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Abstract

For realising high-quality complex quantum circuits, scalable on-chip
realisations are a viable option. Aside from being inherently stabilised
and mobile, the on-chip platform provides the means to achieve true
scalability by hybrid integration of the three main parts; generation,
manipulation and detection.

Delay line elements are crucial parts of any complex quantum cir-
cuit as they can be used to do time-domain processing and allow for
pulse arrival time synchronising. This thesis therefore present one ap-
proach for delaying optical pulses; namely by coupled ring resonators.
Specifically, the work focuses on CROWs (serially coupled ring res-
onators) and their delay characteristics.

Furthermore, the impact of viable on-chip delay devices is limited
unless the elements can be tuned. Because of the ambitious usage
goals and operating regimes, piezoelectric tuning was chosen as it
allows for cryogenic operation, has a low thermal budget and can be
implemented in existing device fabrication techniques.

We demonstrate up to 0.30 nm piezoelectric resonance tuning for
SiN/SiO2 devices on PMN-PT carrier wafers for a variety of configura-
tions including all-pass resonators, add-drop resonators and multiple-
ring CROWs with simulated theoretical delays in excess of 100 ps and
measured experimental intrinsic quality factors around 10000. This
resonance tuning range corresponds to a 90 ps group delay tuning
range. In addition, we demonstrate high-quality resonator devices
on silicon carrier wafers with measured experimental intrinsic quality
factors reaching 100000 and experimentally extracted group delays on
the order of 30 ps.
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1 | Introduction

1.1 Background

Quantum science and photons have long been strongly associated no-
tions [1]. With the concept of single photons proposed over 100 years
ago [2], single photon sources emerging in the late 70s by isolated
atomic transitions [3–5], and the recent introduction of alternate sin-
gle photon sources (such as material defect centres [6–8] and quan-
tum dots [9, 10]), single photon manipulation and detection is now
the starting point for novel photonic technologies where the goal is to
realise scalable quantum optical circuits which require on-chip single
photon generation, manipulation and detection.

Harnessing the photon as an information carrier has proven re-
sourceful, much owing to the many possible encoding schemes avail-
able. Information could for example be encoded onto the photon by
polarisation [11, 12], spatially [13, 14], in frequency domain [15, 16],
in time domain [17–19] or even by combinations of these [20–22] which
make photons a versatile choice for carriers.

Using photons as quantum bits (qubits) is a natural choice for
long-distance quantum communication and linear optical quantum
computing (LOQC) implementations. Should such schemes be re-
alised, the attainable technologies would range from unbreakable quan-
tum encryption schemes facilitating everything from secure bank trans-
fers to large-scale secure networks [1, 23]. Furthermore, certain tasks
with high complexity for the current electronic computing technolo-
gies, such as factoring large numbers and manipulating large matrices,
would see a significant reduction in their complexity using quantum
computing technology [24–26].



2 | CHAPTER 1. INTRODUCTION

1.2 Photonics and integrated circuits

The main problem with off-chip implementations of LOQC are the
bulky components. These not only require specialised laboration se-
tups, but are also inherently immobile, unnecessarily complex and
must be externally stabilised to function optimally [23, 27]. On the
contrary, integrated on-chip nanophotonic devices are mobile, inher-
ently stabilised and requires little to no permanent infrastructure as
every component from source to detection can be fixed in relation to
each other. Furthermore, the on-chip platform provides the means
to achieve implementable scalability, which has been one of the main
hurdles to overcome with table-top LOQC realisations [27–29].

Every implementation of a LOQC scheme requires three funda-
mental parts. Firstly, the information carrier generation, i.e. sin-
gle photon generation; secondly, the manipulation of these carriers
in some way, for example filtering, routing and/or switching; and
thirdly, the information read-out of the carriers, i.e. the detection of
the photons [23, 27].

As discussed, information can be encoded onto single photons in
many ways, but before encoding anything, the photons must be gener-
ated by some process. To utilise the system’s quantum properties, the
generation process of photons should efficiently emit single photons
(and have small probability for multi-photon emissions), preferably
emit with directionality and have high photon indistinguishability. A
promising generation candidate are (III-V) quantum dots (QDs) that
in addition to near ideal single photon emission [30, 31] have potential
for on-demand light generation [32], photonic circuit integration [28,
29] and integration to other nanocavities [9, 33, 34].

For carrier manipulation, the photonic platform stands out as
a suitable candidate as every discrete unitary operator can be con-
structed from the fundamental optical components beam splitters and
mirrors [35], and complex manipulation schemes have already been
demonstrated [36, 37]. Furthermore, silicon-based circuits have po-
tential for low propagation losses and high quality circuits, which are
necessary for the delicate nature of single photon processing, owing to
the very developed nanofabrication technology adapted from the mi-
croelectronics industry for the silicon platform compared to the III-V
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platform [38–40].
Finally, the detection (read-out) process should be highly efficient

for single photon detection, present low timing jitter and in addition
present a low dark count rate. Superconducting nanowire single pho-
ton detectors (SNSPDs) are currently the state-of-art single photon
detection technology that addresses these issues [41] and furthermore
have been successfully implemented in silicon-based circuits [34].

