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CHAPTER 1

Introduction

The information age has fundamentally changed our world. Information technology
has become such an indispensable part of our lives that many people would not leave
their home without their cell phone or smartphone. The further advancement of
novel technologies for data transmission, acquisition, and processing is considered

essential for social and economical progress.

To improve and expand our capability of information processing, new technologies
have to be developed. One interesting approach is to replace or expand existing
electrical devices with devices that use optical signals as information carriers,
ultimately leading to a photonic computer that performs all calculations optically.
Optical data transmission yields many benefits over electronic data transmission, like
enabling higher bandwidths or the ability of light beams to travel through one another
without affecting each others properties [1]. Additionally, since single photons can
be used to encode quantum information, quantum computing at room temperature
could be possible on a photonic computer [2]. A first milestone in this direction
has recently been achieved by demonstrating quantum computational advantage
using photons [3|. For reasons of practicability, a photonic computer should be
based on integrated optics, not on free beam optics [4|. Integrated photonic circuits
offer better performance compared to bulk optical setups in terms of stability and
compactness of the structures. Furthermore, when integrated circuits are fabricated
from transparent materials, it becomes possible to embed sensing functionalities and
signal processing into displays [5], windshields [6], or augmented reality headsets [7].
Various techniques to fabricate integrated photonic circuits have been established so
far. In this thesis, the focus will be on circuits created by femtosecond laser direct
writing (FLDW) in fused silica, which is a technique that enables rapid, on-demand
prototyping of complex three-dimensional integrated photonic devices in a single

step procedure [8].

To achieve the highest possible data rate when transmitting information with light,
the data must be encoded into as many degrees of freedom of the photon as
possible [9]. These degrees of freedom are, for example, the path of the photon
or also the polarization. The path of a photon is easily manipulated in integrated

platforms using waveguides that determine the direction of the light. This thesis will
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focus on the second degree of freedom mentioned, namely polarization. The goal of
this work is to demonstrate novel methods for introducing polarization control in
FLDW integrated photonic circuits. This is done in two steps. In the first step, the
fabrication of fused silica waveguides with low birefringence and minimal losses must
be mastered. The task of these waveguides is to transmit light while maintaining its
polarization state. In the second step, the possibility of using compact, birefringent
structures to achieve a targeted polarization change is demonstrated. Two approaches
are pursued. One is to induce this polarization change by so-called nanogratings.
This is a type of modification that can be produced by FLDW. The other is to embed
liquid crystals in waveguides as switchable polarization-modifying elements. Both

approaches have their own advantages and disadvantages, which will be discussed.

This thesis is divided into seven chapters, starting with this introduction. Chapter 2
(“fundamentals”) covers the basics needed to understand the material in this thesis,
including a description of the polarization of light, the process of modifying
the volume of transparent materials that then enables FLDW, the properties of
laser induced modifications in fused silica that are relevant to this thesis, a brief
introduction to quantum computing, and finally an overview of the properties that
liquid crystals exhibit. The chapter concludes with an overview of the state of
the art. In chapter 3 (“Experimental Setups’), the setups used to create and
characterize structures are presented. The method how to determine the polarization
dependent properties of a studied modification from the characterization data is
derived. Chapter 4 (“Femtosecond Laser Direct Written Waveguides”) describes
the steps taken to realize waveguides with minimal birefringence at maximum
transmission. Different beam shaping options are explored and their influence on
waveguide formation are discussed. In chapter 5 (“Polarization Control Based on
Nanogratings”), the formation of nanogratings under different writing conditions is
investigated. The possibility of varying the properties of this type of modification
by the laser parameters is demonstrated, in particular the orientation and strength
of the birefringence. By combining nanogratings with the waveguides from the
previous chapter, integrated waveplates are created, that find application as quantum
gates. For further improvements, a new beam shaping technique with conical phase
fronts is also presented, and its influence on the nanogratings is described. In
chapter 6 (“Adaptive Polarization Control Using Liquid Crystals”), the ability to
use liquid crystals as tuneable waveplates is demonstrated. Evidence for electro-
optical modulation is given. Finally, the results are summarized and discussed in

the conclusion.




CHAPTER 2

Fundamentals

In this chapter the basic physical concepts required to understand this thesis are
revised and summarized. The chapter will cover the fundamentals of polarization,
followed by a recap of waveguide basics, an overview on the current state of knowledge
in the femtosecond laser direct writing field, and a review of the fundamentals on
optical quantum computing. Finally, the state of the art of the research most relevant

to this thesis will be presented.

2.1. Polarization

Since polarization is a degree of freedom of photons that can be used to encode
quantum information, it is important to understand this light property in depth.
To do so, this section will focus on the classical description of polarization. Light
is referred to as polarized when its field vector E oscillates in a clearly defined
direction with respect to the wave vector k. The direction of polarization is given
by the direction of E. There are several so-called states of polarization that light
can have, i.e., linearly polarized light, when E oscillates in a fixed direction and only
the magnitude changes, or circular polarized light, when the magnitude of E stays
constant, but the direction rotates at a constant rate with time. The most general
polarization state is elliptical polarization, when both amplitude and direction of E
change over time [10]. The polarization state can change, for example, if light passes
through a birefringent or dichroic medium. The following subsections will summarize
the material properties related to polarization change, as well as the mathematical

framework used to describe and compute polarization.

2.1.1. Birefringence. If the speed of light in a homogeneous medium is
dependent on the propagation direction and the polarization plane of the light, this
medium is called optically anisotropic, also known as birefringent [11]. Birefringence
is usually characterized in terms of a refractive index difference An for two
polarization components. This refractive index difference will lead to an optical
path difference OPD between the polarization components along the propagation

direction (here denoted as x-coordinate), which is given by the integral

OPD = /An(:n) dx. (2.1)
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2.1. POLARIZATION

The according phase difference ¢ of the polarization components on the other hand

can be calculated by
_ 2m-OPD

)
A 7

(2.2)

where A\ denotes the wavelength of the light. The optical path difference will be
used frequently in this thesis to quantify the retardation effect of a structure. In the
following subsections the cause for birefringence will be explained first on a molecular

level for dielectrics and then for gratings.

2.1.1.1. Birefringence of dielectric media. An electric field E exerts a force F on
a charge ¢ given by [12]
F=E-q. (2.3)

Assuming that an external electric field E.,; of limited strength (i.e., |E€mt| smaller
than 1 x 10° V/cm [12]), for example, in the form of an electromagnetic wave, is
applied to a medium, the medium will react by moving its charges according to that
force. In conductive materials, the charge carriers will move to the surface, creating
their own electric field, until that electric field is strong enough to compensate for
the external field. The resulting internal electric field is zero. This is known as
electrostatic induction. In insulators (i.e., dielectrics), however, the charge carriers
are bound to the molecules. Therefore, each molecule will reorientate its charge
carriers within the field. Hereby, each molecule turns into a dipole. The dipole
moment p of each of these dipoles is proportional to the applied electric field, with
the proportionality constant given by the molecule’s characteristic polarizability

tensor @, [12]:

—

b= pﬁext- (24)

Q

The resulting electric field inside the dielectric will be given by Em =(1-F¢, 1)Eext,
with €, being the material specific relative dielectric constant. It can be expressed
in terms of polarizability, the dielectricity constant ¢y and the number N of induced
dipoles as [12]

& =1+ Na,/«. (2.5)

The polarizability of a material can be interpreted as a measure of how far the
positive and negative charges in the molecule can be separated. For the simplified
case of non-magnetic, homogeneous materials (magnetic permeability of the material

- = 1) the polarizability is connected to the refractive index n via

n = =1+ Na,/e. (2.6)
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CHAPTER 2. FUNDAMENTALS

Hereby it can be seen, that if the polarizability changes with the direction (i.e.,
electrical anisotropy [13]), also the refractive index of the material will be directional
dependant, so the material will be birefringent [12]. The directional dependency
of polarizability can have various causes, for example, external fields (such as the
Pockels effect [14], the Kerr effect [15] or Cotton-Mouton effect [16]), the arrangement

of atoms in the medium (like in birefringent crystals) or strain [11].

2.1.1.2. Birefringence of one-dimensional dielectric subwavelength gratings. One-
dimensional subwavelength gratings are structures where the refractive index is
modulated in one direction at a period A which is smaller than the wavelength of
light A interacting with it. These structures typically exhibit form birefringence. For
sufficiently small grating periods (A > A) and sufficiently large grating depths d
(A < d), the macroscopic optical properties of the grating can be described using
effective-medium theory of the zeroth-order grating problem [17]. Here, a grating
consisting of alternating homogeneous dielectric slabs with scalar refractive indices
ny and ny is assumed. The dielectric constants €,1/,2 of these slabs are given by
ni2 = \/€1/r2- The thickness of the slabs of refractive index n; shall be ¢;, and the
thickness of the slabs with refractive index ny, will therefore be t, = A — t;. From
this, the filling factors of the grating can be defined as f; = t;/A and fo = t3/A,

respectively.

Monochromatic light of wavelength A hits this grating with the electric field vector
parallel to the slabs, as sketched in figure 2.1.

€, €,
—_
E
.
k : C C Co
| - b Lo

€,
G Tt

1 2 1 2 1

FIGURE 2.1. Schematic sketch of the one-dimensional dielectric
subwavelength grating when light polarized parallel to the grating
slabs hits the grating.

In this case the electric field only has a component that is tangential and which must
be continuous across the grating bars, so its value is the same for both the slabs with
refractive indices n; and ny. The electric displacement 131 /2 in each of the regions

is then given by D, /2 = €1 /TQE . When averaging this displacement over the whole
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2.1. POLARIZATION

grating
= Dy -ty + Dy -1y S SR A e e SO 2
Dy = =L , 2.7
g tl + tg A ( )
an average dielectric constant €| can be computed as [18]:
_ | Davg| _ A —
€ = = (1 - t1 + €2 - ta) /A = fiep1 + fo€po. (2.8)

|E]

Next, consider the case of monochromatic light of wavelength A hitting this grating

with an electric field vector orthogonal to the slabs, as sketched in figure 2.2.

Er2 Er2 Er2
—
k
' ! | ' ! ' | !

.tW. t2 ItW. t2 It1. t2 .t1l

E

FIGURE 2.2. Schematic sketch of the one-dimensional dielectric
subwavelength grating when light polarized perpendicular to the
grating slabs hits the grating.

Since the normal component of the electric displacement is always continuous across
an interface in the absence of surface charges, the electric fields El /2 in the different
materials of the grating are given by E, /2 = ﬁ/erl /2. The averaged dielectric

constant €, for this case is [18]:

|‘5|A ETIETQA €r1€r2
€L = - = = L= .
|E1’t2 + |E2’t1 €1 ta+ €211 f2€7~1 + f1€r2

(2.9)

Since the refractive index is related to the dielectric constant, the existence of
two different dielectric constants means the existence of optical anisotropy, i.e.,
birefringence. From the above equations a resulting birefringence An can be

calculated as follows:

An = |Ver — /4. (2.10)

2.1.2. Dichroism. Dichroism, also known as diattenuation, refers to the

property of a medium to transmit more of one polarization state compared to
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CHAPTER 2. FUNDAMENTALS

the orthogonal one. The term dichroism (literally meaning “two colours”) originally
comes from crystals that appear to change colour when viewed under light of different
polarization orientations [10]. This effect can be understood in similar ways to the
above discussed birefringence, i.e., by considering equation (2.5) and assuming €,
to be complex. This way, also the complex value of the refractive index will be
anisotropic, giving rise to polarization dependant absorption. Let us consider light
of the polarization state that has minimal losses to pass through a dichroic medium.
The transmission value will be maximal in this case, and it shall be called T},4..
The transmission for light of the orthogonal polarization on the other hand will be

minimal and shall be named T,,;,, making the average transmission

Tmaz Tmin
T = + (2.11)

and the transmission difference
AT =T 0w — Trin- (2.12)

The dichroism D of the sample under test is then typically quantified by [19]

o Tma;t — Tmm o AT
B Tmax + Tmm B 2Tave.

(2.13)

2.1.3. Matrix Methods for Polarization Computations. A convenient
way to calculate the change of polarization state caused by birefringent and/or
dichroic media is using the so-called Jones calculus, developed by Robert Clark
Jones from 1941 to 1956 [20-27|, which will be introduced in this subsection. This
calculus uses 2 x 1 vectors known as Jones vectors to represent the polarization of
light via its field components. Additionally, it uses 2 x 2 matrices, so-called Jones
matrices, to describe the change of polarization when light passes through an optical
element. The calculus mathematically corresponds to the representation of qubits
in quantum optical systems. However, it was developed for classical light and can
only be applied when the degree of polarization is 1. The normalized representation

of horizontal light H in this framework is

Fl:(é) (2.14)




2.1. POLARIZATION

while of vertical light V is

V:(?), (2.15)

and any other polarization state is a superposition of the two, for example, right
circularly polarized light Re is

w30

and antidiagonally polarized light Ais

-0 e

To change the state of this polarization, for example, when going through an optical
element like a waveplate, the optical element’s matrix ? must be multiplied to the
original Jones vector v representing the initial polarization state. The resulting Jones
vector v/ describing the final polarization state can be obtained by v o= ?17. For
instance, the Jones matrix of a phase shifter ?ph with a phase retardation between

fast and slow axis of 1 and the fast axes in direction of the horizontal axis is defined
as 28]

<> 6“7/2 0

Jph(n) = < 0 6“7/2> ) (2.18)

To describe the rotation of an optical element by the angle 6, the rotational
<

transformation using the rotational matrix R is applied. The rotational matrix

E(@) _ < cos Sin9> ‘ (2.19)

—sinf cosf

is defined as:

A rotated element, for example, a phase retarder rotated by 6, is obtained via
And

on(,0) = R(=0)J () R () (2.20)

<
The matrix of a dichroic element J gchroie With maximal transmission 7T,,,, for

horizontally polarized light and minimal transmission 7, for vertically polarized
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CHAPTER 2. FUNDAMENTALS

light is

< T O
S dichroic = ( i Tmin) - (2.21)
A different option of representing polarization states is through the Mueller-Stokes
matrix calculus. In this mathematical framework, polarization states are represented
in terms of 4-dimensional vectors, so-called Stokes vectors [29]. The Stokes vector
has four entries (Sy, S1, Se and S3), known as the Stokes parameters. Sy corresponds
to the intensity of the light. In many applications, normalized Stokes parameters
are used, which means all Stokes parameters are divided by the intensity of the light,
leading to Sy always amounting to unity. A list of examples for common normalized

Stokes vectors is given in table 2.1.

TABLE 2.1. Some typical Stokes vectors.

1 1

Vertically polarized: _01 Horizontally polarized: (1)

0 0

1 1

Anti-diagonally polarized: _01 Diagonally polarized: (1)
0 0

1 1

Left-circularly polarized: 8 Right-circularly polarized: 8
-1 1

S1, S9 and S3 form coordinates of a position P on or inside the so-called Poincaré
sphere (see fig. 2.3) [30, 31]. This sphere is centered around the origin of its coordinate
system and represents all possible polarization states of fully polarized light, while
the origin of the coordinate system corresponds to unpolarized light. The radius of
the sphere corresponds to Sy, so when representing normalized Stokes vectors, the
radius of the sphere is 1. The coordinate system in which the Poincaré sphere is
positioned has three axes. The abscissa ranges from purely vertically polarized light
V' to purely horizontally polarized light H, its coordinate is the Stokes parameter
S1. The ordinate ranges from purely anti-diagonally polarized light A to purely
diagonally polarized light D and its coordinate is the Stokes parameter S;. The

applicate ranges from purely left circular polarized light L to purely right circular

11



2.1. POLARIZATION

polarized light R and its coordinate is the Stokes parameter S3. Two opposing points
on the Poincaré sphere correspond to orthogonal polarization states. The distance

of P to the origin of the sphere yields the degree of polarization.

S3

S1
L

F1IGURE 2.3. Poincaré sphere.

The influence of optical elements on the polarization of light is represented via 4 x 4
Mueller matrices. The change of a Stokes vector is performed by multiplication
with such a matrix. Examples of some important Mueller matrices for this work
are listed in table 2.2. The list includes matrices for polarizers, linear retarders,
linear diattenuators and neutral density filters. Since the commutator of the matrix
for a linear retarder and the matrix for a linear diattenuator is zero, these two can
be multiplied together to account for polarization dependent losses in the linear
diattenuating retarder. The resulting matrix is also listed in table 2.2. All matrices
in that table are given for a fixed orientation of the optical element. To rotate an

A4
element by a given angle # the rotational matrix R(#) must be introduced:

1 0 0 0

pug 20) —sin(20

(o) = 0 cos(20) —sin(20) 0 (2.29)
0 sin(260) cos(20) 0
0 0 0 1

A nd <~
The Mueller matrix M’(#) of the rotated element with unrotated matrix M is then
given by [19]
A4
M'(0) = R(O)MR(—0). (2.23)

12



CHAPTER 2. FUNDAMENTALS

TABLE 2.2. Selected Mueller matrices [19]|. Diattenuation denota-
tions correspond to the definitions given in section 2.1.2.

1 -1 0 0
Polarizer transmitting -1 1 00
vertically polarized light 210 0 00
0 0 00
Linear retarder with retar- 10 0 0
dance 6 and fast axis at 01 0 ) 0
o . i 0 0 cos(d) sin(d)
0° to horizontal axis 0 0 —sin(d) cos(d)
Linear diattenuator with TAa;e 5 0 0
maximal transmission for ? T‘g’e 7 0 — 8
horizontally polarized light 0 0 mag e T T
T 0 0 0
Neutral density filter 0O T 0 0
with transmission T [32] 00T 0
0O 0 0 T
Linear diattenuating retar- | ,p ar 0 0
der with retardation ¢ and AT Thpe 0 0
both maximal transmission 0 0 VTwmazTomin €08(8) v/ TinazTimin sin(d)
and optical axis at 0° 0 0 —VTmazTminsin(6)  vTmazTmin cos(6)

< <
A Jones matrix J can be converted into a Mueller matrix M via

<~ “— o
M = A(J Q) J)A.

(2.24)

Here, the asterisk is used to denote the complex conjugate, (X) denotes the tensor

A nd
product and matrix A is given by [33]

N
o o~

~.

0 1
0 -1
1 0
- 0

2.2. Optical dielectric waveguides

(2.25)

Optical waveguides are structures with a refractive index profile that confines the

propagation of light to a specific region, thereby allowing a controlled transport of

light [34]. Waveguides are used in optical circuits to connect different optical devices,

analogously to wires in an electronic circuit [4]. Different types of waveguides exist,

varying in geometry and material. The waveguides that are used in this thesis are

non-planar, dielectric waveguides with graded refractive index profiles. This means
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2.2. OPTICAL DIELECTRIC WAVEGUIDES

that in a Cartesian coordinate system, assuming a propagation direction x, the
refractive index of the waveguide is a gradually varying function of both y and z in
the core of the waveguide, and a constant value in the surrounding cladding. The
refractive index may therefore be written as n(y, z) = ng + Aneore(y, 2), with the
maximum value of n(y, z) being ny,... The propagation of light in the waveguide is
governed by the wave equation. If the relative variation of the refractive index is

sufficiently small, the wave equation can be written in scalar approximation as [35]

OE(z,y, z) N OE(z,y,z) N OE(z,y, z)
0x? Oy? 022

+ k*n*(y, 2)E(x,y,2) = 0. (2.26)

Here, F(z,y, z) is the electric field and k& denotes the wave number of the transmitted

light. Using the ansatz
E(ZE,y, Z) = Eﬂ(yv Z) eXp (Zﬁ$)7 (227)

this equation can be simplified to [36]

2 2
0 Eg;;y’ 2,0 Eg’;’f’ 2D 4 (n?y, ) — #) B(x,y,2) = 0. (2.28)
In this equation, the eigenvalue [ is known as the propagation constant. The
solutions of the wave equation are the modes of the waveguide. There are radiative
and guided modes, which are classified depending on the value of 5/k. For the
continuous spectrum of 3/k < ng, the modes are radiative modes, which oscillate
outside of the waveguide’s core. For a finite number of eigenvalues which fulfill
ny < B/k < Npas, the according eigenfunctions are guided modes, which have
evanescent tails outside of the waveguide’s core [37]. A waveguide will be referred
to as multi-mode, single-mode or not guiding at a certain wavelength, depending on
the number of guided modes existing for that wavelength. The largest wavelength
for which a mode is guided is referred to as the cut-off wavelength. Therefore, the
spectrum in which single-mode operation of a waveguide is possible, is framed on
the one end by the cut-off wavelength of the fundamental mode, and on the other
end by the cut-off wavelength of the next higher mode. When light with an electric
field E;,(x,y, 2) is launched into a waveguide at the waveguides input facet (position
xr = xp), it will be distributed between the modes of that waveguide. The amount of

power, that is launched into each guided mode E,,.q4(y, z) can be calculated using
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CHAPTER 2. FUNDAMENTALS

the overlap integral, defined as [38]

|ff Eln $07y7 ) Emode(y, )dyd2|2
ff |E27’b 2o, Y, =z |2dydsz |Emode(y7 )|2dydz

(2.29)

Light which does not resemble any of the guided mode fields will excite radiation

modes, dissipating away [39].

2.3. Volume modifications in transparent dielectric materials by means

of ultrashort laser pulses

Inducing modifications in the volume of transparent dielectric materials by means
of ultrashort laser pulse irradiation is fundamental to the creation of structures
used in this thesis. Generally, this process is separated into three steps that may
overlap in time. These three steps are firstly the excitation of the electrons, secondly
the relaxation of the electrons, and finally the deposition of energy in the atomic
lattice, enabling the creation of permanent structural changes [40-42]. A sketch of
the process is given in figure 2.4. The three stages will be explained in detail in the

following.

fs-laser pulse

. electron excitation

ﬁ
\
\
@\ﬁi electron relaxation
transparent sample

& material modification

time

FIGURE 2.4. Sketch of the processes leading to material modifica-
tions in transparent dielectric materials like fused silica. CB stands for

conduction band, VB stands for valence band. Figure is in the style
of [42].

2.3.1. Physical mechanisms leading to volume modifications. According
to the band model, in dielectrics the highest occupied electron energy band (also
referred to as valence band) and the next higher possible energy state an electron
can occupy, are separated by a significant energy difference, known as the band
gap [43|. This band gap has to be bridged, if an electron is to be excited, i.e., by the
irradiation of a laser. Should the photon energy be large enough, this can be achieved
using linear absorption. For the material used in this thesis (fused silica, bandgap of

9.0eV [44]), and the photon energy of the laser used to modify the material (515 nm
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2.3. VOLUME MODIFICATIONS IN TRANSPARENT DIELECTRIC
MATERIALS BY MEANS OF ULTRASHORT LASER PULSES

wavelength, corresponding to 2.4 eV photon energy), this is not the case. Therefore,
nonlinear absorption processes are required to excite the electrons. The probability
of these processes increases with the intensity I of the laser light [45]. One type
of nonlinear absorption is the so-called tunneling ionization [46]. This absorption
mechanism is characterized by an overlap of the Coulomb field of the atomic nucleus
with the electric field of the laser, causing a deformation of the potential wall that
holds the electrons in place. This deformation enables electrons to tunnel out of the
potential barrier. An alternative nonlinear absorption process is the multiphoton
absorption [46], where so many photons are simultaneously absorbed that the sum

of their energies surpasses the bandgap of the material.

