-

dic domains and waveguides in (Rb)KTP. We explained our solution to overcome chal-

lenges for the periodic poling and waveguides fabrication in (Rb)KTP. For waveguides

in KTP, we developed a model that could explain the influence of stress on the diffusion

process and thus, on the waveguide depth. We demonstrated that by using precondi-

tioning pulses, we can fabricate stable and homogeneous domains and waveguides with

nearly no corrugation in RbKTP. Furthermore, we extended the existingmodel in RSoft

to model our waveguides in RbKTP. We are now able to reliably fabricate periodically

poled waveguides in RbKTP.

Apart from this, we extended our material portfolio by adding LNOI as a new platform
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Chapter 7 Conclusion and Outlook

to our research. We developed an entirely new technology for LNOI from scratch. We

presented the developed techniques for periodic poling and waveguide fabrication in

LNOI. We successfully poled LNOI periodically with a period of 3 µm for 5mm long

electrodes. Our developed fabrication procedure for the dry etched waveguides allows

us to produce waveguides with sidewall angles down to 19 ◦. Beyond that, we are able
to tune the angle by adjusting the etching conditions. This gives us completely new

possibilities for modelling and enhances our parameter range to adjust sources accord-

ing to our needs. To fully comprehend the waveguides in LNOI we simulated various

waveguide geometries and fabrication errors to see how they affected the modes and

effective refractive indices. In addition, we simulated, fabricated and analysed coupler

structures. The calculated coupling length matches the simulations extremely well.

By taking advantage of the technology and the toolboxwe have developed, we succeeded

in producing sources in RbKTP and LNOI. We demonstrated our in-house fabricated

decorrelated source in RbKTP for indistinguishable photons. We characterised our

device via SHG measurements for a type II phase matching process at 1550nm and

achieved a conversion efficiency of ηeff=(2.6 ± 1.4)·10−2%/(W·cm2) in our source, out-

performing commercially available sources. A JSI measurement was used to charac-

terise the phase matching as a function of signal and idler wavelength and we obtained

an angle of (58 ± 2) ◦ for the phasematching function. The poling period andwaveguide
geometry can be used tomodify the angle of the phasematching. Wederived amodel for

the waveguides in RbKTP and we could reconstruct the phase matching function with

an angle of 64 ◦. We have developed all the tools to start sophisticated dispersion engi-

neering and source optimisation. In addition, we used our new developed techniques

for periodic poling and waveguides in LNOI as a toolbox to generate a source in LNOI.

Successful SHG measurements demonstrate that we have established a functional tool

box for in-house periodically poled waveguides and thus, sources in LNOI.

The work presented in this thesis lays a strong foundation for the realisation of inte-

grated devices in the future. In conclusion, we developed and established a technology

for periodically poled waveguide structures in RbKTP and LNOI. We provide a fully de-

veloped and sophisticated tool box for bothmaterial platforms. This thesis is a concrete

starting point for the design, fabrication and investigation of novel devices in RbKTP

and LNOI.

7 . 2 O u t l o o k

The results of this work opens up a wide range of possible continuations and even com-

pletely new technological possibilities. There are certainly further investigations that

could optimise our technology for periodically poled waveguides in RbKTP. Based on

our simulation results, we need to improve ourmask design to further optimise the duty

cycle of periodically poled domains. For a higher field overlap to fibres and lower propa-
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gation losses, we should optimise the corrugation in RbKTP waveguides and the shape

of the spatial modes, by optimising the exchange parameters and edge roughness of the

titanium mask. Note that we have developed all the tools to start dispersion engineer-

ing and optimise the type II source in RbKTP. We could implement aperiodic poling,

utilising different duty cycles and poling periods. This would aid in the improvement

of the sources, e.g., resulting phase matching would change from a sinc-squared shape

to a Gaussian. We expect to improve the source in the future by tuning the waveguide

geometry or the melt composition during the exchange or modify the periodic poling.

In contrast to RbKTP, LNOI is still in its early stages of development. We have cre-

ated the basis, but there is still a lot of work to be done to optimise the components.

For a better control of the poling behaviour, we suggest to get rid of nano-domains by

preconditioning pulses, similar to those used with RbKTP, to homogenise the substrate

material and avoid local overpoling. We can overcome limitations in the waveguide fa-

brication by using the electron-beam-lithography to either lift-off SiO2 as a dry etching

mask or directly use HSQ resist for a higher resolution and smoother sidewalls of the

waveguides and thus, waveguides with lower losses. For this task it would be beneficial

to be able to estimate the performance of our devices, e.g., measure the losses of our

waveguides. Therefore, we suggest to investigate ring resonators, since they do not re-

quire assumptions for the end-facet reflectivity of the waveguide. Moreover, this new

tool would give us the possibility to exploit resonant sources. In LNOIwe plan to extend

our toolbox and add active modulation to our passive routing and generation. Together

with our developed simulation methods, we will be able to exploit the full potential of

LNOI in the near future.
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