With that said, we turn to the main problem of efficient LOQC
implementations: Successful realisations of miniaturised, scalable on-
chip quantum computing schemes require the carrier generation, the
carrier manipulation and the carrier detection processes all to be
brought together and combined. This sounds straightforward but
is in practice a great challenge due to the incompatibility of certain
technologies. Much effort has been put into developing hybrid ap-
proaches [28, 29, 42], by for example integrating QD in nanowires
that then are deposited as an on-chip single photon source [43] and
integrating SNSPDs in photonic circuits [43, 44], but there are still
challenges to overcome.

1.3 Dynamical tuning of optical elements

A single purpose on-chip implementation can thus be realised if these
components can be brought together. For more complex purposes,
non-tunable chips will generally not suffice, which leads to the concept
of dynamical tuning of optical elements.

The main way to achieve dynamical tuning on chip (i.e. dynami-
cally change the physical properties of the optical elements in a way
that alter system properties, such as the operating wavelength, ac-
ceptance bandwidth et cetera), is by causing the carrier material to
change its refractive index n→ n+ ∆n [45].

There are several ways of tuning optical elements and some of the
main techniques will now be presented.

Electro-optic effect

The electro-optical effect entails that the refractive index of a material
changes in response to an externally applied electrical field. This
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change ∆n can be proportional to the applied field (called Pockels
effect, ∆n ∝ E), or to higher powers of the field (e.g. Kerr effect for
∆n ∝ E2).

The perturbation of the refractive index also depends on the electro-
optical coefficients of the material in question [46], and in partic-
ular, the Pockels effect only applies to crystals with lattice struc-
tures that lack inversion symmetry or other materials that are non-
centrosymmetric (i.e. it is a second order nonlinear effect), such as
lithium niobate [47].

For centrosymmetric lattices (such as silicon nitride) this leaves
the (generally) orders of magnitude weaker Kerr effect that is present
in all materials (it is a third order nonlinear effect) [48, 49].

For a fully integrated on chip computing scheme, the Kerr effect
has not yet been utilised as a modulation technique, owing to the
relative tuning weakness and the availability of other techniques.

Thermo-optical effect

Material properties are heavily dependent on the crystal lattice struc-
ture and the lattice parameters (i.e. the physical separation distance
between atoms) which in conjunction with the band gap structure
contribute to the electrical properties such as the refractive index [50].

Thermo-optic effects in materials are well-known and can be utilised
for circuit tuning by cooling or heating. The addition or removal of
heat does not cause the refractive index to change directly, but rather
through the photon-phonon interactions, the strength of which can be
controlled by adding or removing heat. However, the thermo-optical
effect is not to be confused with thermal expansion, which physically
stretches or shrinks the sample in response to heat, thereby inducing
refractive index shifts [51]. However, both effects do contribute to
the thermal tuning of the refractive index, but the former is generally
larger, and the latter therefore neglected.

Recently, much focus has been put into more effective circuits,
which has led to the introduction of cryogenic operating tempera-
tures and for example state-of-art SNSPDs operate on the supercon-
ductivity principle [41]. This operating temperature clearly opposes
the whole concept of thermal tuning and is therefore not a suitable
tuning method for future-proof technologies.
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Free carrier plasma dispersion effect

Another common way of changing the physical properties of materials
is through injection of free electrons or holes, jointly referred to as
carriers, into the material. This causes the effective band structure of
the device to change which implies injection or depletion of carriers
into the region where the optical mode resides, and thereby changing
the effective refractive index. This can be realised in several ways,
most commonly through p-i-n diodes over which a tunable voltage is
applied [52–54].

This allows for precise dynamical tuning in materials with rela-
tively small band gaps (such as semiconductors and doped materials).
However, a large class of materials are insulating with distinct valence
and conduction bands, including silicon nitride, which render this ef-
fect unusable. Furthermore, the free carrier dispersion effect requires
some method of creating p-i-n junctions, which is not trivial in most
cases [50].

1.4 Piezoelectric tuning

Piezoelectric tuning is alternative method of tuning that works for any
type of circuit material, insulators included, and in addition have very
low thermal budget (i.e. work in cryogenic operating conditions). A
material that is piezoelectric will change its electric polarisation in re-
sponse to an applied strain, and similarly by applying an electric field,
stresses and strain will be induced in a piezoelectric material [50]. By
fabricating the desired photonic circuit on top of such a material,
the strain transfer between the piezoelectric carrier wafer and circuit
stack induces the desired tuning.

Historically, this scheme has successfully been used to precisely
tune the emission wavelengths of quantum dots [55–57] as well as
tuning integrated optical emitters on chip [28, 29] and also to recon-
figure optical elements on chip [29, 58].