Which ionization type dominates the nonlinear absorption process, is given by the

Keldysh parameter 7, defined as [47]

2mel,

— (2.30)

v =wt, =w
Here, t,, denotes the time an electron needs to tunnel through its potential barrier, w
is the angular frequency of the laser, I, is the ionization-potential, m. and e denote
the electron’s charge and mass, respectively, and FE is the electric field. If v < 1,
tunneling ionization dominates, whilst if v > 1, multiphoton ionization dominates,

which is often the case for material processing with dielectrics [48].

All electrons that have entered the conduction band can linearly absorb further
incoming photons, moving to higher energy states. When these electrons thereby have
absorbed sufficient energy, the electron may raise other electrons to the conduction
band via impact ionization. The number of electrons may then increase exponentially,
since each new electron in the conduction band can excite further electrons, giving
rise to so-called avalanche ionization. An electron plasma is formed, which is
locally confined to the focal area of the irradiation laser, and which consists of
an accumulation of freely movable, excited electrons in a lattice of positively charged
atomic nuclei [48|. The change with time ¢ of the free electron density n. can be

modelled by [49]
dn,

dt

= al(t)n.(t) + opI(t)". (2.31)

The parameter « in this equation is called avalanche coefficient and is used to scale
the influence avalanche ionization has on the process. The parameter oy is the k-
photon absorption cross section of the multiphoton absorption. During the presence
of the femtosecond-laser pulse, the electrons do not have the time to couple to the

atomic lattice [50], so all energy is absorbed by the electrons only.
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CHAPTER 2. FUNDAMENTALS

When no further energy is deposited into the electron plasma, the electrons then
start to relax. Excess energy of the relaxing electrons can be deposited into the
atomic lattice by means of a shockwave, and by heating the atomic lattice [45]. Phase
transitions may occur within the material due to the deposited heat, which cause

permanent structural changes in the form of material modifications and defects.

2.3.2. Femtosecond laser direct writing technique. The method used to
fabricate light-guiding structures in this thesis is the so-called femtosecond laser direct
writing technique, which uses volume modifications that are created as explained in
section 2.3.1 as the “ink” for inscribing structures into a transparent sample. The
inscription is classified into transverse or longitudinal writing, depending on in which
direction (with respect to the inscription laser propagation) the sample is translated
during inscription, as sketched in figure 2.5. If the sample is mainly translated in the
plane perpendicular to the laser propagation direction, as depicted in figure 2.5a, this
is called transverse writing. If the structure is mainly inscribed in laser propagation

direction, as depicted in figure 2.5b, this is known as longitudinal writing.
’ . " .

[ |
B P N . l sample movement
{—
sample movement

F1GURE 2.5. Classification of writing geometries for creating FLDW

waveguides: a) transverse writing, b) longitudinal writing. Figure in
the style of [51].

FLDW has been widely applied in various materials, including glasses [52-55],
crystals [56-60], and polymers [61-63]. It is especially known for its three-dimensional
processing capability, which has enabled the fabrication of, for example, waveguide

splitters and fanouts [64-68|, microfluidic devices [69], or optical data storage [70].

The first demonstration of femtosecond laser direct writing goes back to a publication
in 1996 by Davis et al. [52], where femtosecond laser inscribed waveguides were
presented in various glasses, including wet and dry silica. The group observed
photo-induced permanent refractive index increases where the laser focus had been
translated through the sample. This type of modification is generally referred to as
type 1. In the same year, the possibility to form voids in transparent materials was

also reported [71|. This modification was later classified as type III. Three years
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later, another type of modification showing birefringence was reported [72|. The
underlying mechanism was found to be a self-organized, periodic material structure
causing a refractive index modulation [73|, which is why the modification was named
“nanograting.” It is also often referred to as type II modification. For this work,
mainly the modification types I and II are relevant. A summary of their properties

will be given in the following subsections.

2.3.2.1. Type I modification formation and properties. After Davis et al. had
published their results on writing waveguides into glass [52|, researchers focused
on finding the molecular cause for this behaviour. An answer was found in fused
silica using Raman measurements: Fused silica in its original form predominantly
contains 5- and 6-order silicon-oxygen ring structures. Raman measurements of
modified fused silica after laser exposure, however, revealed an increased amount
of 4-order ring structures |74, 75|. The decreased bond angle of these rings causes
a densification of the material, which causes a refractive index increase. Similar
structural changes in fused silica are known when the material is heated and then
rapidly quenched [76]. Additionally, defects like non-bridging oxygen hole center and
E’-centers are created during the inscription process [52, 77]. They also contribute

to the refractive index change, although not as the main cause [53].

Today, the influence of several laser writing parameters on the modification properties
in glass are known: With increasing pulse energy, the induced refractive index
change increases |78]. Typical refractive index changes of waveguides are on the
order of 10™* to 1073. If the pulse energy is too high, however, nanogratings or
void structures are created instead [79]. Typical pulse energies are on the order of
a few hundred nanojoule |78, 79]. With decreasing pulses per spot, given by an
increase of scanning velocity at a constant repetition rate, the induced refractive
index change drops exponentially [80]. The choice of numerical aperture of
the writing objective that is suitable depends on the available pulse energy, which
then determines the intensity in the focal volume. Lower numerical apertures have
the advantage that they are typically paired with longer working distances, which
otherwise limits the flexibility of the writing process [81]. Additionally, very high
numerical apertures can lead to a change in polarization [82]. At short pulse
durations (< 50fs), the processing parameter window for type I modifications
widens, while for pulse durations above 200 fs, achieving type I modifications can
become more difficult due to a narrower processing window [79]. However, smooth
refractive index modifications have also been reported for pulse durations of 375fs.
For these longer pulse durations, green wavelengths seem to produce lower loss
waveguides than infrared wavelengths [81]. Waveguides are considered “high quality”

in literature when their loss is below 1dBecm™" [81]. The main loss mechanisms in
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FLDW waveguides are Rayleigh and Mie scattering [83]. Waveguide writing in fused
silica has been reported at various repetition rates, ranging, for example, from
1 MHz [81] to 1kHz [84]. In borosilicate glasses it has been shown that using high
repetition rates can trigger heat accumulation effects, which help in creating smooth
and low-loss waveguides. In fused silica, however, the bandgap and the working
temperature are significantly higher, making it harder to achieve heat accumulation
and leaving the morphology independent of the repetition rate for a wide range
of parameters suitable for waveguide fabrication [85, 86]. Instead of using the
laser parameters to thermally alter the modification properties, the samples can
also be annealed after inscription. Some groups have reported reduced losses and
birefringence after annealing fused silica for 60 min at 570 °C [87]. However, at a
similar temperature of 600 °C other groups have observed waveguide erasing and
less guiding [88]. Both temperatures are higher than the 150 °C required to anneal
color centers in fused silica [87], so defects do not contribute to the guiding after the

annealing process.

Femtosecond laser direct written waveguides typically exhibit a certain amount of
birefringence, even if they are purely made from type I modifications. Reasons for
this are the elliptic waveguide cross section and asymmetry in the stress around the
waveguide [87|. The elliptic waveguide cross section can be avoided when changing
from transverse to longitudinal waveguide writing [89], however, this limits the length
of the waveguides due to the working distance of the inscription objective. Instead,
beam shaping methods can be employed to limit the ellipticity of the waveguide [54,
90, 91].

2.3.2.2. Type II modification formation and properties. Focused ultrafast laser
pulses can induce periodic nanostructures acting as birefringent refractive index
modifications if the laser parameters are suitable [72, 92, 93]. One of the first reported
observations of these periodic structures in fused silica was in 1999, when Sudrie
et al. published their observation of birefringence in femtosecond laser inscribed
structures [72]. In 2002, Mills et al. reported on femtosecond direct written structures
in fused silica with anisotropic reflection in the direction of the writing laser’s
polarization [73]. In their publication, Mills et al. considered the existence of
self-organized periodic nanostructures as a cause of the previously reported effects.
Subsequently, Shimotsuma et al. published their examinations of such femtosecond
laser direct written structures using scanning electron microscopy and Auger electron
spectroscopy [92]. To describe the morphology of the modification structures, they
introduced the term “self-organized nanogratings”. A decade later, Zimmermann et

al. confirmed the existence of actual void structures in the modified material by
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combined focused ion beam milling and scanning electron microscopy with X-ray

scattering [94].

Since their first discovery, many efforts have been made to understand the
development of nanogratings. When Shimotsuma et al. discovered the morphology
of nanogratings in 2003 [92], they also proposed an early model for the formation,
in which the interference between the incident laser light and plasma waves is the
cause for nanograting formation. However, the implications this model had for
the parameter dependencies of nanograting formation, like a strong dependency
of the nanograting period on the inscription pulse energy, could not be confirmed.
Other theories soon followed. Another model by Taylor et al. [95, 96], the so-called
nanoplasmonic model, proposes the formation and growth of anisotropic plasma
hotspots under laser irradiation. These plasma hotspots exhibit quasi-metallic
properties when their electron density is high enough and will therefore act as
waveguides for further incoming pulses. The position of these waveguides will
then dictate the shape of the nanogratings. This model predicts the periodicity
of nanograting structures to be \/(2n), given by the width of the lowest order mode
supported by the electron plasma. However, experiments have shown, that even

lower periodicities can be achieved [97].

Recently, Rudenko et al. demonstrated that the initial formation of nanogratings
has the same electromagnetic origin as the formation of subwavelength surface
nanoripples [98]. Both cases require some type of inhomogeneities or defects of
the material, which seed the formation of nanopores. At these nanopores, local
field enhancements perpendicular to the laser polarization occur, causing ionization
processes to take place. The ionized volume can turn into a void during relaxation of
the material, causing the nanopores to grow into nanoplanes. The directionality of the
field enhancement causes the growth to occur perpendicular to the laser polarization.
When nanoplanes are then further irradiated by laser pulses, they will scatter the
incoming light, leading to interference of the scattered light with the incident light.
This process will establish the grating periodicity of A\/(2n). If other scattering
centers are in the surrounding material, a superposition of multiple scattering waves
can occur, allowing even smaller periodicities to form. This model only holds true if
the expansion of the nanovoids is small enough, so when hydrodynamic expansion
can be neglected. Otherwise hydrodynamic expansion can lead to an erasure of the
structure. Therefore, prerequisites for the formation of in-volume nanogratings
according to [98] are a high viscosity, a low thermal expansion coefficient and

sufficiently low temperatures of the material during the inscription process.

Today, the following dependencies of nanograting properties on inscription parame-

ters are known: Nanogratings consist of nanoscopic oxygen filled voids surrounded by
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densified material [94, 99]. The grating planes arrange perpendicular to the writing
polarization and evolve from random nanostructures, requiring enough overlapping
laser pulses per volume element to develop into a well-ordered grating. The period
p of the grating is roughly given by the inscription laser’s wavelength )\ and the
materials refractive index n via p = A/(2n). However, even lower periods occur
when the number of applied pulses per volume element is high enough [100].
Additionally, a second periodicity along the writing laser’s propagation direction
can arise for certain parameters [101]. Due to the subwavelength index modulations,
nanogratings exhibit form birefringence for sufficiently long probing wavelengths
(see section 2.1.1.2). The amount of birefringence can be tuned using suitable laser
parameters [102, 103]: The repetition rate of the inscription laser should be smaller
than 1MHz for highly birefringent nanogratings to form in fused silica, with lower
repetition rates leading to higher birefringences. The highest optical retardations
per inscription layer can be achieved with pulse durations of 0.25ps to 2.5 ps.
In this range, nanogratings fabricated with pulses above 1ps show significantly
higher retardations than modifications created with shorter pulse durations, but the
processing window for fabricating nanogratings with pulse durations above 1 ps is
narrower [103]. Nanogratings require higher pulse energies than waveguides to
form. Typical thresholds for nanograting formation are at a few hundred nanojoule
pulse energy. With increasing pulse energy, the modified volume increases, leading
to a higher total optical retardation of the nanogratings [103]. Smaller numerical
apertures of the focussing objective lead to a higher pulse energy threshold of
nanograting formation. The maximum energy for nanograting formation is also
dependant on the focussing conditions and is typically found at a few microjoule
pulse energy. At these high pulse energies, microcracks start forming [103]. Several
applications of nanogratings have been demonstrated, for example, using them as
Bragg gratings [104], phase elements [105], polarizers [106] or as optical memories |70].
Nanogratings in fused silica also exhibit a higher etching rate than unmodified fused
silica, making them useful for, e.g., fabricating microfluidic channels with smooth
side walls [107]. In this work, nanogratings will be used to implement integrated

wave plates operating as quantum gates.

2.4. Optical quantum computing

Quantum computing in general uses any quantum mechanical effects (for example,
entanglement, superposition or quantum tunnelling [108]) to create a platform that
can solve selected problems faster than a classical computer would [109]. In this thesis
the usability of created structures for optical quantum computing is demonstrated.
Optical quantum computing is based on encoding quantum information in photons.

This section will summarize the basics of optical quantum computing, beginning
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with using the photon to encode qubits (short for ’quantum bit’ [108], the smallest

unit of quantum information), and then concluding with single qubit quantum gates.

2.4.1. Photons as qubits. In optical quantum computing, single photons are
used to encode the quantum information units known as qubits. A qubit can be any
two-state quantum system, which can be represented by many degrees of freedom
of photons, for example, path and polarization [2|. In the case of path-encoding, a

photon used for qubit encoding may be in an arbitrary superposition of two paths 1

and 2:
1 0
110),, = (0) and [01),, = (1) . (2.32)

In the case of orthogonal polarization states, the qubit may instead be in a

superposition of two polarization states, for example, for horizontal and vertical

H) = (é) and |V) = (2) (2.33)

or for left and right circular polarization

1 (1 1 .
L) = 7 <Z> = E(|H> +1[V))

polarization

(2.34)

1 (1 1 ,
and |R) = E( > = E(W)—Z!W)-

Path-encoding and polarization-encoding can be converted into each other using
polarizing beam splitters [110]. To carry as much information as possible with
a single photon, ideally multiple degrees of freedom are used contextually [9]. For

simplicity reasons, the descriptions in this section will be given only in path encoding.

The quantum state for a single qubit in path encoding can be written as

V1) =y |10>12 + b1 |01>12 = (gl> ) (2.35)
1

with |aq|* 4+ |51]* = 1. When measuring the state of the qubit |¥;), the result
will be [10),, with probability |a;|* and |01),, with probability |5;|>. A Poincaré
sphere, like the one introduced in section 2.1.3, can be used to represent the Hilbert

space of a qubit, for example, with abscissa ranging from |01),, to [10),,, the
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ordinate from (|10),, —|01),,)/(v/2) to (|10),, +[01),,)/(v/2), and the applicate
from (]10),, —7]01),,)/(v/2) to (|10),, +i[01),,)/(v/2) [2]. If a second qubit |¥s)
in paths 3 and 4 is added, the combined quantum state can be given by the tensor
product [108]

[W1) ® [Wa) = (a1 [10) 5 + £1]01)5) (2 [10)5, + 82[01)5)
= 102 [1010) 934 + 132 [1001) 95, + Bra [0110) 55, + 152 [0101) 55,

1009
_ | b = [Ty, U,) . (2.36)
Bra

5152

Not all combinations of two qubits can be expressed using a tensor product, though.
If the two-qubit state cannot be expressed by a tensor product, the two qubits are
entangled. Well-known examples of entangled states are the so-called Bell-states,

which can be written as [111]

) = (00}, % [11),) and (2.3

1

)=

(101)y5 £ [10)y,). (2.38)

2.4.2. Single qubit quantum gates. To change the quantum state of a
photon, i.e., to implement a single qubit quantum gate, conventional optical elements
like beam splitters and delay lines (in case of path encoding) or waveplates (in case
of polarization encoding) can be used. With polarizing beam splitters, a conversion
between polarization and path encoding can be made [2]. Single qubit quantum
gates can be represented using 2 x 2 unitary matrices. Some typical quantum gates

are those represented by the three Pauli matrices:

X:<0 1),1/:(9 _i),2:<1 0). (2.39)
10 i 0 0 —1

Of these three operators, the Z operator acts as a phase flip and the X operator
acts as a bit flip, making the X gate the quantum analogue of the classical NOT
gate [108]. The Y gate can be constructed using a phase shift and a combination of
the X and Z gate like so [112]: Y = exp(in/4)1XZ. Other well-known gates are
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the Hadamard gate H and the Pi/8th gate T"

1 (1 1 1 0
1= V2 (1 —1) I'= (O exp (z7r/4)> ' (2.40)

For single qubit quantum computations, the Hadamard and the Pi/8th gate form a

set of universal gates together [113].

To determine how close two quantum gates M; and M, are to each other, a common
measure is the so-called fidelity, which is defined as FI¥) = | (¢ | M M| ) |? [114].
M7 denotes the conjugate transpose of M. The fidelity will have values ranging
form 0 to 1, with a fidelity of 1 occurring when M; = Ms. In this thesis, this fidelity

will be used to evaluate how well a desired quantum gate was fabricated.

2.5. Liquid crystals

One of the media used in this work to control the polarization properties of light
in integrated circuits are liquid crystals. These are materials with a state of order
ranging higher than the state of order of liquids, but lower than the state of order
of crystals [115], as sketched in figure 2.6. The following section will discuss the

discovery and the properties of this material type.

T
MRIIZe
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crystal liquid crystal liquid

FIGURE 2.6. State of order of crystals, liquid crystals, and liquids.
Figure is in the style of [116].

2.5.1. Phases of thermotropic calamitic liquid crystals. Liquid crystals
occur in different states of order, known as phases. The way a transition between
these phases is achieved is one way to categorize liquid crystals. There are
thermotropic liquid crystals, lyotropic liquid crystals, or liquid crystals that show
properties of both. In lyotropic liquid crystals, the phase transistion is achieved
by adding or removing a solvent, while in thermotropic liquid crystals, the phase

transition is achieved by changing the temperature [117]. Additionally, liquid crystals
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may be divided by the shape of their molecules, i.e., rod-like (“calamitic”) or plate-
like (“discotic”) [115]. Furthermore, some liquid crystals exhibit multiple preferred
axes [118]. In this work, only uniaxial thermotropic calamitic liquid crystals are

used, which is why only their properties will be discussed here.

The most common phases of liquid crystals with rod-like molecules are nematic,

smectic and cholesteric phases, which are sketched in figure 2.7.

\h LA mum
‘\ 1i NN 2
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nematlc smectic cholesteric

Fi1GURE 2.7. Common phases of liquid crystals with rod-like
molecules. Figure is in the style of [119].

Of these, the nematic phase is the most simple one: the long axes of the molecules
are aligned so that they all show in one direction. This direction is known as the
director [115]. Apart from this orientation, the molecules are statistically distributed,
in other words there is no long-range order of their position. The molecules can move
around freely and rotate around the molecule’s axis. In the smectic phase on the
other hand, the molecules not only have a common director, but additionally they
are also arranged in planes. Lastly, in the cholesteric phase, each plane of molecules

has a common director, but from layer to layer this director rotates helically [120].

2.5.2. Anisotropy of liquid crystals. The anisotropic ordering of liquid
crystal gives rise to several interesting anisotropic properties. Among these, two
well-known properties are the optical and the dielectric anisotropy. Both shall be

discussed here.

2.5.2.1. Duelectric anisotropy. For liquid crystals, the polarizability changes in
different directions along the molecular structure. The dielectric constant of the
liquid crystal along the director of the molecule is €|, and the dielectric constant

perpendicular to the director is €, ;. Together this yields a dielectric anisotropy of

Ae = €|LCc — €LLC-

If an electric field E is applied to the liquid crystals, it will induce a dipole in the

molecules. In effect, the molecules will align in a way that the induced molecular
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dipoles will face in the direction of the field, to minimize the interaction energy.
Depending on the sign of the dielectric anisotropy, this can mean, that the directors
of the molecules face in the direction of the electric field, or otherwise perpendicular
to it. This can be understood by looking at the electrostatic energy density

U=-DE (2.41)

DN | —

with D being the electric displacement field vector. Without loss of generality, it can
be assumed that the electric field is in z-direction (E = F.¢) and that the director
of the liquid crystals is at an angle # with respect to the z-axis. The z-component
of D is given by

D. = (e cos’0 + e posin®)E,. (2.42)

Rearranging this equation yields

D,
E. = — (2.43)
(GHLC cos?0 + € ¢ sin 9)

Knowing this, the electrostatic energy density can be rewritten as

D2

U= )
2(€eLccos? 0 + €1 1o sin? 0)

(2.44)

When the dielectric anisotropy is positive (Ae = €jzc — €1rc > 0, 50 €rc > €1LC),
the electrostatic energy density is minimized when 6 = 0, corresponding to a parallel
alignment of liquid crystal to the electric field [121]. Vice versa, the energetically
most beneficial orientation for negative anisotropy is an alignment perpendicular to
the electric field.

2.5.2.2. Optical anisotropy. As described in section 2.1.1, any material with
dielectric anisotropy will also exhibit optical anisotropy, i.e., birefringence. However,
for optical anisotropy in contrast to dielectric anisotropy, the polarizability of the
molecule at optical frequencies has to be considered, which might differ from the
polarizability at the frequencies with which an external field is driven [122]. In the
case of uniaxial nematic liquid crystals, the optical axis is in the direction of the
director. Therefore, when rotating a liquid crystal in an electric field, also the optical
axis of the system is rotated. The amount of birefringence of liquid crystals An is
wavelength and temperature dependant. Typical values of An are in the range of

0.05 to 0.5 [122]. Considering a liquid crystal layer, where the liquid crystals have

26



CHAPTER 2. FUNDAMENTALS

an ordinary and an extraordinary refractive index of n, and n., respectively, and
where the director of the liquid crystals is at a varying angle 6(z) with respect to the
z-axis. The thickness of the layer in z-direction is L. Assuming light propagating in
z-direction through this liquid crystal layer, the local refractive index of this layer

will be given by
NeNy

N V/n2sin?(0(x)) + n2 cos?(0(x))

n(x) (2.45)

The birefringence of this liquid crystal layer depending on the orientation of
the directors along x will then be given by the integral along the propagation
direction [123]

L
An = l/ In(z) — n,|dz. (2.46)
L Jo

2.5.3. Geometry of liquid crystal cells. Generally, a liquid crystal cell
consists of two glass plates separated by a specific distance using spacers. The
gap between the glass plates is filled with liquid crystals. On the glass plates, there
are electrodes, often made out of indium tin oxide, which is transparent for visible
light. On top of the electrodes, some kind of alignment layer follows. This could, for
example, be a layer that causes homogeneous alignment of the molecules, meaning
parallel to the alignment layer, or homeotropic alignment, i.e., perpendicular to the
alignment layer, or otherwise an intermediate alignment [124]. A popular way of
achieving homogeneous alignment is, for example, by rubbing polyimide with a cotton
swab. The rubbing will reorient the polymer chains, giving rise to micro grooves
in the polyimide. It is energetically more advantageous for the liquid crystals to
align parallel to the grooves than perpendicular to them, resulting in a homogeneous
alignment [124-126]. The in-plane orientation of the rods is given by the rubbing
direction. For homogeneous alignment, the liquid crystals typically point up from
the surface by a few degrees. The angle between the surface and the liquid crystal
is commonly referred to as the pretilt angle. This pretilt angle is important for the
liquid crystal device to function properly. Without any pretilt angle, each liquid
crystal could tilt forwards or backwards when an external field is applied, causing
the formation of reverse tilt domains. In between these domains, the orientation of
the liquid crystals would then be ill defined. The pretilt angle breaks the symmetry
between forwards and backwards tilting, causing a favoured tilting direction [125].
The sign of the pretilt angle is given by the rubbing direction [124]. Homeotropic
alignment on the other hand is achieved by treating the glass with coupling agents,
most commonly lecithin [127]. This is a molecule with hydrophobic and hydrophilic
portions. The hydrophilic part of the molecule attaches to the glass, while the liquid
crystals attach to the hydrophobic portion of the molecule, which is sticking up
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from the glass surface [124]. Similar alignment mechanics can also be achieved with
silanes [128|. Both homeotropic and homogeneous alignment are possible, determined

by the type of silane used.