Piezoelectric properties are found in non-centrosymmetric materi-
als (i.e. materials without inversion symmetry). Such materials lack
lattice symmetry which causes spontaneous polarisation domains to
occur in the crystal lattice. Domains polarised in the same directions
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Figure 1.1: Principal lattice direction 1, 2 and 3 with corresponding
components εij of the strain tensor ε for an arbitrary material.

form piezoelectric domains and the global interplay between many
piezoelectric domains give the observed material properties [59].

As previously discussed, changes in the electro-optical properties
of a material are influenced by for example lattice constants and lat-
tice structure, and the strain changes occurring the in a piezoelectric
crystal lattice as a result of external electric fields therefore give rise
to changes in the electro-optical properties that can be dynamically
and reversible controlled by tuning the applied field.

Strain and stresses

Conceptually, strain can be thought of as deformation resulting from
an applied stress which is nothing other than a force applied on a
surface.

The strain of a material is described using the strain tensor ε̄ with
components

εij , i, j ∈ {1, 2, 3}

along the principal material axes 1, 2, 3 as shown in figure 1.1. Com-
ponents with symmetric indices (i = j) describe strains along the
principal axes acting on planes normal to those directions. Mixed
index components on the other hand (i 6= j) describe out-of-plane
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strains, that is, strains on planes parallel to the direction of the ap-
plied stresses. Due to symmetries the full 3× 3 strain matrix is often
simplified to the 6×1 strain vector ε = [ε11, ε22, ε33, ε23, ε31, ε12]T using
so called Voigt notation [50].

Given a piezoelectric material with piezoelectric strain tensor ¯̄d
and elastic compliance tensor (inverse of the elasticity tensor) ¯̄s sub-
ject to the external stress σ and external electric field E, the resulting
strain is given by

ε = ¯̄s · σ + ¯̄d ·E, (1.1)

or on component form

ε11

ε22

ε33

ε23

ε31

ε12

 =



s11 · · · s16

s21 · · · s26

s31 · · · s36

s41 · · · s46

s51 · · · s56

s61 · · · s66

 ·


σ11

σ22

σ33

σ23

σ31

σ12

+



d11 d12 d13

d21 d22 d23

d31 d32 d33

d41 d42 d43

d51 d52 d53

d61 d62 d63

 ·
E1

E2

E3

 (1.2)

When using piezoelectricity for optical tuning, the external stress σ
is usually zero which yield a linear relation between the strain ε and
applied electrical field E where the piezoelectric strain tensor ¯̄d serving
as the proportionality constant. Furthermore, the piezoelectric strain
tensor is often highly symmetric and has many elements with relations
between them owing to crystal symmetries. Consider for example the
crystal PMN-PT which is the piezoelectric substrate material used
in this thesis. The non-zero, independent piezoelectric strain tensor
elements for PMN-PT are

d13 = d23 = −699 pC/N

d33 = 1540 pC/N

d42 = d51 = 164 pC/N

which greatly simplifies the analysis [59, 60].
In addition, for an applied electric field only in the third principal

direction
(
E = [0, 0, E3]T

)
the mixed-index components of the strain

tensor are zero leaving only strains along the principal axes,

ε11 = ε22 = d13E3

ε33 = d33E3
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which is (as we shall see) one of the reasons PMN-PT was chosen as
the piezoelectric substrate in this thesis.

PMN-PT

The solid solution of lead magnesium niobate (PMN) and lead ti-
tanate (PT), commonly abbreviated PMN-PT, is a relaxor ferroelec-
tric material with a perovskite lattice structure. It is a highly piezo-
electric material composed by[

Pb
(

Mg1/3Nb2/3

)
O3

]
1−x
−
[
PbTiO3

]
x

where the fraction x determine the mix between the two main compo-
nents. It has been shown that for mixes around x ≈ 0.3 the material
undergoes a morphotropic phase transition between a rhombohedral
and a tetragonal structure giving rise to the most favourable piezoelec-
tric properties. The actual mixing fractions for manufacturing chips
are finely tuned around 30% such that the best piezoelectric prop-
erties are obtained while still maintaining structural integrity and
stability [61–63].

As a piezoelectric actuator, PMN-PT offers the ability to engineer
phase transition boundaries and domains [63] and provides almost an
order of magnitude larger piezoelectric coefficients [64, 65] with ultra-
high strain levels approaching 2% in comparison to other substrates.

Furthermore, PMN-PT allows for cryogenic circuit integration
which is highly favourable when working with embedded quantum
circuits at low temperatures [66], which makes it the substrate of
choice for this thesis.

1.5 Delay of optical signals

Optical signals propagating through media can be thought of as either
propagating waves or particles. While neither picture is fully correct,
they both provide some insight. Generally, there are two velocities
of interest for propagating light. Firstly, there is the phase velocity,
i.e. the velocity that the phase of the light travels with. It is the
commonly referred to velocity of light pulses and is dictated by the
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refractive index n of the material as

vp =
c

n
=
ω

k
,

where c is the speed of light in vacuum, ω is the angular frequency of
the wave and k is the wave number. Conceptually, the phase velocity
is the velocity that any given phase of the pulse (for example a crest
or a trough) will propagate at [67, Ch. 7].

Group velocity on the other hand is the velocity that the signal
envelope propagates with. It is dictated by the frequency dispersion
relation ω(k) and given by

vg =
∂ω

∂k
=

c

n− λ0
∂n
∂λ0

= vp − λ
∂vp
∂λ

,

for the vacuum wavelength λ0 and medium wavelength λ. Informa-
tion is encoded onto sinusoidal waves by either amplitude, frequency
modulation or combination of both. Either way, the velocity at which
encoded information is transmitted is the group velocity1 of the wave
packets [67, Ch. 7]

The take-away from this is that the group velocity dictates the
information flow rate, and that by careful design one can control this
velocity. Especially notice that a large group velocity corresponds
to a (magnitude-wise) large derivative of the dispersion relation ω(k)
which is indicative of a rapid-changing refractive index in specific re-
gions. Slowing down propagating light pulse envelopes by modulation
of the group velocity effectively serves as a delay of the final arrival
time of the pulse which has many useful applications.

For integrated circuits and LOQC, the concept of delay on chip
addresses the issue of temporarily storing pulses and retrieving them
on demand and furthermore enables time-domain processing in the
form of multiplexing and retiming [69, 70]. Furthermore, the impact

1In reality information is transmitted by the signal velocity, that with a few
exceptions is equal to the group velocity. Exceptions include for example cases
where the pulse shape is heavily skewed as a result of asymmetric heavy ampli-
fication causing the group velocity to exceed the speed of light thereby violating
causality if the information is transmitted thereby. However, in all cases the signal
velocity is less than the speed of light, and for our purposes is equal to the group
velocity [68].
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Absorption band
ω(k)

Figure 1.2: Typical dispersion curve in the vicinity of an absorption
band highlighting the anomalous dispersion behaviour that occurs near
system resonances.

of delaying signals on chip cannot be understated. With applica-
tions ranging from synchronising arrival times and phase shifts for
different beam paths, acting as optical buffers being a fundamental
building block in quantum circuits, a tunable optical delay on chip is
an integral part of any scalable, reliable and multi-purpose integrated
quantum circuit.

Traditionally, delay of pulses was realised using media where one
designed the absorption band to hold a strong atomic resonance. Near
such a resonance, the dispersion function ω(k) rapidly changes (shown
in figure 1.2) which as discussed introduces a large shift in the group
velocity [67, 70, 71]. By inducing transparency in otherwise opaque
media using quantum methods like electromagnetically induced trans-
parency (EIT), larger delays (smaller vg) have been demonstrated [72].
In 1999, researchers reported light propagating in as little as 17 m/s
in ultracold atoms using EIT [73] and in the following years com-
pletely stopped light [74, 75] and dynamical delay control [76–78] was
reported.

Following these realisations, the focus turned to photonic struc-
tures to address some of the challenges. For inducing rapid dispersion
changes which in turn are associated with delaying the light pulses,
one can either utilise photonic crystal structures which are multidi-
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mensional structures with periodically introduced small defects that
induce dispersion [70] or generate the rapid changes in dispersion
through constructive and destructive interference of different optical
paths [79], the latter of which is the chosen method in this thesis.

The advantages of these structures are that they are small-scale
and, as discussed previously, this is one of the main requirements for
scalable integrated devices. Furthermore, these types of structures
provide the means to easily design and manipulate the behaviour
with the various types of optical tuning that has been discussed [80,
81].

An alternative approach for realising delays is by using microelec-
tromechanical systems (MEMS) whereby circuit reconfiguration (i.e.
tunability) can be achieved by mechanical actuation. This is a viable,
but inherently unscalable approach. The MEMS industry benefits
from very well-developed and precise fabrication techniques, but the
mechanical actuation require that the circuit is suspended in a frame,
which is a fatal flaw hindering scalability [82–84].

1.6 Aim and objectives

As discussed, there are several challenges for successful implemen-
tation of LOQC schemes, two of which being scalability and intra-
component compatibility. This thesis aims to address one very specific
on-chip component, namely, to realise a scalable and piezoelectrically
tunable on-chip optical delay circuit. By working on chip, we have the
potential for scalable and portable devices. Furthermore, the highly
developed fabrication technologies for silicon-based chips makes the
silicon-silicon nitride platform an excellent choice. In addition, the
piezoelectrical tuning mechanisms are compatible with our integrated
scalable scheme and platform choice while still offering the desired
tuning properties and the optical delay.