The alignment layer of liquid crystal cells causes the molecules at the boundary of
the cell to prefer a certain orientation, defining the ordering of nematic liquid crystals
in that cell. If an external field (electric or magnetic) is now applied to this cell, the
field exerts a torque on the molecule that counteracts the anchoring. Only when
the torque of the external field reaches a critical strength, it is able to overcome
the torque caused by the anchoring of the liquid crystals, enabling a reorientation.
This is known as the Freédericksz transition. For any voltage above the Freédericksz
threshold voltage, the resulting liquid crystal orientation is an interplay between the
torque of the external field and the torque of the alignment. This results in a varying
orientation of the director along the liquid crystal cell, giving rise to a birefringence

that can be caluclated according to equation 2.46 [123].

Depending on the operation scheme, several liquid crystal cells exists, of which four
popular ones for nematic liquid crystals will be discussed here. These liquid crystal

cell types are sketched in figure 2.8.
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FIGURE 2.8. Selected liquid crystal cell types with and without
an applied voltage (IPS —in plane switching, VAN —vertical aligned
nematic, MVA —multi-domain vertical alignment, ECB —electrically
controlled birefringence). The blue arrows denote the rubbing direction
for the cells with homogeneous alignment.

The first type is the twisted nematic cell. In the twisted nematic cell, the rubbing
of one glass plate is rotated by 90° with respect to the other glass plate, causing the
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director of the liquid crystals to rotate by 90° along the cell. This cell requires liquid
crystals with positive dielectric anisotropy [129]. When adding a voltage to this cell,
the molecules of the liquid crystal will unwind according to the orientation of the
electric field. When two crossed polarizers are put around the cell, this can be used
to block light when a voltage is applied or else let light pass when there is no voltage
applied [130]. Another configurations of liquid crystal cells is the in-plane switching
(IPS) cell. In this cell configuration the two electrodes are not on opposing glass
plates, but instead both on the same glass plate, with a certain space in between.
This cell is also often operated between two crossed polarizers, that block the light
when no voltage is applied. When a voltage is added to the IPS cell and the liquid
crystals start to rotate in the direction of the resulting inhomogeneous electric field,
light can pass through the crossed polarizers. IPS cells may have either parallel
or antiparallel rubbing [124]. In figure 2.8 parallel rubbing is sketched. A third
example of a liquid crystal cell type is the vertical aligned nematic (VAN) cell [124],
which only works for liquid crystals with negative dielectric anisotropy [131]. Here,
a homeotropic alignment of nematic liquid crystals is chosen. This liquid crystal
cell is then typically placed between two crossed polarizers. When no voltage is
applied, the optical axes of the liquid crystals are perpendicular to the transmission
orientation of the polarizer in front of the liquid crystal cell. Therefore, no light is
transmitted through the crossed polarizer behind the cell. When a voltage is applied,
the liquid crystals rotate, and due to their birefringence, light will be transmitted
through the polarizers [132]. Further developments of this type of cell are the multi-
domain vertical alignment (MVA) by Fujitsu or the patterned vertical alignment
(PVA) by Samsung. In these technologies the electrode on one side of the glass is
split and shifted apart to achieve slants of the liquid crystal alignment across the
cell when a voltage is applied [133]. Finally, the liquid crystal cell used in this thesis
is known as zero-twisted electrically controlled birefringence (ECB) cell [134, 135],
or also Freédericksz cell operated in ECB mode [124]. In this cell, the rubbing of the
alignment layer is anti-parallel; leading to a homogeneous alignment of the liquid
crystals when no voltage is applied. If a sufficiently high voltage is applied, the
liquid crystal molecules rotate. Thus, the retardance of the cell can be controlled
using the applied voltage. It is maximum, when no voltage is applied, and decreases

with increasing applied voltage.

2.5.4. The E7 liquid crystal mixture. To widen the temperature range in
which liquid crystals are nematic, they may be mixed together [121]. The properties
of such mixtures differ from the properties of their constituents and change with
the concentration of the constituents. This allows the tailoring of physical and

optical properties [136]. However, it can be challenging to find a composition which
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is thermodynamically stable [137]. One widely used liquid crystal mixture is E7,
which is also used in this thesis. For this work, E7 was obtained from the company
Synthon Chemicals. According to their web catalog, the constituents are 5CB, 7CB,
80CB and 5CT [138]. Table 2.3 lists the molecule lengths. The product data sheet
reads that the water content of the mixture is at 0.01 % and the ordinary refractive
index n for light of wavelength A = 589 nm lies at n = 1.5240. The clearing point
is at T, = 58.6 °C. Typical birefringences An of mixtures of this type are around
An = 0.225 for light of wavelength A\ = 589 nm and dielectric anisotropies Ae at
1kHz voltage frequency are around Ae = 13.8 (all values obtained at 20 °C) [115].

TABLE 2.3. Molecule lengths and formulas of constituents of the
E7 liquid crystal mixture.

Constitutent | Formula | Molecule length [A]

5CB CisHigN 16.3 [139]
7CB CooHos N 18.7 [139]
8OCB | Cy HasNO 23 [140]
5CT CoyHoz N 22 [140]

2.6. State of the art

To place this thesis in the current research field, the latest relevant achievements in
the field of femtosecond laser direct writing of photonic waveguides will be briefly
reviewed here. Today, FLDW is a well-established technique for fabricating optical
devices [141, 142|. Compared to bulk optical setups, integrated photonic circuits can
be more compact, less noisy, more stable, and easier scalable [110]. These features are
especially relevant for quantum computing, which has received pronounced attention
in recent years. Both single and two-qubit gates have been demonstrated for FLDW
integrated photonic circuits: In the case of path-encoding, single qubit gates are
realized by directional couplers [143|, whilst multiple directional couplers with specific
splitting rations can be used to create two-qubit gates [144, 145]. More interesting
for this thesis, however, is the demonstration of quantum gates in polarization
encoding, since this requires polarization control in the circuit. On the one hand,
this concerns the waveguides, where not only low losses are required [146], but also low
birefringence, to avoid decoherence. On the other hand, adding localized polarization
manipulation is required to achieve quantum gates. Early classical demonstrations
of adding polarization control to FLDW circuits included using nanogratings as
waveguides [147]. While this approach makes a wide variety of delays available, it is
limited in that the optical axis of the structures cannot be changed. Furthermore,
the ability of adjacent waveguides to influence each others birefringence due to their

surrounding stress fields has been demonstrated [148].
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Two-qubit polarization encoded quantum gates have been demonstrated by using
multiple partially and/or fully polarizing directional couplers [149, 150]. Polarization-
encoded single qubit quantum gates were demonstrated, for example, by using
birefringent FLDW waveguides as retardation elements [151]. These were inscribed
through a high numerical aperture objective, where the objective’s aperture was
only partially filled. By changing the position, where the inscription laser hits the
objective, a tilting of the inscription focus can be achieved, which results in tilting of
the waveguide and thereby also a tilt of the optical axis of the waveguide, as shown
in figure 2.9.

a)

NA 1.4

4 optical axis

FIGURE 2.9. Inscription scheme using an underfilled high NA
immersion objective to created titled waveguides that are used as
retardation elements in [151].

A laser beam passing through the objective on axis would lead to a waveguide with
the optical axis being perpendicular to the samples surface. A laser beam passing
through the objective off-axis, on the other hand, leads to a rotation of the optical
axis, with the amount of rotation given by how far off-axis the laser was. The
strongest tilt achieved with this method were 45°, however, the authors reported
that the results were less reliable for this strong tilt, because the displaced inscription
laser reached the edge of the objectives aperture, leading to beam distortions. The
birefringence of the waveguides was on the order of 2 x 1075, A half-waveplate for
800 nm light therefore requires a 2 cm long waveguide. The authors validated their

approach by creating an integrated quantum state tomography device [151].

A second approach for achieving integrated single qubit quantum gates was
demonstrated by writing defect tracks next to waveguides [152]. The stress field
around the defect track interacts with the stress field of the waveguide, inducing
birefringence in the waveguide, with the orientation of the birefringence given by
the relative position between the defect track and the waveguide. The required
length to achieve half-waveplate orientations with this approach were on the order
of centimeters. To demonstrate the functionality of the structures, single qubit

quantum gates were created and characterized using single photons [152].
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All of these approaches to functionalize FLDW waveguides share one significant
downside: the missing tunability of the fabricated circuit. The most prominent
approach so far to allow reconfiguration of FLDW circuits is using thermal phase
shifting. A lot of work has been published on demonstrations of thermal shifters in
Mach-Zehnder interferometers [153-156]. A resistor acting as a heater is added to
one arm of the interferometer, so that a phase shift depending on the thermal power
dissipated by the heater is achieved. This has been implemented in a photonic circuit
for dynamic quantum state preparation [157|. In later designs of this approach, to
avoid thermal cross-talk, the samples were structured so that there were insulating
air gaps between the waveguides [158, 159]. A different approach to the one using a
thermal shift, is to use the Kerr effect to tune the refractive index in one arm of a
directional coupler, thereby tuning the coupling ratio [160, 161].

The typical material of choice for many of the above mentioned quantum gates
is borosilicate glass (for example, Corning EAGLE 2000) [9, 144, 145, 149, 151,
162|. In fact, only in a few selected works the material fused silica is used [143,
150, 152]. An explanation for this is given in [162]: The material choice is made to
avoid birefringence. Unwanted birefringence in waveguides can become problematic
because it can destroy indistinguishability of two photons and cause decoherence for
photons with small coherence times. In fused silica, exposure to femtosecond laser
pulses under certain irradiation conditions can lead to the formation of birefringent
nanogratings [92, 163, 164]. These are less likely to form in borosilicate glasses [98,
165], so by opting for borosilicate glasses the risk of additional birefringence caused by
nanogratings is avoided. Additionally, heat accumulation at high repetition rates can
be exploited to create cylindrical symmetric waveguides for borosilicate. Attempts to
use heat accumulation for waveguide writing in fused silica have failed [85], probably
due to its higher bandgap (9eV in fused silica compared to 4eV in borosilicate),
higher thermal diffusivity (8.1 x 107" m?/s for fused silica vs. 6.1 x 107" m?/s for
Borofloat 33 [103], a kind of borosilicate) and higher working point (1800 °C for fused
silica vs. roughly 1300 °C for borosilicate). Despite all these technical differences, the
reported losses and birefringence of waveguides created in fused silica and borosilicate
are rather similar. Reported losses range from 0.2dBcm ™ to 2dB cm™! depending
on the transmitted wavelength for either borosilicate [166, 167| or fused silica [168,
169]. Some groups have even reported losses as low as 0.1 dB cm ™" in fused silica [170].
The reported birefringences range on the order of 1 x 107° to 1 x 107 in either fused
silica [148, 152| or borosilicate [162, 171].

To conclude, the following approaches for creating polarization encoded single qubit
quantum gates in glass-based FLDW waveguides exist: The addition of stress

tracks next to waveguides [152] or the use of tilted, birefringent waveguides as
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retarders [151]. Due to the low birefringence of the structures in both approaches,
the fabricated retarders required lengths in the range of centimeters. Also, several
approaches of using either thermal effects [153-156] or the Kerr-effect [160, 161]
to add reconfigurable elements to FLDW circuits have been demonstrated before.
However, none of these were designed to change the polarization state inside the
waveguides. In the case of the thermal reconfiguration, typical heat elements have
widths of at least 45 pm [156].

Therefore, the following objectives are derived for this work: It will be shown that
fused silica still is a useful material for creating integrated optical quantum circuits
for polarization-encoded photons. To do so, it will be shown that low birefringence
waveguides are possible in fused silica by a careful choice of parameters and beam
shaping. Furthermore, it will be shown that nanogratings are not a hindrance to
quantum computing but instead can be used to create integrated waveplates with
arbitrary orientation and a thickness on the order of 1 x 10% pm, which is orders
of magnitude shorter than the approaches for polarization-encoded single qubit
quantum gates mentioned in this section. These waveplates will be characterized
with single photons, to demonstrate their usability as quantum gates. Furthermore,
reconfigurable polarization changing elements will be demonstrated, using an 8 pm
thick liquid crystal sheet embedded into an FLDW waveguide.
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CHAPTER 3

Experimental Setups

In this chapter, the setup used to inscribe structures into the fused silica
samples (writing setup) and the setup to inspect the modifications after inscription

(characterization setup) are presented. Sketches are included for clarification.

3.1. The writing setup

The inscription setup is shown in figure 3.1. The laser used in this work was an
Amplitude Satsuma laser producing pulses of 1030 nm wavelengths, which were
frequency doubled using second harmonic generation to 515nm wavelength. The
shortest pulse duration achievable using this system is 300fs. This was the pulse
duration chosen for all inscriptions because type I modifications have a larger
fabrication parameter window when fabricated with this pulse duration compared
to longer pulse durations. The pulse energy of the laser is set using a combination

of a half-waveplate and a polarizer.

j > X /1
Amplitude Satsuma laser, y z N 20
A =1030nm )
e
SHG M2 Pol.

FIGURE 3.1. Inscription setup (SHG = second harmonic generation,
A/2 = half-waveplate, Pol. = polarizer).

The laser beam is widened using a telescope system (initially a spherical Galilean
telescope with a ratio of 1:3, with focal lengths of —50mm and 150 mm, which
widened the beam to fill the inscription objective’s aperture; other types of telescopes
are explained in the text whenever they are applied). A second rotating half-
waveplate is used to set the polarization of the laser. The widened laser beam is then
focused through a 20x objective. For some parts of this thesis, this was an Olympus
plan objective (NA = 0.4). Later, this was changed to a Mitutoyo long focal distance
objective, to allow focussing deeper into the sample (NA = 0.42). The 1/e?-focal
spot size of the beam using these focussing conditions was measured via calibrated
camera images to be (2.8 £ 0.2) pm in both cross sections for both objectives. The

sample is positioned on an x-y-stage (Aerotech ANT130-XY), while the objective
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is mounted on a z-stage (Aerotech ANT130-060-L). These axes allow ultra-precise
positioning of the objectives’ focus in the sample (1 nm resolution, < 5 pm accuracy,
100 nm bi-directional repeatability). By translating the sample through the focus
of the objective while the inscription laser is running, modifications are created. If
not otherwise specified, the material of choice for the experiments in this thesis was
UV-grade fused silica, with an OH-content of 1200 ppm and an impurity content of
5 ppm.

3.2. The characterization setup

Once a structure has been inscribed using the setup in figure 3.1, the resulting
modifications should be optically characterized. For a first visual impression a
microscope in transmission can be used. For investigations of further properties,
like losses, birefringence, the mode field profile of waveguides or the dichroism of
nanogratings, a characterization setup was built, that included several characteriza-
tion options. The basic setup is given in figure 3.2a. There are two sources available
for the setup, the first one being a continuous wave titanium-sapphire laser that was
usually operated at 808 nm wavelength (Spectra-Physics 3900S), and the second one
a tuneable helium-neon laser with 5 discrete wavelengths available from 543 nm to
633nm (Research Electro-Optics, Inc.). Each laser has its own advantages. The
titanium-sapphire laser allows the characterization of structures with wavelengths
that are readily available as single photon sources. This is of special interest for any
structures which are to be used for quantum photonics. The helium-neon laser has

a high stability, whilst offering several wavelength options in the visible regime.

The laser of choice is focused into the sample using a 4x Olympus plan objective,
either to couple the light into the waveguide of interest or to confine the light to the
region of interest in the sample. Behind the sample, a 20x Olympus plan objective
is then used to image the light transmitted through the sample onto the detector.
An iris diaphragm between objective and detector can be used to filter out any
background around the region of interest. Depending on the desired characterization,
various kinds of detectors can be used. To measure losses, the detector will be a
powermeter, to image mode fields, a camera will be used, and to monitor the change

of Stokes parameters, a polarimeter will be employed.

For characterizing the birefringence and dichroism of the structures, the characteriza-
tion setup is equipped by a set of crossed polarizers and a half-waveplate, as depicted
in figure 3.2b. All wavelength-sensitive components of the setup are exchanged when
the source is changed. The laser light is transmitted through a polarizer and a
half-waveplate to set the input polarization before entering the sample. Behind the

sample, an analyzer is positioned. Both the half-waveplate and the analyzer are
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mounted on rotating stages, which allow the measurement of the transmitted light
in both crossed polarizer configuration and parallel polarizer configuration. The
detector of choice for this kind of setup is a powermeter.

a)
= 0
|
e
Det.
b)

N

I }-ﬁ- | I .
|
N2 An. Det.

Pol.

FIGURE 3.2. Characterization setup in a) the basic configuration
and in b) equipped for birefringence and dichroism measurements (/2
= half-waveplate, Pol. = polarizer, An. = analyzer, Det. = detector).

To understand how this setup can be used to retrieve birefringence and dichroism
properties, the Mueller matrix calculus introduced in section 2.1.3 has to be employed.
For simplicity, the reference system for this calculation will be chosen in such a way
that the sample appears to be rotating by an angle 6, while the input polarization
is fixed at horizontal and the analyzer will be transmitting vertical polarization.
The rotation of the sample is expressed in mathematical terms using the rotational
matrices (}_%}(0) The sample ]\7 sample Will be modelled as a linear diattenuating
retarder with diattenuation D as defined in table 2.2.

The overall transmission T,;(f) of the setup is obtained by adding together the
transmission values T,,.,ss(f) when the polarizer is crossed to the input polarization
and the transmission values 7,(f) when the polarizer is parallel to the input
polarization for various input polarization angles #. This transmission is only

dichroism dependent and not birefringence dependent and given by:

A xd <~

R(O)M sampie R(—0)

o O O O
o O O O
O O Ni= =
O O NI= N
o O o O
o O O O
S O = o=

So

= Tave + % COS (20) - Tave(l + D cos (28)) (31)
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The mean value of T,;(6) yields T,.e, while the difference between the maximum
and the minimum value of T,;(0) yields AT. According to equation (2.13), this is

sufficient to find the dichroism of the observed modification.

The transmitted power through the system when the polarizers are crossed is then
given by the first Stokes parameter S, as

— Ad

Tcross(e) = 2 R(9>MsampleR(_9)

o O o O
o O o O
S O = o=

So

_ T;ve sin? (20) - (1 — VI~ DZcos (8)). (3.2)

Afterwards, this measurement is divided by the average overall transmittance through
the sample, which results in a sine square curve with a diattenuation and retardation

dependant amplitude:
1 —+/1—D?%cos (9)
2

sin? (20). (3.3)

By fitting equation (3.2) to the data retrieved using the crossed polarizer setup, while
applying the retrieved value for the dichroism, the birefringence of the sample can be
found. Variations of either the retardation or the dichroism along the propagation

direction of the laser cannot be resolved using this setup.

An alternative to this setup is a commercial polarimeter (ilis StrainMatic M4/60.13
zoom) that can be used to quickly measure the retardation of large areas. The
resolution of the device is limited to 5 pm, which is too low for reasonable waveguide
characterizations. Nevertheless, it allows quick and comfortable measurements
of the retardations of nanogratings. The operating wavelength of the device is
587nm. Unfortunately, this device does not account for dichroism, which can
cause inaccuracies in the results. To estimate these inaccuracies, nanogratings were
measured with both the characterization setup and the StrainMatic polarimeter.

The results are presented and compared in chapter 5.
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CHAPTER 4

Femtosecond Laser Direct Written Waveguides

Waveguides in this thesis serve the purpose of transporting photons from one place
to the other without changing the photon’s polarization. This means that the
waveguides ideally have as little birefringence and losses as possible. To achieve this,
suitable inscription parameters have to be found, and their influence on birefringence
and losses of waveguides have to be determined. In this section different effects
playing into measuring the losses will be discussed. Subsequently, the influence of

different parameters on waveguide birefringence and losses will be shown.

4.1. Loss measurements

Measuring losses of waveguides is more tricky than just measuring the transmitted
power with and without the sample in the setup, due to various additional loss
mechanisms that decrease the transmission. This includes Fresnel reflection at the
surfaces of the sample, mode overlap with the input light, and the Fabry-Perot-effect.

These three effects will be explained here.

Assuming that the waveguides were well-positioned so that the input light of intensity
I;, and wavelength A\ = 808 nm hits the fused silica sample with refractive index

Nusi = 1.45 [172] at a 90° angle, then the Fresnel losses are given by

2
Rjres = (—”f ”) — 3.4%, (4.1)
N fusi + Nair

where ny;, = 1 [173] denotes the refractive index of air. Fresnel losses don’t count
as waveguide losses because they are not determined by the waveguide, but by the
refractive index of the surrounding of the waveguide. They occur twice, both at the

input and at the output of the sample.

The overlap integral is a measure of how well the input light fits to the mode of
the waveguide. It doesn’t count as a waveguide loss, because it is determined by
the input light source. Theoretically, if the input light source has an intensity
distribution that matches the waveguide’s mode field perfectly, this loss could be
avoided. The waveguides investigated in this thesis were single-mode with a graded
index modification. For these types of waveguides, it is a common approach to

approximate the fundamental mode using Gaussian functions [174]. By taking one
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camera image of the output mode field of the waveguide under inspection and another
camera image of the focal spot of the objective that is used to launch light into the

waveguide, the overlap integral can be found: Elliptical Gaussian functions of the

Lz, y) = |E(z,y)]> = A; - exp (- (J)Q - (ui>2>z € {1,2} (4.2)

are fitted to both images, yielding widths w1, wg2, w,1 and w,;. Based on the fit

shape

results, the overlap integral can be calculated via [38|

|f fOO El l’ Y, % )*EQ(‘T y)dl‘dy|2 4wx1w12wy1wy2

ff B (2,y, 2)[Pdedy [ [T | Ba(z,y)|*dady T (Wl +wiy) (Wi +wyp)
(4.3)

Here, E; is the input light distribution and FE, is the mode field. Another effect

which can change the transmission measurement is the Fabry-Pérot effect. For this

effect to occur, the light launched into the waveguide has to be coherent, with a
coherence length of at least twice the waveguide’s length. To estimate the coherence
length of the main laser used for characterizing the waveguides, its spectral widths
was measured using a spectrometer. The laser’s wavelength is 808 nm. By fitting a
Gaussian curve to the measured data, the spectral full width at half maximum was

determined to be AX = (0.5 £ 0.2) nm. The coherence length is then given by [175]

As. — 22 _ (808 nm)?
¢ T NjusiAX  1.45.(0.5+0.2)nm

typically 4 cm long, the Fabry Perot effect was neglected in this thesis.