Specifically, we wish to achieve this tunable delay by using a pho-
tonic structure called a CROW, that is a coupled resonator optical
waveguide structure whose theory we will expand on in the following
chapters. Briefly, it is a series of coupled ring resonators, i.e. cir-
cular waveguides positioned in the vicinity of each other as depicted
in figure 1.3. Ring resonators are commonly used as wavelength fil-
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Figure 1.3: Molecule type ring resonator CROW with N = 3 rings
and connecting waveguides (through port, in port and drop port from
left to right).

ters as they allow only travelling wave resonant frequencies to pass
through, but they have in addition proven useful for delay of optical
signals by containing the circulating resonant light with low losses for
some time, limited by the time-bandwidth product of the system [85–
88]. By combining and stacking these effects in serially coupled rings
previously done without piezoelectric tuning, we aim to achieve the
discussed on-chip tunable delay. We will expand on the fundamental
theory of these structures in the following chapters.

1.7 Outline of the thesis

The outline of the thesis is the following.
In Chapter 2, the theory governing waveguide propagation will

be briefly expanded on. The theory will then be applied to resonant
cavities, with focus on ring resonators, whose theory and analytic
treatment will be presented starting with all-pass devices, followed
by add-drop devices and then finally the CROW devices. After that,
a time domain simulation technique applicable for any resonator con-
figuration will be presented.

In Chapter 3, the fundamental elements and techniques of nanofab-
rication will first be presented. Then, the specific fabrication steps
used in this thesis are laid out for both silicon and piezoelectric sub-
strates. Furthermore, the fabrication post-processing steps of cleaving
and mounting prior to measurements are also detailed, followed by the
measurement procedure and setup.
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In Chapter 4, the analysed data and results from measurements
are presented for both the prototyping on silicon substrates as well
as the tunable piezoelectric substrates for an excerpt of the devices
fabricated.

Finally, in Chapter 5 the results are discussed and contextualised
and the future direction and possible future works of the research is
discussed.

Following the body, Appendices A and B detail the piezoelectric
mounting and actuation, Appendix C show raw spectra (that in the
thesis body are flattened) from transmission spectroscopy measure-
ments and Appendix D contain example code snippets implementing
the numerical methods described in Chapter 2.
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2 | Waveguide physics and
numerical simulations

In this chapter, the theory of light propagation is first expanded on,
followed by specific examples. For these resonant cavities, the basic
theoretical analysis is carried out with a numerical method simultane-
ously presented. Finally, time-domain simulation tools are presented
for full wave propagation as well as FDTD methods for analysing the
coupling strength between cavities and bus waveguides.

2.1 Propagation of light in dielectric media

In this section, the basics of light propagation in confined dielectric
media is presented. All propagation of light in any media is governed
by Maxwell’s equations with the proper boundary conditions along
the dielectric boundaries. These are complicated to work with and
thus require some explanation and simplification.

Light confined in any cavity will oscillate in different modes, the
form of which depend on the geometry in question. These modes
are the travelling wave generalisation of simple resonances within the
cavity.

Backing up briefly, the basis of all wave propagation in dielectric
media is the wave equation (which is derived fromMaxwell’s equations
under some simplifications). The wave equation for the electrical field
E is usually written as (in the time domain but can also be written
in the frequency domain if convenient)

∇2E(r) + k2
0n(r)2E(r) = 0 (2.1)
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where n(r) is the spatially varying refractive index and k0 = 2π/λ is
the vacuum propagation constant at the wavelength λ.

Imposing the appropriate boundary conditions and initial condi-
tions, that is, imposing the continuity of the tangential field compo-
nents over the dielectric boundaries, yield an eigenproblem. Waveg-
uides are often isotropic in one or more direction(s) and confines light
in the other(s), and this can be exploited by taking the time evolution
of the electrical field to be as exponential along the main (isotropic)
propagation direction(s) z,

E(r, t) = E exp i(ωt± βz), (2.2)

greatly simplifying the analytic problem. Here, ω is the frequency of
the propagating light, β = k0n = β(ω) is the mode specific propa-
gation constant and E is the cross-sectional electric field distribution
that the eigenproblem now concern.

The confinement of light quantifies the eigenproblem which gives
a discrete set m = 1, 2, 3, . . . of field distributions and propagation
constant solution pairs (jointly referred to as modes)

(Em, βm), (2.3)

where βm = k0nm,eff is the effective mode propagation constant that
dictates the effective pulse propagation through the device under con-
sideration. These eigenproblems are usually not solvable analytically
(except for a few geometries) and therefore treated numerically, which
we will return to in section 2.3.

2.2 Resonant photonic cavities

Many different resonant cavity types exist for the silicon-on-insulator
platform, and the ring resonator is one of them. As discussed, one
purpose of a resonant cavity is to serve as buffer for light and therefore
low losses and high buffer times are desired.

As a design option for buffering time structures, ring resonators
have proven useful in many different aspects.

Firstly, ring resonators can be designed to serve single transverse
mode and specific polarisation components with control of the free
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spectral range (FSR, which is the resonance-resonance separation)
as it is inversely proportional to the ring radius. Other resonators,
such as disk or micro-toroidal resonators) often support multi-mode
operation making them unusable for many applications.

Secondly, being travelling-wave cavities, ring resonators ideally
does not introduce back-propagation of light in the circuit, opposed
to standing-wave cavities which do. This also allows for add-drop
configurations as we shall see later.

Finally, as the ring resonators can be constructed in the same ma-
terial as the connecting bus waveguides, the refractive index contrast
between the cavity and bus is very small (it is not zero due to different
effective refractive indices for straight and bent waveguides) making
coupling losses significantly lower than for other techniques [89].

2.2.1 All-pass ring resonators

In

Through

EA

EC

EB

ED

Figure 2.1: Schematic drawing of an all-pass ring resonator with
electrical field quantities marked.

As depicted in figure 2.1, an all-pass ring resonator consists of
a single ring of radius R with one connecting bus waveguide. This
bus waveguide has two ports, the in and through ports where the
customary notation is that the in port is the port at which the light
is coupled in.

The resonant wavelength λ0 of a ring made of a material with
refractive index n(λ) is given by

2πR · neff(λ0) = mλ0, m = 1, 2, 3, . . . (2.4)

where neff(λ) is the effective refractive index at the wavelength λ.
Physically, these resonances correspond to a phase difference of 0
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(or equivalent a multiple of 2π) and represent the constructive self-
interference of the resonant waves.

Generally, the effective refractive index depends on the wavelength
of the incident light (dispersion), which give rise to the effective group
refractive index, ng,eff defined as

ng,eff(λ) = neff(λ)− λdneff(λ)

dλ
. (2.5)

An important measure is the distance (in wavelength) between
adjacent resonances, which is called the free spectral range (FSR). For
a ring resonator, the FSR is given by (to a first order approximation
of the dispersion)

FSR =
λ2

ng,effL
, (2.6)

where L = 2πR is the round-trip length of the resonator.
Together with the sharpness of the resonances, the full width at

half maximum (FWHM) of the Lorentzian resonance lineshape, they
form the two fundamental characteristics of the resonances. For de-
termining the overall quality of the cavities, the Q-value Q and finesse
F are used,

Q =
λ0

FWHM
(2.7)

F =
FSR

FWHM
, (2.8)

which are dimensionless measures of the resonance width relative its
central frequency and the resonance sharpness relative their sepa-
ration respectively. These values are related to the rate of energy
dissipation to internal cavity losses and the bus waveguide(s).

Physically, the Q-value is a measure of the number of field oscil-
lations a light pulse makes in the cavity until 1/e of the initial energy
remains and similarly the finesse is a measure of how many round-
trips the light makes in the cavity before reaching the same energy
threshold.

The analytic analysis of a structure like this is carried out consid-
ering the phase relations and the induced loss between the different
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fields EA−D. Firstly, e−γ to be the round-trip decay of the field ampli-
tude and κ to be the field coupling strength of the directional coupler.
Secondly, the analysis is carried out using normalised quantities, i.e.
the power circulating is taken to be |E|2.

Starting off by considering the coupling region, the waveguide-
ring coupling field strength being κ implies that the field transmission
τ =
√

1− κ2 and hence for a given time the relations[
EC

ED

]
=

[
τ iκ
iκ τ

] [
EA

EB

]
(2.9)

hold. Furthermore, the fields EB and ED are related by a round-trip
worth of phase accumulation and induced loss,

EB = ED · e−γ+iφ (2.10)

where the round-trip phase accumulation (as a function of the wave-
length) is given by

φ = neff(λ)
2π

λ
L. (2.11)

These equations can be solved to give a relation between the input
and output fields as

EC = s11EA =

[
τ − κ2e−γ+iφ

1− τe−γ+iφ

]
EA, (2.12)

or expressed as the measurable transmission

T =
|EC|2

|EA|2
= 1−

(
1− e−2γ

) (
1− τ2

)
(1− τe−γ)2 + 4τ2e−γ sin2 φ/2

, (2.13)

which noticeably has a minimum at the resonant wavelength(s) λi, i =
0, 1, 2, . . . where the phase φ(λi) = 0 as discussed and shown in fig-
ure 2.2.

The minimum transmission is obtained at resonance for τ = e−γ ,
which correspond to the power coupling being equal to the power
round trip loss, κ2 = 1 − e−2γ . This is called critical coupling and
is a common design goal because of the maximum extinction ratio.
When the power coupling is larger than the power round trip loss
(κ2 > 1−e−2γ), the system is overcoupled and conversely undercoupled
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Figure 2.2: Transmission spectra for an all-pass resonator following
eq (2.13). The different lines show different coupling losses for the
coupling constant κ in the three coupling regimes (under-, over-, and
critical coupling) for a 1.7 dB/cm propagation loss, corresponding to a
κ = 10% critical coupling). Do note the interplay between extinction
ratio (peak depth) and lineshape width (FWHM).