< 1.5mm. Since the sample of the waveguide is

To finally determine the losses of the waveguide, the ratio of the transmitted power
through the waveguide to the input power has to be measured, followed by removing
losses caused by Fresnel reflection at the input and output of the waveguide, and
mode mismatch at the waveguide facet (quantified by the overlap integral). The
birefringence of the waveguides on the other hand is measured using the same setup
as is used for the nanograting characterization. The setup is depicted in figure 3.2

and explained in section 3.2.

2. Waveguide writing using a Gaussian beam

In this section the investigations on waveguide writing with a Gaussian beam will be
described. Since the creation of waveguide using FLDW is a highly nonlinear process,
even small variations of parameters have a significant impact on the inscription
process, making it necessary to optimize inscription parameters for every inscription
setup individually, even though the general dependencies of waveguide properties

on laser parameters are already known (and listed in section 2.3.2.1). The shortest

39



4.2. WAVEGUIDE WRITING USING A GAUSSIAN BEAM

available pulse duration of the laser system used in this thesis is around 300 fs, which
(as mentioned in section 2.3.2.1) limits the processing window for creating waveguides.
At the same time the produced waveguides shall have a high performance, meaning
they should ideally have no losses and no birefringence. It is not imminently clear
which combination of parameters at the given pulse duration can fulfill these demands

the best, which is why the parameter scans are necessary.

It was previously reported, that for lasers operating in the green wavelength range at
roughly 300 fs pulse duration, optimal waveguide writing conditions could be found
at a repetition rate of 1000 kHz and scanning speeds of 3 mm min~! to 300 mm min !,
when the focussing lens had a numerical aperture of NA = 0.4 [81]. Based on these
observations, the parameter set used as a starting point for the first parameter scan
was chosen to be 100 mm min~! scanning speed, 1000 kHz repetition rate and 36 n.J
to 56 nJ pulse energy. All scans were made at a constant focal depth of 150 pm
below the surface, so that the influence of aberrations are kept constant. The testing
wavelength to determine birefringence and losses of the waveguides was 808 nm.
All presented loss and birefringence measurement values are the average over three

waveguides written with the same parameters.

It was observed that at 36nJ, the pulse energy was just above the modification
threshold, with the modification barely visible under a transmission microscope, and
not guiding light. For pulse energies of 40 nJ and higher, the structures guided light of
808 nm. When looking at the end facets of the waveguides for pulse energies of 52nJ
and higher (figure 4.1), two bright areas appear instead of only one, indicating that
the laser might undergo self-focussing and self-phase modulation during inscription.
This is a nonlinear propagation effect that occurs at high peak intensities of the
laser pulses [176]. It has been reported before that these effects can cause waveguide
distortion [177].

The losses and retardation of the waveguides measured with laser light of 808 nm
wavelength are plotted in figure 4.2. The losses range between 1.7dBcm™! to
2.8dB cm ™!, while the retardation shows values between 0.03 7/cm and 0.15 7 /cm. Tt
can be seen that the losses are reduced with rising pulse energy, but the waveguide’s
optical retardation fluctuates with rising pulse energy. This makes optimizing the

waveguide for minimum losses at minimal birefringence difficult.

To conclude, the waveguides achieved in this section do not yield satisfactory results.
At low pulse energies, the waveguides are very lossy, while at higher pulse energies,
nonlinear effects occur, distorting the waveguides. Therefore, in the next section it
will be studied whether using beam shaping, waveguides with better properties can

be obtained. It has been previously shown, that elliptical beam shaping can help
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(B) Pulse energies of 60nJ (left) and 68 nJ (right), each one thrice in a row. The size of
this figure is increased so that the details of the modification are more readily visible.

FIGURE 4.1. Microscope image of modification/waveguide end
facets inscribed with various pulse energies. The distance of two
modifications is 100 pm. The writing parameters were 100 mm min~*
scanning speed, 1000kHz repetition rate, and a focus position of
150 pm below the surface.
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FIGURE 4.2. Losses and optical retardation of waveguides written
with various pulse energies at 150pm below the surface, with
100mm min~! scanning speed and 1000kHz repetition rate. The
probing wavelength for these measurements was 808 nm. The laser
was previously expanded by a spherical Galilean telescope and focused
through a 20x (NA = 0.4) objective lens.

reduce the birefringence of FLDW waveguides [54]|. This elliptical beam shaping
can be achieved, for example, by using a cylindrical telescope. A positive side effect
of this beam shaping technique is the reduction of the peak intensity in the focal
volume, which can help mitigate the impact of nonlinear propagation effects on the
resulting volume modifications. The influence of using an elliptically shaped laser
beam for waveguide inscription will be discussed and demonstrated in the following
section.
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4.3. Waveguide writing with elliptically shaped beams

To understand why elliptic beam shaping might be useful for reducing the
birefringence of waveguides, please refer back to equation (2.31) in section 2.3.1,
where the absorption process of electrons in femtosecond laser micro-machining
is explained. This equation links the free electron density in the focal volume of
the laser pulse with the intensity of the laser pulse. Wherever the free electron
density is high enough, a permanent refractive index modification will be left after
irradiation. Therefore, the intensity distribution of the laser pulse will determine
the geometry of the refractive index modification. In the following considerations,
nonlinear propagation effects will be neglected for simplicity reasons. Due to
these simplifications, deviations may occur in practice. Nevertheless, these simple
considerations help to develop an idea of how elliptical beam shaping affects the
laser-induced modifications.

The intensity distribution /4,5 of a Gaussian beam with wavelength A is given by

2 2
Igauss(x,y,z):_foﬂ Woy exp (—2[ ’ 5+ Y }) (4.4)

we(2) wy(2) we(2)? wy(2)?

Here, I denotes the intensity at z = 0, y = 0 and z = 0. The beam radii w, and

w, in x and y are given by

2 2
: ) and w, = wo, |1+ (i) (4.5)

Wy = Wogt/| 1+ (
ZRx ZRy

with the beam radius at z = 0 being wo, and wy,, respectively. The Rayleigh length

in both directions is given for a medium of refractive index n by

2
NTWo,

ZRQ:,y = T (46)

Typically, the Rayleigh length is significantly larger than the focal beam width.
Therefore, the cross section of the focal volume will be elliptically shaped. Since the
creation of modifications in fused silica is a threshold process, with modifications
occurring wherever the laser intensity is high enough, the shape of the focal volume
will determine the shape of the waveguide. If we are assuming that the Gaussian
beam is translated in x-direction during inscription, then the cross section of the
waveguide will be shaped by the y-z-plane of the intensity distribution, leading to

elliptically shaped waveguides. As an example, a calculated intensity distribution for
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a typical Gaussian beam for z = 0 (y-z-plane) is given in figure 4.3a. The measured

focal spot (z-y-plane) is shown in figure 4.3b.
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(A) Calculated axial intensity distribution (B) Measured focal intensity distribution
(y-z-plane). (z-y-plane).

FIGURE 4.3. Intensity of Gaussian beam of wavelength A = 515nm
focused with an NA of 0.4, normalized to 1.

To achieve circular symmetric waveguides, an ideal intensity distribution in the focus
would be an ellipsoid with a circular symmetric cross section in the y-z-plane. To
come closer to this intensity distribution, a cylindrical telescope is used to increase
the inscription beam size in only one direction, creating an elliptical beam. In the
given setup, a magnification of 3 is chosen for the cylindrical telescope. Hereby, the
inscription objective will be filled in z-direction, which is the scanning direction.
The cylindrical telescope replaces the formerly used spherical telescope, which had

widened the beam in both the x- and y-direction.
The numerical aperture NA of a system in air is given by [18|

NA = sin (a), (4.7)
assuming a refractive index n =~ 1 and a half opening angle «. This can be rewritten

in small angle approximation (sin « & tan «) using the aperture D and the effective
focal length f of the objective via [178§|

NA = sin (arctan (%)) ~ % (4.8)
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Thus, if the used aperture D is changed by a factor of f;;, the numerical aperture
will also change by this factor. The beam waist wy, which can be estimated in

paraxial approximation using the numerical aperture via

2\
Wy R ——, 4.9
07 TNA (4.9)
will therefore approximately change by a factor of 1/ ff;. By calculating the intensity
distribution according to equation (4.4) whilst considering the reduced beam waist
in one direction, a slightly different intensity distribution evolves, as illustrated in
figure 4.4a, where a filling factor of f;;; = 1 in x-direction is assumed, and a filling

factor of friyy = 1/3 in y-direction.
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(A) Calculated axial intensity distribution (B) Measured focal intensity distribution
(y-z-plane). (xz-y-plane).
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F1GURE 4.4. Elliptically shaped Gaussian beam of wavelength \ =
515 nm focused with an NA of 0.4. The figures are normalized to the
theoretical maximum value of figure 4.3a.

From figure 4.4a it becomes apparent that using elliptic beam shaping, the length
difference between z- and y-direction of the focal volume can be reduced. The
method was employed for the experiments described in section 5.3 by using a Galilean
telescope made of cylindrical lenses with focal lengths of —50 mm and 150 mm, so
with a ratio of 1:3. Therefore, the focal intensity distribution should correspond to
the distribution given in figure 4.4a. The measured corresponding focal intensity
cross-section in the z-y-plane is given in figure 4.4b, showing the corresponding
elliptical shape. The 1/e* focal width in x-direction is (1.9 +0.2) pm and in y-
direction is (5.7 £ 0.2) pm. It should be noted that due to the stretching of the focus
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in the y-direction also the peak intensity is reduced by a factor of 3. A study showing

the obtainable waveguides with this setup is given in section 4.4.

For further experiments, the beam shaping method using the cylindrical Galilean
telescope can still be improved. As can be clearly seen from figure 4.4a, the axial
intensity distribution in the focal volume is still far from circular symmetric. The
focal volume cross section can be shaped to be more circular symmetric by using an
anamorphic zoom system. The idea is to not only expand one transverse dimension
of the writing beam to fill the focusing objective (z-direction), but to simultaneously
decrease the beam diameter in the other dimension (y-direction) by a continuously
adjustable zoom factor. The anamorphic zoom system was designed by Prof. Herbert
Gross (head of the optical design group at the Institute of Applied Physics, Jena). It
consists of four lenses, the outer two lenses being spherical and the inner two lenses
being cylindrical. The positions of the outer two lenses are fixed at a 50 cm distance,
while the inner two cylindrical lenses can be moved. The positions of the movable
lenses are coupled, meaning that when moving lens 2, lens 3 also has to be adjusted
accordingly, to achieve the desired telescope output. Depending on the position of
the inner two lenses, the diameter of the beam cross section in y-direction is varied.

A sketch of the system is given in figure 4.5.

ocm {50 cm
lens 1 (spherical), lens 2 (cylindrical), lens 3 (cylindrical), lens 4 (spherical),
f=-250 mm f=+130 mm f=-100 mm f=750 mm

di1

\

d2

F1IGURE 4.5. Sketch of the anamorphic zoom system used to shape
the beam for low birefringence waveguides. The laser propagates from
left to right.

Because of the beam parameter product (wf = 4\ /7, with w being the beam waist,
0 the divergence and A the wavelength [179]), a strongly decreased diameter of the
laser beam in one direction will inevitably prevent the beam from staying collimated.
The design of the telescope was based on ray-optics which did not account for this
effect. Therefore, to choose suitable positions of the inner two lenses, a camera
temporarily replaced the focussing objective in the writing setup (figure 3.1). Using
this camera, the beam diameters in x- and y-direction were observed when changing
the position of the inner two lenses of the anamorphic zoom system. The achievable

beam ratios for some of the lens positions are listed in table 4.1.
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4.3. WAVEGUIDE WRITING WITH ELLIPTICALLY SHAPED BEAMS

TABLE 4.1. Influence of lens positioning on laser beam cross-section
in the objective lens plane. Distances d; and dy are defined in figure 4.5.

No. | distance d; [cm] | distance ds [cm| | measured cross section ratio

1 11.5 20 1:7.7
2 23.5 31 1:11.6
3 33.8 40 1:14.4
4 39 44.5 1:16.5
0.079 0 0.079
0.07
5
0.064 0.06
10 0.05
0.048 S5 0.04
. 0.03
20
0.032 0.02
» 0.01
0.017
30 0
-h 0 5 5 10 15
y [pm] x [pm]
(A) Calculated axial intensity distribution  (B) Measured focal intensity distribution

(y-z-plane). (z-y-plane).

FIGURE 4.6. Gaussian beam of wavelength A = 515 nm, reshaped
with the anamorphic zoom system to an elliptical beam, focussed with
an NA of 0.4. The figures are normalized to the theoretical maximum
value of figure 4.3a.

When using the smallest measured cross section ratio of 1 : 16.5, the intensity
distribution can be calculated to look as depicted in figure 4.6. The intensity
distribution in figure 4.6a is clearly the most spherical symmetric when comparing it
with figures 4.4a and 4.3a. At the same time, the maximum intensity is significantly
decreased due to the larger spot area, indicating that higher pulse energies are
required to obtain material modifications with this beam shape. An image of the
focal intensity distribution is given in figure 4.6b. The measured 1/e? focal diameters
are (1.9 £ 0.3) pm in z- and (18.6 £ 0.3) pm in y-direction. How this setup improves

the waveguide writing is described in section 4.5.
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4.4. Suitable parameters for writing waveguides with a cylindrical

Galilean telescope

In this section it will be studied to what extend it is possible to obtain low birefringent,
high transmission FLDW waveguides using the cylindrical beam shaping described
in section 4.3. Several dependencies will be investigated and the resulting waveguides

will be analyzed in terms of birefringence and transmission.

4.4.1. Influence of pulse energy on waveguide losses and birefringence.
The initial parameter study is a pulse energy scan, where the fixed parameters are
based on the results in section 4.2. The repetition rate was set to 1 MHz, the pulse

duration to 300fs, the scanning velocity to 100 mm min~!

and the writing depth
was 150 pm below the surface. The inscription laser polarization was in writing
direction. The modification threshold was found at 0.09 pJ pulse energy, however,
for the modification to guide light of wavelength 633 nm or 808 nm, a minimal pulse
energy of 0.10 pJ was required. All tested modifications with higher pulse energies did
guide both wavelengths. Pulse energies up to 0.13 nJ were tested. A transmission
microscope image of the end facets of the waveguides is shown in figure 4.7. In
this image it can be seen that with rising pulse energy (from left to right), the
modifications become increasingly elongated. Assuming that this is caused by an
elongated refractive index profile, this is an indicator for increasing birefringence of
the modifications. The modifications created with 0.09 nJ also look significantly less
bright compared to all other modifications, which supports the observations that
some wavelengths in the visible range are not guided by this modification. When
comparing figure 4.7 to the facets of the modifications written with a spherical
Galilean telescope in figure 4.1, it becomes apparent that the parameter window has

increased significantly by changing to a cylindrical Galilean telescope.

FIGURE 4.7. Microscope image of waveguide facets created with

a 1:3 cylindrical telescope at 1MHz repetition rate, 100 mm min~*

scanning speed and increasing pulse energy. The spacing between
the waveguides is 100 pm. The pulse energies range from 0.09 nJ to
0.13pndJ.

To quantify the performance of the waveguides in figure 4.7, both their losses and

their birefringence were determined using the characterization setup (figure 3.2)
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CYLINDRICAL GALILEAN TELESCOPE

with 808 nm characterization wavelength. The obtained values are plotted in
figure 4.8. The left axes shows the measured losses (red) and the right axis gives the
measured retardation (blue). All values are averages over three waveguides, with

the measurement variation given by the error bar.
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F1GURE 4.8. Losses and optical retardation of waveguides created
with a 1:3 cylindrical telescope at 1 MHz repetition rate, 100 mm min~*
scanning speed and varying pulse energy for 808 nm characterization
wavelength.

The first thing that becomes apparent when looking at the data points in figure 4.8
is that the error bars for the waveguides created with 0.10 nJ are significantly larger
than the error bars of the other waveguides, indicating that close to the modification
threshold the properties of the waveguides fluctuate strongly. Therefore, this is
not a convenient set of parameters when reliable, reproducible waveguide properties
are desired. For higher pulse energies, the retardation slightly increases with the

pulse energy, showing retardations around 0.157cm™!.

The losses first decrease
with increasing pulse energy, then stagnate for waveguides written with 0.1211J and
0.13pJ at (0.28 £0.02) dBem™!. Therefore, the waveguides used in section 5.3 were
written with 0.121J pulse energy. The measured losses are already significantly
lower than the losses reported in figure 4.2, however, the measured retardations
are still too high for application as polarization maintaining waveguides. Therefore,
in the next section the influence of repetition rate and the pulses per spot will be
investigated, to study whether with a more suitable repetition rate, the birefringence

of the waveguides may be reduced.
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4.4.2. Influence of repetition rate and pulses per spot on waveguide
losses and birefringences. To investigate how birefringence and losses depend
on repetition rate without changing the number of pulses per spot, the scanning
velocity has to be adjusted along with the repetition rate. The analysis of the
influence of the repetition rate was made at a constant pulse energy of 0.11 nJ, which
has been proven in figure 4.8 to be far enough above the modification threshold to
give reliable waveguide properties. The tested repetition rates ranged from 50 kHz
to 1000 kHz. The pulse duration was set to 300fs, the writing polarization was
in scanning direction. The pulse number was fixed at 1140 pulses per spot by
adjusting the writing velocity for every scan. This corresponds to a scanning speed
of 100mm min~" at a repetition rate of 1 MHz, which is the setting that was used in
section 4.4.1. All waveguides were measured with 808 nm wavelength laser light. A
plot of the measured losses and birefringences is given in figure 4.9a. The measured
retardations range around 0.157 cm™!, while the losses range from 0.12dBcm™ to
0.36dB cm™!. Neither the losses nor the retardations show a clear dependency on
the repetition rate, making it possible to freely choose a repetition rate as desired.
For combining waveguides with nanogratings it is most useful to choose a repetition
rate that is also beneficial for nanograting inscription, to minimize the likeliness
of inscription mistakes when changing between writing waveguides and writing
nanogratings. Therefore, most waveguides in this thesis will be written with 100 kHz

repetition rate.

The final parameter to be investigated is the dependency of birefringence and loss
properties of waveguides on the numbers of pulses per spot during inscription.
For this purpose, waveguides were inscribed at 0.13 nJ pulse energy with 1000 kHz
repetition rate. The scanning speed was varied from 100 mm min~! to 600 mm min~?,
corresponding to 1140 to 190 pulses per spot, respectively. The retrieved retardations

and losses of the waveguides are plotted in figure 4.9b.

The retardations in figure 4.9b range from 0.027/cm to 0.16 7/cm, decreasing
with increasing scanning speed. This indicates, that for writing low birefringence
waveguides, decreasing the pulses per spot during inscription might be a good
strategy. However, when looking at the losses of these waveguides, which range
from 0.28dBem™! to 1.4dBem™!, it becomes clear that these increase with the
scanning speed, showing that the low birefringence of waveguides written at higher
speeds comes at the cost of higher losses. Nevertheless, the waveguides used in
section 5.3 were written with 600 mm min~! to minimize the waveguide birefringence.
In the original publication presenting the astigmatic beam shaping for waveguide
writing [54], the authors claimed that by slightly defocusing the telescope, more

circular symmetric waveguides with reduced birefringence can be achieved.
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(A) Waveguides created with different rep-
etition rates and a fixed number of pulses
per spot.

(B) Waveguides created with different scan-
ning speeds at 1 MHz repetition rate, corre-
sponding to a change in pulses per spot.

FIGURE 4.9. Losses and optical retardation of 4 cm long waveguides
measured with 808 nm laser light. All measurement values are averages
over three waveguides written under the same conditions. Error bars
indicate the variation between the waveguides. The inscription beam
was shaped using a 1:3 cylindrical telescope.

To investigate this, the second lens of the cylindrical telescope was mounted on a
positioning stage. The second lens was moved from —0.75mm to 0.75mm away
from the original position in 0.25 mm increments. For each position, a waveguide
was inscribed. The waveguide parameters were 1000 kHz repetition rate, 0.151J

pulse energy and 250 mm min~!

scanning speed, with the laser polarization in the
scanning direction. A transmission microscope image of the end facet is given in
figure 4.10. Whilst in the original publication, the authors claim to see a change
of the morphology of the waveguides when the second telescope lens is moved by
300 um, no such change in morphology is visible in figure 4.10.

F1GURE 4.10. Facets of waveguides created with a 1:3 cylindrical
telescope when the second lens was shifted by —750 pm to 750 pm.
The spacing between the waveguides is 150 pm.

To study whether any influence of the waveguide’s birefringence on the shift of the

second lens can be determined, the birefringence of all 7 waveguides was measured
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in terms of optical retardation. The results are plotted in figure 4.11. The measured
retardations all range between 0.11 7/cm and 0.14 7/cm. The minimum retardation
can be seen for a lens shift of —0.25mm, however it is only 4% lower than the
value obtained for a lens shift of 0. Any other shift only leads to an increase of
the retardation compared to the case of 0 lens shift. When comparing figure 4.11
with figure 4.9b, it becomes apparent that the numbers of pulses per spot have
a significantly higher influence on the overall retardation than the tested shift of
the telescope lens. To conclude, the strategy of shifting the second lens of the
cylindrical telescope does not yield satisfactory results for lowering the birefringence
of the waveguides. Therefore, a new strategy is required if the birefringence of the
waveguides is to be decreased. This new strategy is to further reduce the asymmetry
of the induced refractive index modifications by using an anamorphic zoom system.

The results obtained with this setup are presented in the following section 4.5.
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FIGURE 4.11. Retardations of waveguides created with a 1:3
cylindrical telescope at 1 MHz repetition rate, 250 mm min~! scanning
speed and 1.5 1J pulse energy when the second lens of the cylindrical
telescope is shifted. The error bars represent the 95% confidence
intervals of the fits

4.5. Improved waveguide performance using an anamorphic zoom

system

To inspect the possible improvement in waveguide performance, waveguides were
inscribed with a beam that was shaped according to setting number 4 in table 4.1
using the anamorphic zoom system, leading to a cross section ratio of 1:16.5. Since
the goal is to compare the obtained performance with waveguides from section 4.4,

comparable inscription parameters should be chosen. Low birefringence waveguides
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4.5. IMPROVED WAVEGUIDE PERFORMANCE USING AN ANAMORPHIC
ZOOM SYSTEM

were, for example, given in figure 4.9b at 600 mm min~!

, created with a repetition
rate of 1000kHz. To achieve comparable pulses per spot with the focus of the
anamorphic zoom system, the same repetition rate and scanning speed can be chosen,
because both foci were measured to have the same 1/e? focal width in scanning
direction within the measurement tolerance (see figure 4.4b and 4.6b), since both
telescopes fill the inscription aperture in that direction. At the same time, due to the
significantly decreased focal intensity due to the beam shaping with the anamorphic
zoom system, the pulse energy was increased to 0.5411J. However, damage at the
top surface was observed when inscribing waveguides under these conditions. Since
ablation is increased by the thermal accumulation, one way to avoid this is to move
to lower repetition rates [180]. Reducing the repetition rate to 100 kHz and at the
same time reducing the writing speed to 60 mm min~' (thus keeping the pulses per
spot constant) enabled the fabrication of waveguides without ablating the sample’s
surface. Waveguides written with these parameters showed an optical retardation of
Bnorm = (0.020 + 0.003) 7 /cm and losses of (0.15 + 0.01) dBem ™. The retardation
corresponds to a birefringence of An = % =8 x 1077, Compared to the values
in figure 4.9b at 600 mm min~!, this is a decrease of losses by 89 % at comparable
birefringence values. This displays the benefit of the anamorphic zoom system as a
beam shaping technique for FLDW. A mode field of such a waveguide, along with

an according refractive index change profile, is given in figure 4.12. The refractive
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FIGURE 4.12. Mode field and refractive index change profile of a
waveguide created with the anamorphic zoom system

index change profile was retrieved numerically by solving the inverse Helmholtz
equation as presented in [181]. The full width half maximum size of the mode field
is (8.6 £0.2) pm in y and (9.8 £0.2) pm in 2.

To conclude, it was shown in this section that for the given writing laser, low
birefringent waveguides with high transmission values can be achieved when using

spatial beam shaping techniques. The best results were obtained with an anamorphic

52



CHAPTER 4. FEMTOSECOND LASER DIRECT WRITTEN WAVEGUIDES

zoom system that allowed a cross section ratio of the writing beam of 1 : 16.5.
When comparing the birefringence and the losses of the best waveguides with results
reported in literature of An = 1x107% [148, 152], it can be said that the birefringence
was further reduced by approximately 20 %. The lowest so far reported waveguide

loss in fused silica of 0.1dBcm™*!

at a wavelength of 1.55pum [170] has not quite
been matched. It has to be taken into account, however, that one of the main loss
mechanisms in waveguides is Rayleigh scattering [83|, which increases for shorter
wavelengths. Since the waveguides in this thesis were characterized with light of

808 nm wavelength, this justifies the difference.

Waveguides are only one of the modifications that can be created with FLDW. The
next section will focus on the second modification type, namely nanogratings, which
will be used to add integrated waveplates to the waveguides.
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CHAPTER 5

Polarization Control Based on Nanogratings

Nanogratings, also known as type II modifications, are a modification type that occur
in FLDW at intermediate pulse energies when many pulses are applied onto one
spot. In this thesis, the birefringence of nanogratings is exploited to add localized
polarization manipulation elements to FLDW waveguides. To do this, firstly, the
presence of nanogratings will be confirmed by showing according scanning electron
microscope images. Secondly, the dependency of the nanograting properties on
the inscription properties will be studied in detail. Nanogratings will then be
combined with waveguides, where they will act as integrated waveplates. By choosing
suitable parameters, these combinations can be used to perform quantum operations,
which will be demonstrated by characterizing the structures using single photons.
Finally, further tuning opportunities of nanogratings using novel beam shapes will

be explored.

5.1. Scanning electron microscope images of modifications

If nanogratings are to be used in experiments, it has to be ensured that the structures
under observation are in fact nanogratings. The first observations of nanogratings
were due to their extraordinary properties, which is their scattering properties and
their birefringence [72, 73, 93|, with the amount of retardation increasing with pulse
energy and the optical axis being given perpendicular to the polarization direction.
Therefore, if highly birefringent modifications in fused silica can be achieved, and
it can be seen that their optical axis rotates with the inscription polarization, it
is very likely that these modifications are nanogratings. However, the naming of
nanogratings is based on their nanoscopic structure. The only way to be sure that
a given structure is a nanograting is to show its grating-like features. Due to their
small feature sizes, nanogratings created by visible wavelengths cannot be resolved
in an optical microscope. Other imaging techniques like the scanning electron
microscope (SEM) have to be used. For this purpose, modification tracks were
written with 5mmmin~!, 100 kHz repetition rate, 300fs pulse duration and three
different inscription pulse energies (0.2511J, 0.5 pJ and 0.9 pJ). The focusing objective
was a 20x plan apochromat Olympus objective and before entering the objective,
the beam was shaped using the cylindrical telescope described in section 4.3. The

glass samples were polished to bring the nanogratings to the surface and then etched
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using 1 % hydrofluoric acid (HF) for 90s. The resulting SEM images are shown in
figure 5.1, with each subfigure showing a different inscription pulse energy, rising
fromtop to bottom. The laser travels from left to right. All displayed modifications
show grating features, proving that they are nanograting modifications. The length of
the modification increases with the inscription pulse energy. The typical nanograting
structure exhibits two regions with different periodicities. The first region consists
of smaller voids that form layers. With increasing pulse energy, a second region
consisting of mainly elongated lines becomes apparent, with no layer formation
along the propagation direction visible. The orientation of all grating planes is

perpendicular to the writing polarization.

IAP Jena  1.0kV 3.1mm x5.00k SE(U,LA30) 2/15/2019 ' 10.0um

(A) Inscription pulse energy of 0.25uJ.

IAP Jena

IAP Jena

(c¢) Inscription pulse energy of 0.9 pJ.

F1GURE 5.1. Cross sections of nanogratings taken via SEM. The
images were cropped to the region of interest, their contrast was
improved using Matlab’s imadjust function and they were filtered
using a low-pass Wiener filter. The laser propagates from left to right;
the writing direction is into the image plane and the laser polarization
was parallel to the image plane.

For this thesis, this will be taken as the confirmation that the obtained structures

are in fact nanogratings. Most nanogratings in this thesis were never examined
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using SEM, since for this thesis the properties of interest are not the microscopic
structure but rather the macroscopic optical properties. Instead, it was assumed
that a produced structure is a nanograting, if it exhibits birefringence, of which the

optical axis can be turned by rotating the inscription polarization.

5.2. Parameter dependencies

To make use of nanograting properties, their parameter dependencies have to be
well controlled. For this purpose, the influence of various writing parameters, as well
as various beam shapes on the nanograting properties were investigated. While the
general dependencies of nanogratings on parameters have been studied before, the
study in this thesis is nevertheless required to be able to achieve tailored birefringence
properties for the desired waveplates. Additionally, previous studies have not paid
attention to the parameter dependency of the dichroism of the nanogratings, which
is included here.

5.2.1. Pulse energy and pulses per spot. Firstly, the influence of pulse
energy and pulses per spot on the nanograting parameters is analyzed. For this
purpose, various nanogratings were written with different pulse energies and writing
velocities. Since the scanning velocity v is related to the number of pulses per spot
N, via

N, = M, (5.1)

v

changing the scanning velocity at a constant repetition rate f,., means changing the
number of pulses per spot. The focal spot size is denoted as d in the equation. In
this experiment, the telescope of choice in the inscription setup (given in figure 3.1)
was a spherical Galilean telescope, as described in section 3.1. The nanogratings
were positioned approximately 150 pm below the surface and written line by line to
form (0.5 x 0.5) mm squares. The line separation was set to 2.8 pm (corresponding
to the 1/e?-focal spot size), while the repetition rate during inscription was 100 kHz.
The pulse energy was varied between 0.111J to 0.8 1J. By measuring the modified
areas using the characterization setup described in section 3.2, the dependency of
retardation, losses and dichroism on pulses per spot, as well as pulse energy can be
mapped. This is given in figure 5.2. The probing laser of 808 nm was passing through

the structure in the same direction that the writing laser inscribed the structures.

Figure 5.2a depicts the dependency of the optical path difference on the number
of pulses per spot and the pulse energy. It can be seen that in agreement to the
known properties of nanogratings given in section 2.3.2.2, the optical path difference
of the structures increases mainly with the pulse energy. The number of pulses per

spot also has some influence on the optical path difference, with more pulses per
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FIGURE 5.2. Properties of nanograting structures written with
a spherical Galilean telescope, evaluated using the characterization
setup.

spot leading to higher optical path differences. The maximal achievable optical path
difference of the structures for the given parameters is 135nm. Figure 5.2b shows
the dependency of the nanogratings’ dichroism on the number of pulses per spot and
the pulse energy. It can be seen that the dichroism of the structures ranges up to
13 %, with highest values of dichroism occurring at the highest number of pulses per

spot (3000 pulses per spot) and around 0.6 1J to 0.8 uJ.

The overall losses are given in figure 5.2¢, showing a rather uniform distribution
with most values ranging around 12 %. The losses are retrieved by comparing the
transmission of modified regions with the transmission through non-modified regions.

Therefore, Fresnel losses have already been removed. The overall losses start to
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increase for > 1500 pulses per spot, rising up to 25 % at 3000 pulses per spot and
0.8 1J pulse energies. For many applications, it is desired to reach a certain phase
retardation with minimal losses. For this, finding the minimal losses per retardation
is of interest, which is why the total losses (including dichroism) per OPD in inverse
nanometers is given in figure 5.2d as a figure of merit. They range on the order of
9x 107*nm~! to 4.8 x 10> nm~!. The lowest values are found at pulse energies of

> 0.41J, especially for 800 to 1500 pulses per spot.

By selecting according values from figure 5.2, the Mueller matrix of a nanograting
can be retrieved when modelling the nanogratings as diattenuating linear retarders.
For example, a nanograting inscribed using 0.8 1J pulse energy and 750 pulses per
spot has an OPD of 116 nm, which for light of 808 nm wavelength corresponds to a
phase delay of 0.297, and a dichroism of 9%. The overall losses of the structure are
given at 10 %, making 1% the polarization independent losses. Thus, the resulting
Mueller matrix ]\7 will be

0.945 0.045 0 0
& 0.045 0.945 0 0
M = . (5.2)
0 0 058 0634

0 0 —0.634 0.585

As mentioned in section 3.2, an alternative to the characterization setup is the
commercial polarimeter. The structures were measured using this device. The results
can be seen in figure 5.3. The optical path difference measured with the commercial
polarimeter is given in figure 5.3a. It generally shows similar dependencies to the ones
given in figure 5.2a: the optical path difference rises with increasing pulse energy and
increasing pulses per spot. At the same time, the maximum optical path difference
measured with the commercial polarimeter is slightly higher than the one measured
with the characterization setup. The differences between the two measurements are
plotted in 5.3b. The average difference between the two measurements is around
8nm. Interestingly enough, the difference in OPD measurements is not highest for
the cases where the highest dichroism was measured (which is not possible with the
commercial polarimeter), but rather at low pulse energies of < 0.41J. This indicates
that other factors, like dispersion due to the different probing wavelengths of the
setups (587 nm and 808 nm), might weight more in this case than the error caused
by neglecting dichroism. The transmission losses measured using the commercial

polarimeter are given in figure 5.3c.

The losses measured using the commercial polarimeter seem to be higher than

the losses measured with the characterization setup. The maximum loss value
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measured with the characterization setup at 808 nm was 28.8 %, corresponding to
losses of —10 - log(1 — 0.288)dB = 1.5dB. The maximum measured loss value was
41 %, corresponding to —10 - log(1 — 0.41)dB = 2.3dB, which is 1.5 times higher
than what was measured using the characterization setup. The reason for this might
be wavelength dependant scattering. The scattering of light can be described using
Mie theory (assuming spherical scattering particles), and categorized depending
on the ratio between the scattered light’s wavelength A and the diameter of the
scattering particle dg [10]. For ratios ds/A > 1, scattering phenomena can be
described by geometric optics, which is wavelength independent. On the other
side, for ratios d;/\ < 0.1, Rayleigh approximation can be used to describe the
scattering phenomena [182|. The cross section of Rayleigh scattering is highly
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wavelength-dependent, scaling with 1/A%. In the regime between Rayleigh scattering
and geometric optics, which is typically referred to as Mie scattering, the scattering
cross sections become increasingly wavelength dependent, the smaller d, /A is [183].
The size of the nanogratings’ period p can be roughly estimated by the refractive
index of fused silica n and the inscription wavelength A\ = 515nm to amount to
about p ~ 180nm. The nanopores will be smaller than that, but not necessarily
small enough to be classified as Rayleigh scattering. Typical nanopore diameters
range around 75nm [184]. The scattering processes therefore fall into the distinctly

wavelength-dependent transition region between Mie and Rayleigh scattering.

5.2.2. Repetition rate. Not only the pulse energy and the pulses per spot can
have an influence on the nanograting properties, also the temporal distance of the
pulses can be of importance. To demonstrate this dependency, an investigation was
made where the pulse energy and the number of pulses per spot were kept constant,
while the repetition rate was changed. The pulse number per spot was kept at 500
by changing the writing velocity when changing the repetition rate, whilst the pulse
energy was set to 0.81J. The measured optical path difference and dichroism of
the resulting nanograting structures are shown in figure 5.4. In the figure it can be
clearly seen that as the repetition rate increases, both dichroism and optical path
difference drop. This can be attributed to the fact that heat accumulation suppresses
the formation of nanogratings [103].
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FIGURE 5.4. Optical path difference and dichroism of nanograting
structures created with different repetition rates.

To reach the highest possible optical path difference for a certain number of pulses
per spot and a given pulse energy, low repetition rates are to be preferred. However,

lowering the repetition rate while keeping the number of pulses per spot constant

60



CHAPTER 5. POLARIZATION CONTROL BASED ON NANOGRATINGS

causes the processing time to increase. In this thesis, most of the time the repetition
rate of choice was 100 kHz as a compromise between the retardation of the structures

and the processing time.

5.2.3. Rotation of nanograting orientation. Another very important prop-
erty of nanogratings is the orientation of the optical axis perpendicular to the
polarization of the inscription beam. To investigate how readily the orientation
of the optical axis can be controlled, nanogratings were inscribed with constant
parameters, while only the orientation of the writing laser’s polarization was changed.

The parameters were set to 100 kHz repetition rate, 10 mm min~*

scanning speed,
0.941J pulse energy and 2.8 pm scanning line separation, leading to 1680 pulses
per spot. It was confirmed that the inscription power of the laser beam remains
the same for all polarization orientations. The nanograting field size was set to
0.4mm x 0.4mm. The measured optical path difference of these structures as
determined with the characterization setup can be seen in figure 5.5. In figure 5.5a,
the orientation of the optical axis of the structures is shown, which linearly follows the
orientation of the laser’s polarization. Figure 5.5b shows the dichroism and optical
path difference of the structures when the laser’s polarization is rotated. The graph
shows that while the inscription polarization changes, the retardation oscillates, being
lowest at around 170° and 350° inscription polarization orientation. The dichroism
also oscillates, but its minima are shifted to 200° and 380° inscription polarization
orientation. Both the demonstrations of the rotation of the optical axis and the
dependency of the optical retardation on the inscription polarization are fundamental
for creating waveplates with nanogratings, because they indicate two things: Firstly,
the inscription polarization can be used to change the orientation of the gratings,
secondly, other inscription parameters (for example, the pulse energy) have to be
adjusted when changing the inscription polarization to keep the retardation of the

waveplate the same for all waveplate orientations.

The reason why the optical retardation changes with polarization orientation remains
unclear. Previous studies by Zimmermann et al. [94] indicated that an interplay
between writing direction and polarization orientation might be the reason for such
a behaviour. A possible explanation can be found, for example, in [185], where a
dependency of the absorption process during inscription on the scanning direction is
justified with an enhancement of the heat affected zone in the direction of the laser’s
electric field. To investigate this, the parameter scan for figure 5.5 was repeated
with all parameters constant, except for the writing direction of the nanograting
fields being rotated by 45°. The rotation of the optical axis with the polarization
was also confirmed for this case, as shown in figure 5.6a. In figure 5.6b, the optical

path difference was measured for these nanogratings and the results are compared to
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F1IGURE 5.5. Optical properties of nanograting structures for
different polarization orientations of the writing laser. The dashed
line in subfigure 5.5b is a guide to the eye.

the optical path difference of nanogratings written with 0° writing orientation (same
data as in figure 5.5).

As can be seen, both the optical path difference and dichroism values still oscillate
with the change of polarization for this writing direction. However, the two graphs are
not shifted by 45°, as one might expect, but instead by only 20°. This contradicts the
hypothesis, that the writing direction in comparison to the polarization orientation is
the only reason for the change in optical retardation. Additionally, one might notice
that the optical retardation of the nanogratings written with 45° writing direction
are 15 % to 30 % higher than the optical retardation of fields written with 0° writing
direction. The reason for this remains unclear and needs to be part of further
investigations outside of the scope of this thesis. One might speculate that apart
from the electric field (as described in [185]), also strain from previously inscribed
lines in the line-by-line inscription process influence the heat affected zone during
laser inscription, thereby breaking the symmetry of the inscription process.

The nanogratings of figures 5.5 and 5.6 were then measured using the commercial
polarimeter to confirm the results when the optical axis of the structures changes.
The measured OPD is given in figure 5.7a. This figure shows that the OPD measured
using the commercial polarimeter also oscillates. At the same time, the OPD values
are slightly larger compared to figure 5.6b, with differences up to 20 % occurring.
Also, the shape of the curves as measured using the commercial polarimeter is
significantly different to the shape of the curves given in figure 5.6b. To investigate

whether the reason for this is that the polarimeter does not account for dichroism,
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FIGURE 5.6. Birefringence properties of nanograting structures
written with 45° writing direction for various polarization orientations
of the writing laser.

the raw data from the characterization setup (from which the results in figure 5.5
and 5.6 were derived) was fitted again, this time using a model that does not take

into account dichroism. The fit equation for this case is [186|
Teross(60)/T,(0) = (1 — cos(9)) sin®(#). (5.3)

Here T..0s5(0) is the transmitted power through crossed polarizers in the characteriza-
tion setup (see section 3.2), T,,(#) is the according transmitted power through parallel
polarizers, 6 is the input polarization orientation and 0 is the optical retardance.
The results are plotted in figure 5.7b.

The resulting OPD value ranges now match more closely, showing how neglecting
dichroism can lead to an overestimation of the actual optical retardance. The shift of
the minima positions still remains, indicating that this is a difference either caused
by the different wavelengths used or due to other intrinsic differences of the setups.
To sum things up, this shows that the commercial polarimeter can be used for a
rough overview of the birefringence properties of modifications with rotated optical

axes. For more precise results, however, the characterization setup has to be used.

To conclude, the results presented show that to control the properties of nanogratings,
two parameters are essential: the pulse energy (as shown in figure 5.2), to control
the optical path difference of the structure, and the inscription laser’s polarization

(as shown in figure 5.5), to change the optical axis of the nanogratings. When the
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FIGURE 5.7. OPD as measured by the commercial polarimeter
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polarization of the laser beam is rotated, the retardation of the nanograting is also
slightly changed. Therefore, to achieve the same retardation at different optical axes
of the nanograting, the pulse energy has to be adjusted. The measurement results

were confirmed using the commercial polarimeter.

5.2.4. Writing nanogratings with elliptically shaped beams. It has been
shown in the previous section about waveguide inscription, that elliptically shaped
beams can improve the transmission and reduce the birefringence of waveguides.
To be able to use one and the same setup for waveguide writing and nanograting
inscription, it has to be investigated how changing to an elliptically shaped beam
changes the nanograting properties. The two different telescopes to be evaluated are
the cylindrical telescope and the anamorphic zoom system presented in section 4.3.
Inscriptions were made using both telescopes with a repetition rate of 100 kHz, a
pulse duration of 300fs and pulse energies ranging from 0.14pJ up to 1pnJ. This
range of pulse energy corresponds to the available pulse energies of the laser system.
When the anamorphic zoom system was used, no nanogratings were formed for pulse
energies below 0.32 1J. This is due to the decreased maximal focal intensity occurring
for this beam shape, as has been shown in figure 4.6b. Typically, this decreased focal
intensity would have to be compensated by using higher pulse energies for writing

nanogratings with the anamorphic zoom system. However, higher pulse energies
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were not available with the laser system. Therefore, more pulses per spot had to
be used, to obtain the same order of magnitude in optical path difference as was
achieved with the cylindrical telescope. This is the first significant drawback of
using an anamorphic zoom system for beam shaping in nanograting inscription: the
processing time increases significantly, if the available pulse energy is limited. The
measured optical path differences of the nanogratings created with either telescope
are given in figure 5.8.

OPD cylindrical telescope [nm] OPD anamorphic zoom system [nm)]
. 220 : —— 180
1 — i
| 200 160
0.9 . 0.9
180
0.8 | sl 140
160 _ 120
Z07 207}
= 140 i
> ;
0.6 =06 100
g 120 3]
5 g
9 0.5 100 o 0.5 80
2 =
0.4 20 =0.4 60
0.3 60 0.3F 40
0.2 40 0.2} 20
175 S S S 20 1 . . . . .
100 200 300 400 500 600 700 800 1000 2000 3000 4000 5000
pulses per spot pulses per spot
(a) (B)

FIGURE 5.8. Optical path difference [nm| of nanogratings created
when the inscription laser was shaped by either a) a cylindrical Galilean
telescope or b) an anamorphic zoom system.

The general dependencies of the optical path difference on the laser inscription
parameters are the same as in section 5.2.1: The optical path difference increases
with increasing pulse energy and increasing pulses per spot. The maximum measured
optical path difference was 220 nm for the structures inscribed with the cylindrical
telescope and 180 nm for the structures inscribed with the anamorphic zoom system.
To evaluate which telescope is better suitable for inscribing nanogratings, also the

normalized losses divided by the optical path difference were measured. The results
are given in figure 5.9.

The first thing which becomes apparent when comparing the results is that the range
of losses per optical path difference are roughly 3x lower when the nanogratings
were created with a cylindrical telescope compared to the nanogratings created
with the anamorphic zoom system. The minimal normalized loss per optical path
difference for the investigated parameter range was 2 x 10~*nm™"! in the case of the
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FIGURE 5.9. Normalized losses divided by optical path differ-
ence [nm~!] of nanogratings created when the inscription laser
was shaped by either a) a cylindrical Galilean telescope or b) an
anamorphic zoom system.

cylindrical telescope and 6 x 10~*nm~"! in the case of the anamorphic zoom system.
The maximum loss per optical path difference are 3.6 x 10~®nm™! in the case of
the anamorphic zoom system and 1.3 x 1072 nm™! in the case of the cylindrical
telescope. Additionally, the dependency of the losses per OPD on the inscription
parameters varies strongly between the two telescopes. For the cylindrical telescope,
the highest losses per OPD occurred for small number of pulses per spot, whilst for
the anamorphic zoom system, this is where low losses occurred. The reason for this

was not further studied in the scope of this thesis.

When comparing the results with the losses obtained with a spherical telescope in
figure 5.2d, which showed values between 0.9 x 107> nm~! and 4.8 x 103 nm™!, it
can be seen that these losses are similar in magnitude to the ones obtained with the
anamorphic zoom system. At the same time, the dependency of the losses per OPD
on the laser parameters do not follow the same pattern as the nanogratings created

with either the cylindrical telescope or the anamorphic zoom system.

So far, the influence of three different beamshaping techniques on nanograting
properties have been tested: Firstly, a simple widening of the beam using the
spherical Galilean telescope, with results shown in figure 5.2. Secondly, a cylindrical
Galilean telescope was used, that only widened the beam in one direction, and

thirdly, an anamorphic zoom system was tested, that not only widened the beam
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in one direction, but narrowed it in the other. The properties of nanogratings
created with the anamorphic zoom system, which has produced the best waveguides
in chapter 4, were not convincing due to their high losses per OPD at low overall
OPD and the long processing times it took to fabricate them. Both the spherical
and the cylindrical Galilean telescope yielded nanogratings with higher optical path
differences, that were produced in a shorter time. However, it became apparent
that using a cylindrical telescope allows the creation of nanogratings with the lowest
loss to OPD ratio. Therefore, at the tested laser system, it would be best to use
two different beam lines with different telescopes for each of the inscription types:
an anamorphic zoom system for waveguide writing and a cylindrical telescope for
nanograting inscription. Without changing the optical system in between, the use

of the cylindrical telescope is a compromise.