Figure 2.3: Group delay as a function of frequency detuning (one-to-
one correspondence with phase) for 40 µm radius ring resonator with
the effective index neff = 1.7. Note the corresponding group delay and
resonance lineshape extrema in figure 2.2.
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when the loss is larger than the coupling (κ2 < 1−e−2γ). The regime
of choice depends on the design requirements. There is a fine interplay
between extinction ratio and resonance width, both ultimately limited
by the coupling factors attainable in the fabrication process.

Another important measure for this type of device is the group
refractive index, as discussed. It is related to the maximum delay
obtainable and can furthermore be extracted from the transmission
function T as the derivative of the complex argument of the propor-
tionality factor s11 in eq. (2.12) (as shown in figure 2.3),

ng ∝
∂ arg s11

∂φ
, (2.14)

where the phase φ can be related to frequency and wavelength as de-
sired (but this de-generalises the argument as material and geometry
specific parameters are introduced) [90]. Do note the correspondence
between the Lorentzian lineshape extrema for the resonances in fig-
ure 2.2 and the group index in figure 2.3.

For cavities coupled to bus waveguides, one distinguishes between
the intrinsic and loaded quality factors. The intrinsic Q-factor is the
factor for the cavity alone, isolated from any external environment,
while the loaded quality factor is the one as measured when connected
to bus waveguide. Generally, the loaded Q-factor is lower than the
intrinsic one as any external bus or environment introduce additional
loss thus reducing the Q-factor.

For an all-pass resonator, the intrinsic Q-factor is given by the
intrinsic ring loss as

Qi =
πng,effL

λ0γ
, (2.15)

while the loaded Q-factor (as given by eq (2.7)) typically is a factor 2
less (although this depends on the relation between the cavity loss and
coupling coefficient). Q-factors of 105 − 106 are commonly achieved
with the current fabrication technology.

2.2.2 Add-drop ring resonators

As shown in figure 2.4, an add-drop configured ring resonator has
one additional bus waveguide providing an add and a drop port from
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In
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Figure 2.4: Schematic drawing of an add-drop ring resonator setup.

which either light can be added or transmission through the ring can
be seen. The extra bus waveguide decreases the loaded Q-value of the
structure as the extra coupling region apart from serving as an extra
source of loss also serves as an escape path for light.

Analytically, the analysis is similar to the all-pass configuration.
Each coupling region has a field coupling constant κ1 and κ2 that can
be different. Associated to the coupling constant, the transmission
constants τ1,2 =

√
1− κ2

1,2 are defined in the same manner as before.
Treating each coupling region separately, we get the coupling re-

lations [
EC

ED

]
=

[
τ1 iκ1

iκ1 τ1

] [
EA

EB

]
, (2.16)[

E′C
E′D

]
=

[
τ2 iκ2

iκ2 τ2

] [
E′A
E′B

]
, (2.17)

and for the intra-ring components the following relations hold

E′B = EDe
−γ/2+iφ/2, (2.18)

EB = E′De
−γ/2+iφ/2. (2.19)

Once again, these equations can be solved to yield the drop/through
port output fields as functions of the input/add port fields on the form[

EC

E′C

]
=

[
s11 s12

s21 s22

] [
EA

E′A

]
, (2.20)

where the matrix is the scattering matrix of the system. By analytic
work, the coefficient sij can be found (and are reported in e.g. [89]).
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Figure 2.5: Transmission spectra following eqs. (2.21) and (2.22) for
the through and drop ports of an add-drop resonator respectively. The
cases of two different coupling constants are shown (none critically
coupled) for a 1.7 dB/cm propagation loss.

Figure 2.6: Group delay and advancement as a function of fre-
quency detuning (one-to-one correspondence with phase) for 40 µm
radius ring resonator with the effective index neff = 1.7. Note the cor-
responding group delay and resonance lineshape extrema in figure 2.5.
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With no light incident in the add port (E′A = 0), the transmission
amplitudes for the through and drop ports are found to be

Tthrough =
|EC|2

|EA|2
= |s11|2 =

(τ1 − τ2e
−γ)

2
+ 4τ1τ2e

−γ sin2 φ/2

(1− τ1τ2e−γ)2 + 4τ1τ2e−γ sin2 φ/2
(2.21)

Tdrop =
|E′C|2

|EA|2
= |s21|2 =

e−2γκ2
1κ

2
2

(1− τ1τ2e−γ)2 + 4τ1τ2e−γ sin2 φ/2
(2.22)

which are both characteristic Lorentzian lineshapes, that apart from
losses resulting in reduced amplitudes, are complimentary as shown
in figure 2.5. In addition, sketches of group delays are shown in fig-
ure 2.6, which once again have extrema that correspond nicely with
the resonances. The critical coupling condition for an add-drop res-
onator (minimum transmission at through port on resonance) yield
that τ1 = τ2e

−γ , which means that the condition cannot be fulfilled
for both bus waveguides simultaneously without a negligible loss. An-
other way of looking at this is that one of the two couplers can always
be critically coupled, at the expense of the other coupler regardless of
the loss.