5.3. Single qubit quantum gates made of nanogratings

Now that both the properties of nanogratings and waveguides depending on the
inscription parameters have been clarified, it is possible to combine both modification
types, with the nanograting embedded in the waveguide. The purpose of the
nanograting is to change the polarization state of light transmitted through the
waveguide using its intrinsic form birefringence. The nanograting will therefore be
treated as a waveplate inside the waveguide. The resulting structures can be used for
both classical and quantum applications, which will be demonstrated using classical

and quantum light sources.

5.3.1. Properties of the combination of waveguides with nanogratings.
Several nanograting-waveguide combinations were realized in fused silica samples of
the size 0.15cm x 1cm X 4 cm using the writing setup introduced in section 3.1, given
in figure 3.1, with a simple cylindrical telescope for beam shaping (the anamorphic
zoom system was not designed yet at this point). The layout of a fused silica sample

containing this combination is given in figure 5.10.
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F1GURE 5.10. Layout of the nanograting and waveguide inscription
inside a sample.
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To inscribe nanogratings into the sample, laser light was focused through one of
the end facets of the sample, so that the inscriptions were created in the y-z-plane.
Then, the sample was rotated by 90° for inscribing the waveguides into the x-y-plane.
This inscription configuration allows full use of the polarization control, because it
enables a 360° rotation of the nanogratings optical axis in the plane perpendicular
to the waveguide.

The orientation of the nanogratings was determined by the polarization of the writing
laser beam during inscription, whereas the retardation of the nanogratings was varied
mainly using the pulse energy and the amount of nanograting layers. All nanogratings
were inscribed with 100 kHz repetition rate and 15 mmmin~—! writing velocity. In
this combination, the writing parameters of the waveguides were 0.12 nJ pulse energy,
600 mm min~! writing velocity and 100kHz repetition rate. When inscribed 240 pm
below the fused silica sample’s surface, these waveguides typically showed losses of
(1.4£0.2)dB/cm at (0.031 £ 0.007) 7/cm birefringent phase retardation.

To demonstrate that by changing the optical path difference induced by the
nanogratings one can control the polarization inside the waveguides, combinations
of waveguides and nanogratings were characterized using the setup introduced in
section 3.2, given in figure 3.2. The waveguides were all written with the same
parameters, while for the nanogratings the inscription pulse energy was changed.
The orientation of the nanogratings were kept the same for this investigation.
The results are plotted in figure 5.11 and compared to measurements of only
the nanogratings’ optical path difference (as a measure of birefringence) using the

commercial polarimeter described in the last paragraph of section 3.2.
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FIGURE 5.11. Measured optical path difference for nanogratings
alone and nanograting-waveguide combinations. The parameters
for the waveguides were kept the same for all measurement points,
but the writing laser pulse energy was varied for the inscription of
nanogratings.
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As was to be expected from previous observations in section 5.2, the optical path
difference induced by the nanogratings rises with the pulse energy used for inscribing
the nanogratings. It can also be seen that when these nanogratings are combined
with waveguides as given by the blue data in graph 5.11, the combined structure will
follow the same trend, showing that the amount of birefringence in the combination
is dominated by the nanograting birefringence and can thus be set by choosing an
appropriate pulse energy for the nanograting inscription. An offset of 10nm to
20 nm is visible between the optical path difference of only the nanograting and the
optical path difference of the nanograting with a waveguide. Possible reasons for
this offset could be the remaining waveguide birefringence, or differences between

the two measurement methods, as discussed in sections 5.2.1 and 5.2.3.

Following this, it was demonstrated that by changing the optical axis of the
nanogratings, also the optical axis of the nanograting-waveguide combination
changes. This was demonstrated by creating several waveguide-nanograting
combinations, where the polarization was rotated for each inscribed nanograting.
The resulting optical axis and induced phase reatardation was then evaluated using
the characterization setup in figure 3.2 for nanograting-waveguide combinations. The

results are plotted in figure 5.12.
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FI1GURE 5.12. Effect of the rotation of the optical axis of nanograt-
ings on the combination of nanograting and waveguide. The dotted line
is a guide to the eye. The pulse energy for inscribing the nanogratings
was 0.8 1.

The measured optical axis (plotted in red) spans a rotation of 90°. From previous
experiments a linear relation between the writing laser polarization and the optical

axis rotation of the system was to be expected (compare, for example, figure 5.6a).
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Some small deviations from that linear trend are visible in figure 5.12, presumably
caused by the remaining birefringence of the waveguide, which has an optical axis
at 0°. Nevertheless, the whole range of optical axis orientations from 0° to 90° was
accessible. Hereby it could be shown, that not only the strength of the birefringence
of this system can be controlled (figure 5.11), but also the optical axis, which is
a crucial degree of freedom for polarization control. Plotted in blue in figure 5.12
is the induced phase retardation by the nanogratings. As has been observed in
section 5.2.3, this phase retardation changes when the orientation of the nanograting
changes. Furthermore, depending on the optical axis orientation of the nanogratings,
the overall induced phase delay of the waveguide-nanograting combination changes.
At 0° polarization angle, it starts of as being smaller than the phase delay induced
by nanogratings alone. At around 56° polarization angle, it becomes larger than
the phase delay induced by nanogratings alone (figure 5.12). This also indicates the

interplay of remaining waveguide birefringence with the nanograting birefringence.

5.3.2. Fabrication and characterization of quantum gates. The above
presented approach of adding waveplates to an FLDW waveguide can generally be
used in any integrated photonic chip where polarization control is desired. However,
in recent years, pronounced efforts have been made to perform quantum optics
experiments using FLDW circuits [143-145, 149-152|. Therefore, quantum optical
applications have been chosen as an exemplary application demonstration.

In quantum optics, certain polarization transformations of single photons are known
as specific quantum gates. In the following, it will be shown that specific quantum
gates can be fabricated using a combination of nanogratings and waveguides. For
this demonstration, the quantum gates Hadamard gate, Pi/8th gate, Pauli-x gate,
and Pauli-z gate were fabricated (see section 2.4.2). The Pauli matrices are of
special interest, because together with the 2 x 2 identity matrix they form a basis
for the 2 x 2 vector space of hermitian matrices. Since the Pauli-y gate, however,
can be created by combining a Pauli-x gate with a Pauli-z gate and a specific phase
retardation [112|, the focus here will lie on demonstrating the Pauli-x and the Pauli-z
gate. The Hadamard gate and the Pi/8th gate were chosen because they can be part

of a standard set for universal quantum computing [113].

5.3.2.1. Classical characterization of quantum gate structures. To create combi-
nations of waveguides with nanogratings that are suitable for representing quantum
gates, writing parameters suitable for creating specific birefringences were chosen. In
table 5.1, the parameters used for writing these nanogratings are listed. Whenever
the phase delay induced by a single layer was not sufficient, a second layer was added

with a slight gap, as it is also indicated in table 5.1.
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TABLE 5.1. Parameters for creating different gates.

Inscription polarization

Gate Pulse energy [pJ] orientation No. of Layers
Hadamard 0.8 112.5° 2
Pauli-x 0.7 135° 2
Pauli-z 0.8 90° 2
Pi/8th 04 90° I

The birefringence of the structures listed in table 5.1 was characterized using the
characterization setup in figure 3.2. A list of retrieved phase delays is given in
table 5.2. It becomes clear that it was more difficult to obtain the desired phase
delay if the nanogratings were inscribed with two layers. Here, deviations of up to
9% occured. This might be due to the strain of the two layers also contributing to

the birefringence.

TABLE 5.2. Measured properties of the created gates.

Gate Retrieved phase delay [7] Desired phase delay [7]
Hadamard 0.91 1

Pauli-x 0.93 1

Pauli-z 0.94 1

Pi/8th 0.24 0.25

For a full reconstruction of the Jones matrices of the quantum gates (which is the
typical representation), a measurement using a A/4-plate is necessary. To retrieve
<~

these matrices, a generalized matrix M was assumed

<~

A B
M=~ 2|, (5.4)
C D

with A, B, C, D being complex. These complex numbers consist of amplitude and
phase, for example,

~

A=aA- e, (5.5)

~N o~ o~

The same structure applies for B, ', D, with the variable names adjusted corre-
spondingly. The absolute values aA, aB, aC' and aD can be measured by going
into the sample with horizontally and vertically polarized light and measuring the
output power for a horizontally or vertically positioned polarizer after the sample.

Normalizing these power measurements to the overall output power and taking the
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roots yields the desired values. The phase pA can be set to zero as a reference phase,
because any overall phase can be omitted. To find the remaining phases pB, pC, and
pD, the crossed polarizer setup in figure 3.2 was used again. Additionally, a quarter-
waveplate was put after the first half-waveplate to diminish the sign ambiguity of
the phases.

A formula based on Jones calculus was used to represent the normalized power
<~
P transmitted through a sample described by M in a crossed polarizer setup. A

rotation by an angle « is described by the rotational matrix

E(a) _ [cos(oz) —sin(oz)] _ (5.6)

sin(a)  cos(«)

< <
The definitions of the matrices P(¢) of a polarizer rotated by ¢ and W(n, ¢) of a
waveplate with birefringence 1 and an angle ¢ (between the waveplate’s fast axis
and the reference system’s x-axis) are

“ © e~tn/2 ()

R(~0):; Wn, o) = R() [ R(~¢). (5.7)

0 in/2

Using these matrices, the transmitted power P through the crossed polarizer setup
<>

in dependence of the matrix entries of M and a rotation of oo can be calculated as

Pla+7/2) - M- W(r/2, —1/4) - W(r, a/2) H

pP= (5.8)

By fitting the data to equation (5.8) under the limit of the known values for
aA,aB,aC,aD, all matrix phase entries were determined. The starting points for
the fit algorithm were set to pB = pC' = 0, while pD was chosen according to the
birefringence results of the crossed polarizer setup. The results are shown in table 5.3.
Here, the tolerances of the matrices’ absolute values are based on measurement
fluctuations. The phase tolerances are retrieved by changing the matrices’ absolute

values in the fit algorithm and observing, how much the fit result changes.

To fully characterize these structures as quantum gates it is more suitable to use
quanta, i.e., single photons, instead of classical light. This will be presented in the

following section.
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TABLE 5.3. Classically reconstructed matrices of quantum gates.

Gate Matrix
Hadamard (0.776 £+ 0.002) (0.550 & 0.003) - ¢ (0:070+0.002)
(0.631 % 0.003) - ¢=#(0011F0.000)m () 835 4 ().002) - ¢ (0-938+0.002)7 | -
Pauli. (0.210 4 0.004) (0.981 4 0.001) - ¢#0-0137
s (0.978 + 0.001) - Q0300007 (0 195 4 (.006) - ¢~ (0-023£0.002)
Pauli-z (0.991 +0.001) (0.131 4 0.008) - ¢#(0-11£0.02)7
(0.132 £ 0.008) - e(C-01£00D)™ (9,991 £ 0.001) - e* 1362007
Pi/8th (0.998 + 0.001) (0.086 # 0.019) - ¢~#(0.03:£0.06)
(0.055 & 0.019) - e~ OTIE0INT (. 996 £ 0.001) - ¢ (0-25%0.02)m

5.3.2.2. Single photon characterization of quantum gates. In this section the
results of single photon characterization of the fabricated four quantum gates will
be demonstrated. The goal was to reconstruct the matrices of the quantum gates
with single photons instead of classical light. The experiments were performed and
evaluated at the physics institute of the university of Rostock together with Max
Ehrhardt. The experimental setup is shown in figure 5.13.

SM fiber

/' avalanche photodiode MM fiber
I . \- manual phase retarder as needed MM fiber
BiBo sample 4
N D -t

PBS

avalanche photodiode

F1cuRE 5.13. Single photon measurement setup.

Single photon pairs were produced by spontaneous parametric down conversion in
a bismuth borate crystal, pumped by a laser diode of A\ = 407.5nm wavelength.
The resulting single photons were then coupled into single mode fibers. The
wavelength of the single photons was 815 nm, close to the wavelength of the classical
characterization before. One of the two entangled photons was butt-coupled into the
sample, whilst the other was directly detected. The directly detected photon served
as a heralding photon, signaling the presence of a photon pair. Fiber polarization
controllers were used to change the input polarization of the photon entering the
sample. The input polarizations used were |H), |V), |L) and |R). At the output,
a beam splitter and when needed a quarter-waveplate (A\/4) oriented at +45° were
used to measure the output in the (|H)/|V)) basis or (|L)/|R)) basis (see equations
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2.33 and 2.34). The absolute values of the matrices were directly determined by
the measurements of horizontally polarized and vertically polarized photons in the
(|H)/|V)) basis. Afterwards, measurements of horizontally, vertically, left circularly,
and right circularly polarized input photons in both the (|H)/|V)) and (|L)/|R))

were made.

The results of these measurements were used in a residual sum of square minimization
to determine the phases of these matrices. To omit an overall phase, the phase of
the first matrix entry was set to zero in all cases. Using Poissonian statistics and
the statistics of multiple measurements, error bars were retrieved. A list of all the
matrices can be found in table 5.4, with corresponding bar charts in figure 5.14. When
comparing the results obtained using classical light measured in section 5.3.2 with
the results obtained with single photons, most matrix values (amplitudes and phases)
correspond to each other within the measurement tolerances, or only show small
differences up to 5%. Nevertheless, some matrix entries show stronger deviations,
for example, the amplitude aD of the Pauli-X matrix, was found to be (0.19540.006)
in the classical case and (0.262 £ 0.007) for the quantum measurement, amounting
to a difference of 0.067 £ 0.013. Another notable difference can be seen for the
phases pD of the Pauli-z gate, which deviate by up to 0.57. These differences might
be explainable by the fitting algorithm converging in local minima, combined with
differences caused by the different setup used and the difference in characterization
wavelength. The fidelities of the matrices retrieved using single photons were also

calculated and can be found in table 5.5.

TABLE 5.4. Retrieved matrices using single photon measurements.

Gate Matrix

Hadamard (0.738 £ 0.002) (0.579 % 0.003) - = #(001£0.04)7
(0.674 + 0.003) - (090007 () 816 + .002) - ¢~ (0920097

Pauli-x (0.201 £ 0.005) (0.965 £ 0.002) - ¢¥(0-06+0.06)7 ]
(0.980 4 0.001) - (010127 () 262 4 (0.007) - ¢~ (0-04£0.05)

Pauli-z (0.993 +0.001) (0.168 % 0.003) - ¢~ (0:09:£0.03)7]
(0.119 4 0.003) - ¢=#(0:05+0.08) () 986 + 0.001) - ¢*(0-85+0-03)m

Pi/8th (0.981 +0.001) (0.243 4 0.005) - ¢~ (0-40.05)

(0.194 £ 0.006) - €*(O-2+0-D7 (0,970 4 0.001) - ¢ (0-23+0.04)7

With this experiment it was demonstrated that nanograting-waveguide combinations

can be used to fabricate quantum gates. The achieved fidelities, listed in table 5.5,
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TABLE 5.5. Calculated fidelities.

Gate Fidelity FI1:IV)
Hadamard | 0.966 £ 0.008
Pauli-x 0.930 £ 0.031
Pauli-z 0.979 £ 0.007
Pi/8th 0.952 £0.011
Measured Hadamard gate Measured Pi-8th gate

real part imaginary part imaginary part

FIGURE 5.14. Visualization of the retrieved matrices using single
photon measurements.

are all close to the desired fidelity of 1. Since none of the gates fully matched the
desired phase delay (compare table 5.2), a deviation from a fidelity of 1 was expected.
The losses of these structures were measured to lie between 13.2dB and 14.8dB,
with the main loss contribution coming from the waveguide structures themselves
(7.3dB to 8.1dB), 4.9dB coming from a mode mismatch between the single mode
fiber that is butt-coupled into the waveguide and the waveguide mode, and 0.3dB

coming from Fresnel reflection losses.

Former approaches of integrated polarization-encoded quantum gates (see section
2.6) relied on using stress fields of defects next to waveguides [152] or the birefringence
of waveguides themselves [151]. Compared to the previous approach of using
tilted waveguides as waveplates for quantum applications, nanogratings have two

main advantages. On the one hand, tilts of more than 45° of the optical axis
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of waveguides were not possible in [151], which limits the possible orientations of
the retarders, whilst 360° rotations of nanogratings can be easily achieved just by
altering the polarization of the inscription beam. Additionally, the approach of
tilting waveguides to change their optical axis only works with high NA immersion
objectives. In general, the objective’s working distance decreases as the numerical
aperture increases. Furthermore, immersion objectives are especially restricted in
their working distance due to the requirement that the immersion liquid has to be
in contact with both the objective and the sample. Since the focussing depth in the
material is limited by the inscription objective’s working distance, this also limits one
of the key advantages of the direct writing technique, namely the three dimensional
fabrication of structures. The nanogratings on the other hand were fabricated with a
20x inscription objective with a smaller numerical aperture (NA = 0.4) and a working
distance of 1.2mm. In principle, the nanograting approach could also be fabricated
with a long working distance objective, extending the three dimensional fabrication
ability even further, if required. On the other hand, another striking advantage
of the quantum gates made of nanogratings is their compactness. Even when two
layers of nanogratings were used to achieve the desired retardation, the thickness
of the structures in propagation direction was less than 250 pm. In constrast, for
the previously reported approaches based on waveguides or stress fields, the utilized
birefringences ranged on the order of An = 1 x 1075, which is orders of magnitude
lower than the typical nanograting birefringence of An = 1 x 1073, Therefore, the
required length of the retarders for the existing approaches ranged on the order
of centimeters. Hence, it can be concluded that the approach presented here for
the generation of quantum gates using nanogratings contributes significantly to the

reduction of the device size for quantum photonics.

5.4. Novel beam shapes for nanograting inscription

All the previously reported studies on inscribing nanogratings were solely based on
circular or ellipsoid-shaped Gaussian beams. Lately, more elongated beam shapes
like the Bessel-like beam have become popular in laser based glass machining [187],
for example, for welding [188] and cutting [189, 190|. In this section it will be
studied whether these kinds of beams can also be used to improve the properties
of nanogratings. For this purpose, conical phase front beam shaping will be used.
Therefore, a conical phase front is imposed onto a Gaussian beam by a spatial light
modulator (SLM) before the beam is focused (using, for example, a lens) into the
material to be modified (see figure 5.15). In the focal plane of the lens, the beam
will have a doughnut-shaped intensity distribution, either followed by or preceded
by a Bessel-like intensity profile, depending on the angle of the conical phase front.

Recently, it was shown that, using these beam shapes, the length of filaments formed
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by laser inscription can be varied [191]. Adjusting the conical phase front of an
inscription beam can also be used to improve the guiding properties of waveguides
written deep inside glass, which would otherwise suffer due to deformation of the
intensity distribution caused by nonlinear propagation effects and aberrations [192].
In this section the possibility to inscribe nanogratings with this beam shape will be
demonstrated, and the dependency of the nanograting properties on the inscription
parameters will be discussed.

5.4.1. Inscription and characterization. The inscription of the nanogratings
was made in Toronto by Ehsan Alimohammadian in the research group of Prof.
Herman. The laser used for inscription is an Amplitude Satsuma system delivering
pulses of 250 fs pulse duration and 515 nm wavelength at a repetition rate of 500 kHz.
The pulse energy was varied from 78 nJ to 434 nJ. Conical phase front angles ranging
from —0.69 mrad to 0.69 mrad were imposed on the beam using a Hamamatsu SLM
(X10468-04). The SLM was imaged with a magnification of 2.4 onto the inscription
asphere (Newport, NA = 0.55). This inscription asphere was underfilled, so that
the effectively used NA was 0.2. A sketch of the setup is given in figure 5.15. The

SLM
negative: ——
0 S

positive:

+0 M_

scanning direction

FIGURE 5.15. Setup sketch for inscription of nanogratings with
Gaussian beams that have a negative or positive conical phase front 0
(SLM = spatial light modulator). The sample material is fused silica.

focus of the lens was positioned 100 pm below the surface of the Nikon NIFS-S fused

silica sample. The scanning speed was set to 0.4 mmmin~!.

For a constant set
of parameters, 60 pm long lines were inscribed 60 times next to each other with a
1pm line separation to create modification squares. The created structures were
characterized at a wavelength of 633nm using the setup described in section 3.2
and given in figure 3.2. Furthermore, inspection by transmission microscopy and
scanning electron microscopy (SEM) was made. To enable the SEM images, the
sample was polished down to the modifications, then etched using 1% hydrofluoric

acid for 90s. Finally, the sample was carbon coated to reduce charge accumulation.
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5.4.2. Morphology inspection of the created structures. The cross
section of the inscribed structures was inspected using transmission microscopy
images to reveal the thickness of the modifications. An exemplary image for

structures written with 332nJ is given in figure 5.16.

conical phase front angle in mrad:
EUIC0EE OIS0 SE=0348 —0:258 -0:17"=0.08 0 0:08 07 0257 " 10:34" 0435051 0.60

T F S o S8

50 ym

FIGURE 5.16. Microscope image of the x-z-plane of the modifica-
tions, left to right: negative to positive conical phase front angles.
These modifications were inscribed with a pulse energy of 332 nJ.

In the microscope image it is visible that the modification position moves closer
to the surface for negative conical phase front angles, and further away from the
surface for positive conical phase front angles. Additionally, an asymmetry in the
modification length in laser propagation direction (“thickness”) is found between
structures that were created with negative or positive conical phase front angles.
While the thicknesses of the modifications created with positive conical phase fronts
only slightly changes, the modifications created with negative conical phase fronts
become significantly thicker with decreasing angle. For the lowest conical phase front
angles the thickness of the modifications reach the samples surface, which limits their

further expansion.

In addition to the transmission microscopic images, scanning electron microscopic
images were also taken, selected examples of which are shown in figure 5.17. On
the one hand, the presence of nanogratings is confirmed by these images, as well as
their orientation perpendicular to the laser inscription polarization, and on the other
hand, these images also confirm the change in modification length as was already

observed in the transmission microscopy images.

Numerical simulations for single pulse propagation made by Dr. Alessandro Alberucci,
based on a code developed by Dr. Jisha Chandroth-Pannian (both from the Institute
of Applied Physics Jena), can help understand this phenomenon. According to
these simulations [193], filaments form above or below the doughnut shaped focal
plane for negative or positive conical phase fronts. Highest intensities are reached
inside of these filaments, whilst the intensity in the focal plane remains below the
modification threshold. Simulated axial fluences along the propagation direction z
for different conical phase front angles at different pulse energies are plotted in figure

5.18. For the lowest simulated pulse energy of 5fJ, no non-linear propagation effects
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-0.51 mrad 0 mrad +0.51 mrad

FIGURE 5.17. Exemplary SEM images of modifications written
with positive and negative conical phase front angles. The inscription
pulse energy is 332nJ.

occur, resulting in symmetric axial fluences for both positive and negative conical
phase front angles. With increasing pulse energy, however, nonlinear propagation
effects distort the axial fluence, breaking the symmetry between positive and negative
conical phase front angles.

For negative conical phase front angles, intensity clamping and other nonlinear
propagation effects occur in the filament forming above the focal plane, which inhibit
significant pulse energies to reach the focal volume and also cause the filament length

to grow for high pulse energies. When the maximum intensity limited by intensity
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FIGURE 5.18. Simulated axial fluence of single pulse propagation
with conical phase front beam shaping at different pulse energies (from
left to right: 5fJ (“linear”), 50nJ and 300nJ). The colors refer to
the different conical phase front angles of # = —0.7mrad in blue;
0 = —0.35mrad in yellow, § = O mrad in green, # = 0.35 mrad in red
and 6§ = 0.7mrad in purple.

clamping is reached, the excess energy spreads in the laser-irradiated volume above.
The high intensities in the filament turn into modifications above the focal plane. For
positive conical phase front angles, the filament is formed below the focus. Nonlinear
effects in the focal plane and in the front part of the filament clamp the available
maximum intensity below the focal plane. High intensities mainly occur in the front
part of the filament, limiting the expansion of the filament and leading to thinner
modification zones. Above the focal plane, due to the beam geometry, the excess
energy is spread widely. The intensities reached above the focal plane are therefore

too low to induce modifications.

5.4.3. Optical properties of nanogratings created with conical phase
fronts. To understand how the different nanograting structures influence the optical
properties, they were evaluated using the characterization setup given in figure 3.2
and explained in section 3.2. In addition, the thicknesses of the modifications
was measured using calibrated camera images. The measured physical properties

(thickness, optical path difference, losses, and dichroism) are given in figure 5.19.

In the figure, the thresholds for nanograting formation can be seen by the white space
in the diagrams. For writing pulse energies of 168 nJ, no nanogratings developed at
0.69 mrad conical phase front angle. Likewise for 78 nJ pulse energy, nanogratings

only developed for conical phase front angles of —0.26 mrad to 0.26 mrad.

The thickness plotted in figure 5.19a confirms the asymmetry between positive and
negative angles, that had already become apparent in section 5.4.2. For positive
conical phase front angles, no clear dependence of the modification thickness on the

phase front angle is observed. For negative conical phase front angles, however, a
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FIGURE 5.19. Measured physical properties of nanogratings cre-
ated with different conical phase front angles. The subfigures show a)
the thickness of the modifications [pum|, b) the optical path difference
[nm| induced by the modifications, ¢) the polarization independent
losses normalized to 1, and d) the dichroism of the modifications
normalized to 1. The colormap is inferno [194].

thickening of the structure is observed. The thickest modification, reaching 86 pm,

was created at a phase front angle of —0.51 mrad with a pulse energy 434 nJ.

Figure 5.19b shows the OPD of the modifications in nanometers. For all conical
phase front angles, the OPD rises with increasing inscription pulse energy, similar to
what had been observed for all other nanogratings in this thesis (i.e., figures 5.2a and
5.8). When moving from a conical phase front angle of zero (corresponding to the
Gaussian beam) towards either positive or negative conical phase front angles, an
increase in optical path difference is seen, albeit stronger for negative conical phase
front angles than for positive. For negative phase front angles, a “sweet spot” around
—0.51 mrad is observed. When further decreasing the phase front angle beyond the

sweet spot, the optical path difference decreases again. The maximum measured
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OPD was 175 nm for modifications written with a phase front angle of —0.51 mrad

and a pulse energy of 434 nJ.

The measured polarization independent losses of the modifications are given in
figure 5.19c¢, plotted with a logarithmic colorbar and ranging from 2 % to 45 %. For
conical phase front angles of —0.17 mrad to 0.17 mrad, the losses clearly increase with
rising pulse energy. For other conical phase front angles, the losses also increase with
rising pulse energy, but not as strongly. For most pulse energies, nanogratings written
with conical phase front angles larger than 0.26 mrad, or smaller than —0.26 mrad
show less losses than nanogratings written without conical phase front angles (i.e.,
at a conical phase front angle of 0). This changes at a pulse energy of 434nJ, where
the losses of negative conical phase front angles reach about half the losses at zero

conical phase front angle.

The polarization dependent losses, in other words the dichroism values, are plotted
in figure 5.19d. For negative conical phase front angles, the dichroism values follow
a similar pattern to the thicknesses in figure 5.19a, with the maximum value of 35 %
occurring at the highest inscription pulse energy of 434nJ and a conical phase front
angle of —0.60 mrad. For positive conical phase front angles, the dichroism behaviour
does not resemble the thickness behaviour. Instead, a clear rise in birefringence for
large phase front angles starting at 332nJ pulse energy can be seen. The maximum
measured dichroism value for positive conical phase front angles was 20 %, which

was observed for a phase front angle of 0.69 mrad at 434 nJ pulse energy.

To evaluate, which of these properties are solely changing due to a change in the
modified volume, the measured values in 5.19b—c were normalized to their thickness
values as given in 5.19a. The results of this normalization are shown in figure 5.20a—c.
From the data normalized in this way, it is possible to see for which parameters the
strongest losses (either polarization-dependent or polarization-independent) and/or

the strongest optical delay per volume occur.

Normalizing the OPD from figure 5.19b to the modification thickness in figure 5.19a
yields the average birefringence An of the structure along the characterization
lasers propagation direction. The results are plotted in figure 5.20a. For negative
conical phase front angles of —0.17mrad or lower, with pulse energies ranging from
168 1nJ to 434 nJ, the birefringence is roughly constant, ranging from An = 1.1 x 1073
to An = 3.7 x 1073, This indicates, that the increased OPD for these values
relies solely on the thickness of the modification, leading to an accumulated
retardation along the propagation direction. For positive conical phase front angles,
an enhancement of the birefringence can be observed, especially when inscription

pulse energies higher than or equal to 332nJ are used. Birefringence values up to
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F1GURE 5.20. Normalized properties of the inscribed nanogratings.
a) birefringence An, b) losses normalized to nanograting thickness
[%pm™!|, ¢) dichroism normalized to the nanograting thickness
[% pm~1], d) losses normalized to the optical path difference [% nm™!.

An = 1.1 x 1072 were measured for positive conical phase front angles, which is
an increase by a factor of 3 compared to the maximum birefringence obtained with

conical phase front angles of —0.69 mrad to —0.17 mrad.

When looking at the losses normalized to the modification thicknesses, which
are plotted with a logarithmic colormap in figure 5.20b, it is possible to deduce for
which laser writing parameters the morphology of the nanogratings itself becomes
more lossy, and for which parameters an increase of loss is only related to the

I can be

increased thickness of the structure. The maximum value of 6.6 % pm~™
found for high pulse energies at zero conical phase front angles, indicating this is the
case where the lossiest structures are formed. At the same time, when comparing
negative to positive conical phase front angles, the normalized losses of the positive
conical phase front angles tend to be higher than the normalized losses of the negative

conical phase front angles written with the same writing pulse energy. Lowest values
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of 0.1 % pum ™1 are found for conical phase front angles of —0.51 mrad at pulse energies
of 256 nJ to 332nJ.

In figure 5.20c, depicting the dichroism normalized to thickness, most
parameters lead to the same value, indicating that any rise in dichroism given
in figure 5.19d is only related to the thicker volume of the modification, with an
average normalized dichroism for all measured values created with pulse energies up
to 2421nJ being 0.3 % pm~!. An increase of dichroism up to 1.6 % pm™! is seen for
modifications created with positive conical phase front angles at pulse energies of
332nJ and higher, coinciding with the increase of birefringence seen in figure 5.20a.
This shows that the modifications written with negative conical phase front angles
are not only more birefringent than the modifications written with negative conical
phase front angles for a fixed writing pulse energy, but they are also more dichroic

and more lossy.

Finally, to evaluate the lossiness of the structures for applications as phase retarders,
the losses normalized to the optical path difference are given in figure 5.20d.
This normalization can be used to evaluate how much losses can be expected if a
certain amount of optical path difference shall be obtained. The values in figure
5.20d range up to 0.55 % nm~'. The average value lies at 0.15%nm~!. The highest
values can be found for modifications written with a conical phase front angle of 0
at pulse energies of at least 242nJ. From this it can be seen that adding any conical
phase front angle smaller or greater than zero can help reducing losses, but also, that
modifications created with negative conical phase front angles show a more beneficial

OPD to loss ratio than those created with positive conical phase front angles.

To conclude, this study has shown that negative conical phase front angles allow the
creation of nanogratings exhibiting higher OPD per irradiation scan, caused by an
increased thickness of the modification. The downside of using negative conical phase
front angles is the increased dichroism of the nanograting. Higher birefringences on
the other hand are achieved with positive conical phase fronts. By choosing to use
either positive or negative conical phase front angles for inscription, it is thus possible
to tune the thickness of the modification and its exhibited retardation individually.
For example, one might write multiple layers of modification with a positive conical
phase front angle at a pulse energy of 434nJ, leading to a final thickness ¢, and
a second modification with the same pulse energy by one irradiation scan with a
negative conical phase front angle, leading to the same modification thickness ¢
at different retardances. Based on the results reported in this section, it can be
expected, that the accumulated values for retardation, dichroism, and losses of the
multi-layer structure created with positive conical phase fronts is higher than the

same values of the structure created with negative conical phase fronts. The observed
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shift of the modifications (as seen in figure 5.16) when changing the conical phase
front might be beneficial for altering the modification depth in a sample without

mechanically translating it.

When comparing the properties of the nanogratings created with conical phase front
angles to the properties of the nanogratings created with a Gaussian beam, and
keeping other inscription parameters the same (pulse energy, scanning speed, and
repetition rate), it was found that nanogratings that were created with suitable
conical phase front angles exhibited less losses at higher optical path difference
per irradiation scan. This is especially important when using nanogratings as
retardation elements in applications that are sensitive to loss, for example, quantum
applications. For further improvements, also alternative birefringent structures
should be taken into account. One option could be the recently reported birefringent
FLDW modification named “Type X”, which exhibits significantly lower losses than

nanogratings, but at the same time also significantly lower optical retardation [195].
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CHAPTER 6

Adaptive Polarization Control Using Liquid Crystals

In the previous chapter, the concept of nanogratings as embedded waveplates in
FLDW waveguides was demonstrated. One downside of this methodology is, that
once a nanograting has been inscribed, it is fixed and can only be changed by re-
inscribing. For practical purposes, it would be great to be able to dynamically change
the state of an embedded waveplate. In this chapter, this is achieved by embedding
liquid crystals into waveguides. First, the details of the sample fabrication will be
described, followed by a demonstration of electro-optical modulation of the output

polarization of an FLDW waveguide.

6.1. Sample preparation and waveguide inscription

The sample of choice for these experiments is a commercially available liquid crystal
cell with an (8.0 +0.8) pm gap (Thorlabs LCC1318-A). The cell is an ECB cell,
consisting of two 3mm thick glass slides made from UV grade fused silica. Each
glass slide is coated with indium tin oxide, which serves as the electrode, and rubbed
polyimide, which serves as the alignment layer. The pre-tilt angle of the cell is
(4.5 4+ 0.5)°. Waveguides were to be inscribed transversely into the cell, so that they
cross the liquid crystal layer perpendicularly. A sketch of the inscription layout is
given in figure 6.1. Longitudinal inscription would not have been possible without
damaging the electrode and/or the alignment layer of the cell. To make transversal
inscription possible, the top edge of the cell had to be optically polished. During

this process, polishing fluid inevitably enters the cell due to capillary forces. The

—

FIGURE 6.1. Layout for inscribing waveguides into the ECB cell.
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areas that were left unaffected by polishing fluid were picked out as the locations for

inscribing waveguides.

Waveguides were inscribed into the liquid crystal cell using the setup given in
figure 3.1. The anamorphic zoom system presented in section 4.3 was used to
shape the beam during the inscription process. Since the rim of the liquid crystal
cell is blocked by the glue and spacer mixture holding the two glass slides together,
the waveguides were inscribed 0.6 mm below the surface. This is significantly deeper
inside the material than all the waveguides inscribed in this thesis to far. At this
depth, nonlinear propagation effects and aberrations occur, which make it necessary
to adjust the waveguide parameters to still allow good guiding properties of the
waveguides. Therefore, the waveguides were inscribed with 0.66 nJ pulse energy
! scanning velocity. Mode fields of the waveguides are shown in
figure 6.2. The modefield at 633 nm has a width of 6.9 pm in x and 9.6 pm in y, while

the modefield at 808 nm has widths of 9.7pum and 11.1pm in = and y, respectively.

and 45 mm min~

Microscope images of the resulting waveguide facets are given in figure 6.3a.
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FIGURE 6.2. Modefields of the waveguides inscribed into the liquid
crystal cell at 633 nm and 808 nm probing wavelength.

A gap of 0.1 mm was left in the waveguide, centered around the interface of the two
glass substrates, to avoid damaging the electrodes and the alignment layer. This
damage was clearly visible for slow inscription speeds when no gap was left during
the inscription process. Microscopy images of the induced damage are given in
figure 6.3b. The consequence of this gap on the losses can be estimated by taking
the overlap integral (equation 2.29) of the waveguide mode field and the mode field
after 92 pm propagation in fused silica and 8 pm propagation in the liquid crystal
(for simplicity reasons neglecting the different refractive indices of the electrode and
the alignment layer). It was found that the losses due to the gap amount to 0.03dB
at 808 nm and to 0.04dB at 633 nm.
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FIGURE 6.3. Transmission microscopy images of a) the inscribed
waveguides in the liquid crystal cell, b) damage that can occur when
inscribing through the electrodes and alignment layer.

The liquid crystal mixture used for the experiments is E7 (Synthon chemicals). The
cell was filled after the waveguide inscription. For this purpose, the empty cell is
placed into a puddle of liquid crystal in a Petri dish. The Petri dish is then sealed
into a plastic bag under low pressure using a gastronomy vacuum sealer. When
the bag is reopened, the pressure difference aids in sucking liquid crystal into the
cell. Unfortunately, it was not possible to fill the cell without air bubbles using this
procedure. Fortunately, however, the air bubbles did not occur where waveguides

were inscribed.

6.2. Electro-optical modulation of the output polarization

Liquid crystals can be rotated by external electric fields. In this section, this
properties of liquid crystals will be used to change the polarization state in a
waveguide with different applied sinusoidal voltages at 1kHz frequency. The
characterization of the sample was done using setup 3.2b without the analyzer,
with a helium-neon laser running at 633 nm as the light source and a polarimeter as
the detector. The liquid crystal cell is positioned so that the rubbing of the polyimide
is along y-direction, in line with the polarization direction of horizontal polarization,
defining the optical axis of the liquid crystal layer. This means that the strongest
birefringent response of the cell can be obtained with diagonal or antidiagonal input

polarization.

In a first step, the functionality of the sample is investigated by measuring the
polarization change for a section of the liquid crystal cell in which no waveguide
has been inscribed. For this purpose the objectives in the characterization setup
were removed, so that the characterization beam was collimated. The polarization
of the beam before the cell was set to diagonal and the power was set to 0.5 mW.
After applying a specific voltage, it was waited until the output polarization on the
polarimeter did not change, before measuring the polarization, to ensure that the

liquid crystals had completed their rotation. The duration of such a rotation was on
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the order of seconds. The measured output polarization states (in terms of Stokes
parameters), depending on the voltage applied to the cell, are shown in figure 6.4. A
clear change of the output polarization with the applied voltage is visible, verifying

that the liquid crystal cell is functional. The initial output polarization given at 0 V,q

Stokes parameters

voltage [V}l

F1IGURE 6.4. Change of Stokes parameters with applied voltage
of the liquid crystal cell without a waveguide, using light of 633 nm
wavelength. Solid lines correspond to the measured values when the
voltage is increased, dashed lines show the Stokes parameters when
the voltage was decreased.

is the result of the input polarization combined with the birefringence of the liquid
crystals in their initial state. The Freédericksz transition occurs at around 0.5 V.
With increasing applied voltage, the output polarization changes. A rotation on the
stokes sphere is observed, given by the strong variation of the Stokes parameters S
and S3. The strongest change is seen for voltages up to 3 Vis. After this, the ability
of the applied voltage to further rotate the liquid crystals decreases, visible by a
significant slower change of the output polarization. At around 10 V,,,s, the rotation
of the liquid crystals stagnates. An overall rotation of around 57 is observed. The
Stokes parameter S; changes slightly during the measurement. It is particularly not
zero, as would be expected if we model the cell as a linear retarder with an optical
axis at 0° to the horizontal axis. This may be caused by a slight tilt of the liquid
crystal cell in the setup. To show the accuracy and reproducibility of the results,
the voltage is first increased up to 11 Vs and then decreased back to 0 V.. The
measured data during the increase of the voltage is given in figure 6.4 by the solid
lines, the data acquired while lowering the voltage is given by the dashed lines. For

low voltages, both measurements yield similar results. Only for voltages higher than
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3 Vims slight deviations can be seen, which might be due to misalignment, which can

limit the polarimeter’s measurement accuracy.

From the results in figure 6.4, we can retrieve the optical retardance of the liquid
crystal layer for light of wavelength 633nm. Based on Mueller calculus and the
matrix definitions in table 2.2, the liquid crystal layer can be modeled as a waveplate
of retardation ¢, rotated by an angle 6. The value for ¢ will be larger than 57, since
a larger rotation was observed in figure 6.4. Knowing the output Stokes vector §Out

when no voltage is applied to the cell, the following equation can be written:

1 10 0 0 1
- —-0.1 < 0 1 0 0 0
Sout = = R(0 R(—6
"1 —0.06 @10 o cos(8)  sin(6) =0y
0.99 0 0 —sin(d) cos(d 0
(6) cos(9) (6.1)
1
| cos(20) sin(20) — cos(d) cos(26) sin(20)
B cos(8) cos(26)? + sin(26)?

— cos(20) sin(9)

The resulting over-determined equation system was solved using a nonlinear system
solver (MATLAB fsolve). The resulting values for the rotation and the retardation
were found to be # = —0.0157 ~ —2.7° and 0 = 5.487. This optical retardation
corresponds to an optical path difference of 1.73um. Comparing this to the
birefringence value An = 0.225 of the E7 liquid crystal mixture as given in
section 2.5.4 (neglecting dispersion effects), this indicates that the liquid crystal
cell has a thickness of 1.73 pm/0.225 ~ 7.69 pm, which fits well to the (8.0 £ 0.8) pm

gap specified by the manufacturer.

To investigate the performance of the liquid crystal cell in combination with the
waveguides, the objectives were inserted back into the characterization setup and
the light of the helium neon laser is coupled into an inscribed waveguide of the
cell. The input power was kept at 0.5 mW and the input polarization remained
diagonal. The polarization of the output mode field was then measured using the
polarimeter. The results are plotted in figure 6.5. During this measurement, no
significant difference between the measurements taken with increasing and decreasing
voltage were measured, as can be seen in the figure 6.5 by comparing the dashed and
the solid lines. The course of the rotation of the polarization state on the Stokes
sphere for voltages up to 3 V., is visualized in figure 6.6.

The initial output polarization of the waveguide without an applied external electric

field is given at 0 V., and visualized in figure 6.6a. This polarization differs from
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F1GURE 6.5. Change of output polarization of a waveguide with
embedded liquid crystal layer when the applied voltage is changed.
The wavelength used for this measurement was 633 nm and the input
polarization was diagonal. Solid lines correspond to the measured
values when the voltage is increased, dashed lines show the Stokes
parameters when the voltage was decreased.

the polarization at 0V, of figure 6.4 due to the birefringence of the waveguide.
Apart from this offset, the qualitative rotation of the output polarization on the
Stokes sphere resembles the rotation in the liquid crystal cell without the waveguide.
The output polarization changes strongly with the voltage for voltages up to around
3Vims. At around 0.9 V.., antidiagonal output polarization is reached. Further
increasing the voltage up to 1.2 Vs allows a switch of the output polarization to
diagonal polarization, as visualized in figure 6.6b. At 1.5 V,,.s, the output polarization
returns back to antidiagonal polarization (see figure 6.6c), and then at 1.9 Vs back
to diagonal polarization (see figure 6.6d). With an applied voltage of 3.0 Vi,

antidiagonal polarization is reached again (see figure 6.6¢).

Based on what was shown for the measurement without a waveguide, the output
polarization state of the waveguide can be used to retrieve the birefringence of the
waveguide using Mueller calculus. To do this, an analogous equation system to
equation 6.1 was set up, where the waveguide pieces were modelled as two additional
identical waveplates, one before and one after the liquid crystal layer. The model
revealed that the optical axis of the waveguides was at 97° with respect to horizontal
polarization and that the retardation per waveguide piece was 0.17. This corresponds
to an optical path difference of 32nm. Normalizing this to the waveguide length
results in an optical path difference per centimeter of 107 nm. This is a significantly

higher birefringence to what was observed for previous waveguides inscribed with
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(D) 1.5 Vipg (E) 1.9 Vims (F) 3 Vims

FIGURE 6.6. Rotation of the output polarization state of the
waveguide with the applied voltage for light of 633 nm wavelength.

the anamorphic zoom system in this thesis. The reason for this is the changed
inscription parameters, which were chosen to produce waveguides 0.6 mm below
the surface (avoiding the edge of the cell where the glue and spacer mixture are
positioned), whilst at the same time yielding strong modification, making it easy to
find the waveguide in the sample. An increased birefringence was tolerated in this
case. However, for further investigations, the writing parameters should be adapted

to provide minimum birefringence.

The waveguide with embedded liquid crystals can also be operated at other
wavelengths, for example, at 808 nm. A measurement showing the change of Stokes
parameter with the applied voltage is given in figure 6.7. The input polarization for
this measurement was antidiagonal polarization, and the input power was 0.5 mW.
There are several similarities between figure 6.5, measured with 633 nm wavelength,
and figure 6.7, measured with 808 nm wavelength. In both images, mainly the Stokes
parameters Sy and S3 are modulated. This modulation is strong for voltages up to
3 Vims, and then stagnates. The initial output polarization is different though, and
not just by the sign of the Stokes parameters, as would be expected by the change
from diagonal to antidiagonal input polarization. Furthermore, the overall change in

phase delay achieved with light of 808 nm wavelength is just under 47, which is less
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Stokes parameters

voltage [Vis]

FI1GURE 6.7. Change of output polarization depending on applied
voltage for light of 808 nm wavelength and 0.5 mW input power. The
input polarization was antidiagonal.

than the roughly 57 achieved with light of 633 nm wavelength. Both is because at a
given optical path difference OPD, caused by the birefringence of the liquid crystal
(neglecting dispersion effects), the phase delay § of the light scales antiproportional
to the wavelength: 6 = 2rOPD/\.

For many practical purposes, achieving a single 27 rotation on the Stokes sphere
is sufficient to allow arbitrary output polarization states of a waveguide. Choosing
a liquid crystal cell with a thinner liquid crystal layer would therefore be a good
idea for future devices, since this would help reduce the size of the device without
any reduction in functionality. However, in general it is necessary to note that
if the embedded liquid crystal layer is to be used for multiple wavelengths, the
possible rotation of the output polarization on the Stokes sphere must be at least
27 for the longest wavelength, which means that for shorter wavelength rotations of
more then 27 are necessary. To expand the here proposed approach further, future
investigations should focus on how to change the alignment of the liquid crystals, so
that not only the amount of retardation can be tuned, but also the optical axis of

the retardation.

To conclude, in this section active electro-optical reconfiguration of the output
polarization state of an FLDW waveguide by embedding an 8 pm thin liquid crystal
layer into the waveguide was demonstrated for the first time. Full rotations on
the Stokes sphere were observed, proving that a strong modulation of the output
polarization is possible using this approach. Currently existing approaches to add

reconfigurable elements into FLDW circuits are based either on heat elements in
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Mach-Zahnder interferometers [153, 154| or on a strong laser inducing the Kerr
effect in a directional coupler [160, 161]. A downside of using thermal shifters as
reconfigurable elements is that they suffer from thermal dissipation, which limits
how many of these devices can be closely packed due to cross-talk. Furthermore,
neither the approach using thermal effects nor the approach using the Kerr effect
were used to change the polarization of the transmitted light. So far, the only
tuneable element in glass-based FLDW circuits designed to change the polarization
state of a waveguide is the liquid crystal based approach, which was presented in
this thesis.
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CHAPTER 7

Conclusion and Outlook

Polarization control in FLDW photonic devices is an important building block for
integrated circuit design. Complete control over the polarization of the photon is
critical for using as many degrees of freedom as possible to encode the information
carried by a photon, thereby increasing the data rate per photon. The goal of
this thesis was to achieve full control over the polarization in FLDW fused silica

waveguides.

The first prerequisite for this goal is achieving waveguides with minimal birefringence
and losses. It has been shown that parameter optimizations can improve the
properties of the waveguide, but is not sufficient to yield the desired performance.
Therefore, the opportunity of spatial beam shaping for reducing waveguide
birefringence was investigated. Initially, a cylindrical telescope was used to achieve

an elliptical inscription beam, which already improved the waveguide properties.

To take things further, this approach was optimized, resulting in the first use of an
anamorphic zoom system for the laser inscription of waveguides in glass. Using this
approach, waveguides with competitive loss values and at the same time significantly
reduced birefringence compared to typical birefringences of FLDW waveguides were

achieved.

The next step towards full control over the polarization state in FLDW waveguides
is the targeted insertion of custom polarization manipulating structures into the
waveguide. For this purpose, two innovative approaches were presented in this thesis,
firstly the use of locally embedded nanogratings as retardation elements and secondly

the usage of a tuneable liquid crystal layer within the FLDW waveguide.

The utilization of nanogratings as local retardation elements requires precise control
over their linear optical retardance and the orientation of their optical axis. It
was confirmed that by suitable choice of inscription parameters, the properties
of nanogratings can be changed to produce structures that exhibit tailored linear
retardation at any desired optical axis orientation. Within the framework of this
study, the influence of the different elliptical beam shaping approaches —previously
used to optimize waveguide parameters —on the nanograting properties were
investigated. Nanogratings with highest birefringence at lowest losses were found

with elliptical beam shaping using the cylindrical telescope. Based on these results,
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quantum gates made of nanogratings embedded into waveguides were demonstrated
for the first time and characterized using single photons. The key in this case, to
enable a full rotation of the nanograting orientation with respect to the waveguide,
is to inscribe the nanogratings from a direction perpendicular to the waveguide
inscription. Compared to former approaches for single qubit quantum gates in
FLDW waveguides, these nanograting-based quantum gates were two orders of
magnitude more compact due to the high birefringence of the nanogratings. This
is an important aspect for reducing the footprint of future glass-based integrated

photonic quantum circuits.

Furthermore, it was investigated for the first time in this thesis how conical phase
front beam shaping affects the optical properties of nanogratings. When changing the
conical phase front angle, the depth of the modification in the glass sample changed
without any mechanical translation of either the inscription lens or the sample.
At the same time, the optical properties of the nanogratings, like birefringence,
dichroism, and losses, were greatly influenced by the conical phase front angle of the
inscription beam. It was observed that negative conical phase front angles resulted
in a thickening of nanograting modifications in the beam inscription direction, which
was not the case with positive conical phase front angles. Simulations revealed that

this asymmetry was caused by nonlinear propagation effects.

The optical properties of the nanogratings produced with positive and negative
conical phase front angles were also different from each other. The highest optical
path differences and dichroism were seen for a single modification layer generated
with a negative conical phase front angle. However, when the optical path difference
and dichroism of nanogratings generated with negative conical phase fronts are
normalized to their thickness, it becomes clear that this increase is solely due
to accumulation by the thick modification and not due to a higher birefringence
or dichroism per volume element. In fact, the highest birefringence (i.e., optical
path difference normalized to modification thickness) and dichroism normalized to
thickness were obtained with positive conical phase front angles. This means that
by using conical phase front angles to shape the beam for nanograting inscription,
the thickness and retardation of a structure can be chosen independently by creating
either lower birefringent but thicker structures with negative conical phase front
angles or multiple layers of higher birefringent but thinner structures with positive
conical phase front angles, both resulting in the same total thickness, but having
different optical retardations. The obtained results also reveal that using conical
phase front beam shaping for nanograting inscription can help decrease transmission

loss rates.

96



CHAPTER 7. CONCLUSION AND OUTLOOK

Finally, the first actively reconfigurable polarization control in glass-based FLDW
waveguides was demonstrated in this thesis by embedding a thin liquid crystal layer
into a waveguide. This approach allows changing the output polarization state of a
waveguide by changing the voltage applied to the liquid crystal layer. A 5m-rotation
of the output polarization state on the Poincaré sphere was observed for transmitted

light of wavelength of 633 nm in an 8 pm thin liquid crystal layer.

Comparing both presented approaches of polarization control, it can be said that each
one has its own advantages. The advantages of the approach of using nanogratings
are, firstly, that the nanogratings can easily be rotated 360 degrees by changing the
inscription polarization direction. Furthermore, they are well confined in the sample
because they are a volume modification that cannot leak, unlike liquid crystals. In
addition, nanogratings are much more temperature stable than liquid crystals. The
obvious advantage of liquid crystals over nanogratings is their tuneability by external
fields that can change the optical retardation of the liquid crystal layer. However,
in a typical liquid crystal cell, the orientation of the optical axis is fixed by the
alignment layer. One way to overcome this limitation for a given alignment layer is
to use a pump-probe configuration, which should allow the liquid crystal director
to be rearranged according to the electric field of the pump beam. This will have
to be further investigated in the future. To further advance the integration of the
pump-probe setup, the use of Bragg gratings within the waveguide piece following
the liquid crystal layer could be an elegant way to remove the pump after the liquid
crystal cell. Alternatively, other ways to reconfigure the alignment layer of the liquid

crystal cell could be explored, such as reversible photoalignment of the liquid crystals.

The layout of the liquid crystal sample is not yet ideal for combining waveguides
with liquid crystal layers. It would be advantageous if the cell could be fabricated in
such a way that no polishing of the assembled cell is necessary, so that no polishing
fluid gets into the volume intended for the liquid crystals. One option would be
laser ablation of the cavity, but this would require new solutions for adding the
alignment layer. In general, it would be interesting to change the materials for the
alignment layers and electrodes to bring the waveguides closer to the liquid crystal
layer without causing damage in these layers. One could also imagine completely
different geometries, such as a waveguide extending just below the surface of a liquid
crystal layer, so that the evanescent tails of the guided mode field could be modified
by the liquid crystals.

In summary, different approaches of controlling polarization in FLDW circuits have
been investigated in this work. First, the reduction of birefringence in FLDW

waveguides was achieved, and second, novel approaches to fabricate embedded
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waveplates using either nanogratings or liquid crystals were demonstrated. Based on
the results of this work, new integrated photonic circuits can be developed that use
polarization to encode the transmitted information. The approaches developed in
this thesis allow the defined setting of polarization state in waveguides, while at the
same time paving the way to achieving significantly more compact FLDW photonic
circuits in glass. The results have a high relevance for application fields ranging from

augmented reality devices to optical information technology and optical computing.
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Zusammenfassung

Polarisationskontrolle in photonischen Schaltkreisen leistet einen entscheidenden
Beitrag, um moglichst viele Freiheitsgrade des Photons bei der Codierung von
Informationen auszunutzen. Jeder zusétzlich verwendete Freiheitsgrad in der op-
tischen Informationsiibertragung erlaubt eine Erhéhung der Datenrate und somit
einen schnelleren Datenfluss. Ziel dieser Arbeit war es, Polarisationskontrolle in

femtosekundenlaser-geschriebenen Wellenleitern zu erreichen.

Die erste Voraussetzung hierfiir sind doppelbrechungsarme und verlustarme Wellen-
leiter, die in dieser Arbeit durch geschickte Strahlformung erzielt werden konnten.
Solche doppelbrechungsarmen Wellenleiter sind die Grundvoraussetzung fiir die
polarisationscodierte Informationsiibertragung. Zunéchst wurde untersucht, wie
weit sich Wellenleiter durch die Strahlformung mittels zylindrischem Teleskop
verbessern liefen. Infolge dessen wurde die Strahlformung weiter optimiert, indem
zum ersten Mal ein anamorphotisches Zoom-System fiir die Wellenleitererzeugung
eingesetzt wurde, das eine variable Einstellung der Strahlelliptizitdt ermoglichte.
Die besten Wellenleitereigenschaften im Sinne von geringen Verlusten bei geringer
Doppelbrechung wurden mit dem anamorphotischen Zoom-System erzielt. So
konnten Wellenleiter erzielt werden, deren Verluste nahe an die bisher niedrigsten
veroffentlichten Verluste kommen, bei gleichzeitig deutlicher Reduktion der typischen

Wellenleiter-Doppelbrechung.

Der zweite Aspekt der Polarisationskontrolle ist das gezielte Einbetten doppelbre-
chender Strukturen in die Wellenleiter. Hierzu wurden im Rahmen dieser Arbeit
zwel innovative Ansétze vorgestellt, einerseits basierend auf femtosekundenlaser-
geschriebenen Nanogittern, und andererseits basierend auf schaltbaren Fliissigkristal-
len. Die Verwendung von Nanogittern als Verzogerungselemente erfordert die prazise
Kontrolle {iber den Winkel ihrer optischen Achse und die Stérke ihrer linearen
optischen Verzogerung, was durch die gezielte Wahl an Laserschreibparametern
moglicht ist. Im Rahmen dieser Studie wurde zudem der Einfluss der verschiedenen
fiir die Wellenleitererzeugung verwendeten Strahlformungsanséatze auf die Nanogitter
untersucht. Die gilinstigsten Nanogittereigenschaften im Sinne von hoher Doppelbre-
chung bei geringen Verlusten wurden dabei durch das zylindrische Teleskop erreicht,

welches daraufhin fiir die Kombination von Wellenleitern mit Nanogittern verwendet
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wurde. Auf diese Weise konnten zum ersten Mal Quantengatter aus Nanogittern
erzeugt und mittels Einzelphotonen charakterisiert werden. Sie wiesen Fidelititen
von grofer-gleich 0.93 auf. Der entscheidende Punkt, um hierbei alle Freiheitsgrade
der Nanogitter ausnutzen zu koénnen, ist eine Finschreibrichtung der Nanogitter
senkrecht zur FEinschreibrichtung der Wellenleiter. Im Vergleich zu bisherigen
Ansétzen fiir polarisationscodierte Einzelqubitquantengatter in lasergeschriebenen
Glaswellenleitern stechen die so erzeugten Quantengatter durch ihre um zwei Grofen-
ordnungen verbesserte Kompaktheit hervor. Dies ist ein wichtiger Schritt in Richtung

Miniaturisierung glasbasierter, integrierter photonischer Quantenschaltkreise.

Weiterhin wurde in dieser Arbeit erstmalig untersucht, wie sich Strahlformung mit
konischen Phasenfronten auf die Eigenschaften von Nanogittern auswirkt. Durch die
Veranderung des Winkels der konischen Phasenfront konnte die Einschreibtiefe der
Modifikation ohne Bewegung der Probe oder der Einschreiblinse verdndert werden.
Auferdem hatte die Verdanderung des konischen Phasenfrontwinkels einen erheblichen
Einfluss auf die optischen Eigenschaften, wie die optische Verzogerung der Strukturen,
die Doppelbrechung, den Dichroismus und die Verluste. Dies erméglicht eine deutliche

Verbesserung der Nanogittereigenschaften fiir Anwendungen als Wellenplatten.

Desweiteren wurde in dieser Arbeit erstmals eine schaltbare Polarisationskontrolle
in einem lasergeschriebenem Quarzglaswellenleiter demonstriert. Hierzu wurde
eine diinne Schicht Fliissigkristalle in einen Wellenleiter eingebettet. Durch das
Anlegen elektrischer Spannungen konnte die Ausrichtung der Fliissigkristalle so weit
manipuliert werden, dass mehrere vollstdndige Drehungen der Ausgangspolarisation

des Wellenleiters auf der Poincaré-Sphére erreicht wurden.

Zusammenfassend ist festzuhalten, dass die Polarisationskontrolle in
femtosekundenlaser-direktgeschriebenen Schaltkreisen in dieser Arbeit in zwei
wesentlichen Aspekten weiterentwickelt und optimiert wurde. Der erste Aspekt
ist die Erzeugung von niedrigdoppelbrechenden Wellenleitern, die durch einen
verbesserten Strahlformungs-Ansatz ermoglicht wurde. Der zweite Aspekt sind
neue Ansétze, um gezielt Verzogerungselemente in die Wellenleiter einzubringen,
bestehend aus Nanogittern und Fliissigkristallen. Die hier vorgestellten Ansétze
und Einschreibmethoden tragen zukunftsweisend dazu bei, photonische Schaltkreise,
in denen polarisationskodiert Information iibertragen wird, kompakter und zudem
dynamisch schaltbar zu gestalten. Die Ergebnisse haben eine hohe Relevanz fiir eine
Vielzahl von Anwendungen, wie zum Beispiel Augmented Reality, den optischen
Computer oder die optische Dateniibertragung.



Ehrenwortliche Erklarung

Ich erklare hiermit ehrenwortlich, dass ich die vorliegende Arbeit selbstdndig und
ohne unzuléssige Hilfe Dritter sowie ohne Benutzung anderer als der angegebe-
nen Hilfsmittel und Literatur angefertigt habe. Es wurden insbesondere keine
Textabschnitte eines Dritten oder eigene Priifungsarbeiten ohne Kennzeichnung
iibernommen. Alle benutzten Hilfsmittel, persénliche Mitteilungen und Quellen
wurden angegeben. Die aus anderen Quellen direkt oder indirekt ibernommenen

Daten und Konzepte sind unter Angabe der Quellen gekennzeichnet.

Bei der Auswahl und Auswertung des vorliegenden Materials haben mir die
nachstehend aufgefiihrten Personen in der jeweils beschriebenen Weise unentgeltlich

geholfen:

e Die Glasproben in dieser Arbeit wurden von Christiane Otto am Institut fiir
Angewandte Physik Jena geschnitten und poliert. Alle laser-geschriebenen
Strukturen, die fiir die REM-Aufnahme an die Oberfliche gebracht werden
mussten, sind von ihr freigelegt worden.

e Prof. Herbert Gross vom Institut fiir Angewandte Physik Jena hat das in
Abschnitt 4.3 beschriebene anamorphotische Zoom-System entworfen.

e Detlef Schelle vom Institut fiir Angewandte Physik Jena hat die REM-Bilder
in Abbildung 5.1 aufgenommen.

e Die Einzelphotonencharakterisierung aus Abschnitt 5.3 wurde in Zusammen-
arbeit mit Max Ehrhardt durchgefiihrt, der den Grofsteil des Aufbaus
zur Charakterisieren mit Einzelphotonen vorbereitet hat (Abbildung 5.13)
und basierend auf den Einzelphotonenmessungen die Quantenmatrizen
rekonstruiert hat.

e Die durch Strahlen mit konischen Phasenwinkeln erzeugten Nanogitter in
Abschnitt 5.4 sind von Dr. Ehsan Alimohammadian von der Universitat
Toronto unter der Leitung von Prof. Herman erzeugt worden.

e Yuliya Shyk von der EAH Jena hat das Atzen der Proben in dieser Arbeit
ausgefiihrt.

e Michael Steinert vom Institut fiir Angewandte Physik Jena hat die REM-
Bilder in Abschnitt 5.4 aufgenommen, sowie die Proben durch Kohlenstoff-

Beschichtung auf die Aufnahmen vorbereitet.

112



CHAPTER 7. EHRENWORTLICHE ERKLARUNG

e Die Simulationen zur Einzelpulsausbreitung von Strahlen mit konischen
Phasenwinkeln in Quarzglas, von denen die Ergebnisse qualitativ in Ab-
schnitt 5.4.2 wiedergegeben wurden, wurden von Dr. Alessandro Alberucci
durchgefiihrt und basieren auf einem Quellcode von Dr. Jisha Chandroth-

Pannian.

Weitere Personen waren an der inhaltlich-materiellen Erstellung der vorliegenden
Arbeit nicht beteiligt. Die Hilfe einer kommerziellen Promotionsvermittlerin/eines
kommerziellen Promotionsvermittlers wurde nicht in Anspruch genommen. Niemand
hat von mir unmittelbar oder mittelbar geldwerte Leistungen fiir Arbeiten erhalten,

die im Zusammenhang mit dem Inhalt der vorgelegten Dissertation stehen.

Die Arbeit wurde bisher weder im In- noch im Ausland in gleicher oder @hnlicher
Form als Priifungsarbeit einer anderen Priifungsbehorde vorgelegt. Teile dieser
Arbeit wurden aus Prioritédtsgriinden bereits veroffentlicht bzw. zur Verdffentlichung

eingereicht.

Die geltende Promotionsordnung der Physikalisch-Astronomischen Fakultit ist mir
bekannt. Ich versichere ehrenwortlich, dass ich nach bestem Wissen die reine Wahrheit

gesagt und nichts verschwiegen habe.

Jena, 19. Februar 2022 Kim A. Lammers

113



List of publications and conference contributions

Publications (realized and planned):

e Bergner, et al., Applied optics 57.16 (2018): 4618.
e Matthéus, et al., Optics express 26.18 (2018): 24089.
e Kammer, et al., Laser & Photonics Reviews 13.2 (2019): 1800268.
e Lammers, et al., Optical Materials Express 9.6 (2019): 2560.
e Alimohammadian, et al., Optics Express 30.4 (2022): 5360.
e Lammers, et al., (Hybridization of femtosecond-laser written waveguides
with liquid crystals, in prep.)
Conferences & meetings:

e Lammers, et al. "Manipulating Polarization States in Waveguides for
Quantum Computational Applications", DokDok 2017

e Matthaus, et al. “Femtosecond written buried waveguides in silicon”,
Photonics West 2018

e Nolte, et al. “Inscription of silicon waveguides using ultrashort laser pulses
[10519-0K]”, Workshop on Short Pulse Laser Solid Interaction 2018, Lyon

e Lammers, et al. “Embedded Nanogratings for polarization control in
femtosecond laser direct written nanogratings”, Photonics North 2018

e Matthaus, et al., “Inscription of silicon waveguides using ultrashort laser
pulses [10908-26]”, Photonics West 2019

e Lammers, et al., “Compact Femtosecond Laser Direct Written Integrated
Retarders Based On Embedded Nanogratings”, CLEO Munich 2019

e Lammers, et al., “Nanograting based birefringent retardation elements in
integrated photonic circuits [11268-46]”, Photonics West 2020

e Lammers, et al., “Liquid crystal based tuneable waveplates embedded in
femtosecond laser direct written waveguides” EMRS Spring Meeting 2021

e Lammers, et al., “Using liquid crystals as tuneable waveplates in
femtosecond laser direct written waveguides” CLEO Europe 2021

e Lammers, et al., “Optical Properties of Nanogratings Inscribed with
Conical Phase Fronts” CLEO Europe 2021

114



Acknowledgements

I would like to thank all those who supported and motivated me during the
preparation of this thesis. First of all, I would like to thank Prof. Stefan Nolte,
who enabled me to do my PhD within the frameworks of the GRK 2101 and the
Max Planck School of Photonics (MPSP). I would like to thank him for his time
of mentoring, his supervision, his helpful suggestions, and his constructive criticism
during the preparation of this thesis. Thank you, for trusting in my work and in my
abilities. Thank you to Prof. Thomas Pertsch for agreeing to be part of my thesis
advisory committee of the MPSP and offering helpful suggestions in the final phase
of my PhD.

I would also like to thank my colleagues, especially my lab and office mates
Dr. Alessandro Alberucci, Dr. Qingfeng Li and Dr. Jisha Chandroth-Pannian, who
supported me with a lot of interest and helpfulness. Thank you for all your feedback,
suggestions and advice. Many thanks to all members of the Ultrafast Optics Group
at the Institute of Applied Physics Jena for the numerous interesting debates and
ideas, which have contributed significantly to the fact that this thesis is available
in this form. Many thanks to Mrs. Otto for her outstanding glass preparation and
to Detlef Schelle and Yuliya Shyk for etching my samples. Many thanks to Michael
Steinert for the pleasant and constructive SEM sessions.

Furthermore, I would like to thank Prof. Herbert Gross for the good collaboration
and the design of the anamorphic zoom system. It has been a pleasure working with
you. Many thanks to Prof. Alexander Szameit and Max Ehrhardt for enabling the
single photon characterizations of the nanograting-waveguide combinations. Many
thanks for the pleasant cooperation and the friendly reception in Rostock. Thanks
also to Prof. Herman and Dr. Ehsan Alimohammadian for trustingly turning to me
to evaluate their nanogratings. Thank you for this opportunity to work together.
Thank you for Prof. Réal Vallée and Dr. Jean-Phillippe Bérubé for the invitation to
COPL Quebec and the support during my research stay there. Finally, I would like
to thank my husband for your unlimited support in all circumstances, for covering
my back in all these years. Thank you to my parents, who made my studies possible
and are always ready to lend an ear.

115



	Dedication
	Chapter 1. Introduction
	Chapter 2. Fundamentals
	2.1. Polarization
	2.2. Optical dielectric waveguides
	2.3. Volume modifications in transparent dielectric materials by means of ultrashort laser pulses
	2.4. Optical quantum computing
	2.5. Liquid crystals
	2.6. State of the art

	Chapter 3. Experimental Setups
	3.1. The writing setup
	3.2. The characterization setup

	Chapter 4. Femtosecond Laser Direct Written Waveguides
	4.1. Loss measurements
	4.2. Waveguide writing using a Gaussian beam
	4.3. Waveguide writing with elliptically shaped beams
	4.4. Suitable parameters for writing waveguides with a cylindrical Galilean telescope
	4.5. Improved waveguide performance using an anamorphic zoom system

	Chapter 5. Polarization Control Based on Nanogratings
	5.1. Scanning electron microscope images of modifications
	5.2. Parameter dependencies
	5.3. Single qubit quantum gates made of nanogratings
	5.4. Novel beam shapes for nanograting inscription

	Chapter 6. Adaptive Polarization Control Using Liquid Crystals
	6.1. Sample preparation and waveguide inscription
	6.2. Electro-optical modulation of the output polarization

	Chapter 7. Conclusion and Outlook
	Bibliography
	Zusammenfassung
	Ehrenwörtliche Erklärung
	List of publications and conference contributions
	Acknowledgements