Experimentally, the extra bus waveguide introduces an extra source
of loss (and hence an extra degree of freedom) compared to the all-
pass configuration, which must be accounted for when determining
the quality of the cavities. There exist several methods for this, but
generally the coupling coefficients κ1,2 cannot be distinguished from
the loss γ unless the coupling strengths are symmetric or the wave-
length dependence of the two quantities are employed [91, 92].

2.2.3 Coupled ring resonators

Structures with more than one ring produce more complicated line-
shapes (convolutions of the individual single ring lineshape responses)
which are desirable in some applications. Generally, cascaded struc-
tures give rise to more complex behaviour and are often studied as
natural continuations of their simpler predecessors.

For ring resonators, the rings can either be coupled indirectly (sim-
ilar to a parallel circuit) or directly (i.e. in series). Figure 2.7 shows
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Figure 2.7: Schematic drawing of a CROW configuration with N
coupling regions corresponding to N − 1 rings.

a CROW, which contain a number of rings coupled in series to two
bus waveguides (i.e. in a generalised add-drop configuration). This
configuration can also be thought of as a stacked cascaded wavelength
filter structure.

The conceptual analytic analysis follows the same procedure as be-
fore. Each coupling region j = 1, 2, . . . , N has an associated coupling
constant κj and transmission coefficient τj =

√
1− κ2

j that relates

the fields incident on the coupling region (E(j)
A,D) with the outgoing

fields (E(j)
C,B) as

E(j)
C

E
(j)
B

 =

s(j)
11 s

(j)
12

s
(j)
21 s

(j)
22

E(j)
A

E
(j)
D

 =

[
iκj τj

τj iκj

]E(j)
A

E
(j)
D

 . (2.23)

Furthermore, the fields E(j)
A and E

(j+1)
C (as well as E(j+1)

B and
E

(j)
D ) are related by a half-ring round-trip phase and loss accumula-

tion,

E
(j+1)
A = e[−γ/2+iφ/2]E

(j)
C (2.24)

E
(j)
D = e[−γ/2+iφ/2]E

(j+1)
B (2.25)

j = 1, 2, 3, . . . , N − 1, (2.26)

which allows the rewriting of the coupling matrix relation (2.23) to
the transfer matrix form for each coupling region (that is, relating the
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fields in the current ring with those of the previous ring),E(j)
C

E
(j)
D

 =

t(j)11 t
(j)
21

t
(j)
12 t

(j)
22

E(j)
A

E
(j)
B

 . (2.27)

The components tjnm can be determined to be

t
(j)
11 = s

(j)
11 −

s
(j)
12 s

(j)
21

s
(j)
22

=
i

κj
(2.28)

t
(j)
12 =

s
(j)
12

s
(j)
22

=

√
1− κ2

j

iκj
(2.29)

t
(j)
21 = −s

(j)
21

s
(j)
22

= −

√
1− κ2

j

iκj
(2.30)

t
(j)
22 =

1

s
(j)
22

=
−i
κj

(2.31)

and since eqns. (2.24) and (2.25) give relations to the quantities in
the next coupling region, the following equations that relate the input
fields in one region to the input fields of the next coupling region can
be derived,

E(j+1)
A

E
(j+1)
B

 = Tj

E(j)
A

E
(j)
B

 =

e[−γ/2+iφ/2]t
(j)
11 e[−γ/2+iφ/2]t

(j)
12

e[γ/2−iφ/2]t
(j)
21 e[γ/2−iφ/2]t

(j)
22

E(j)
A

E
(j)
B

 ,
(2.32)

where Tj is the properly defined transfer matrix for one step in the
system. The entire system transfer matrix T can be obtained as the
product of the individual step transfer matrices asE(N+1)

A

E
(N+1)
B

 = TNTN−1 . . . T2T1

E(1)
A

E
(1)
B

 ≡ T
E(1)

A

E
(1)
B

 . (2.33)

The end goal of this computation is to obtain a scattering matrix
for the system, i.e. expressing the output fields as functions of the
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input fields. Noting that the coupling region N + 1 does not exist, we
make the following identification,

E(N+1)
A

E
(N+1)
B

 =

E(N)
C

E
(N)
D

 = T

E(1)
A

E
(1)
B

 , (2.34)

which can be inverted (similarly to when eq. (2.23) was converted to
eq. (2.27)) to for the system scattering matrix S.

Performing the calculation relating the drop/through ports to the
input/add ports,

E(N)
C

E
(1)
B

 =

[
S11 S21

S12 S22

]E(1)
A

E
(N)
D

 , (2.35)

where the components Sij are related to the components of the system
transfer matrix Tij as

S11 = T11 −
T21T12

T22
(2.36)

S12 =
T12

T22
(2.37)

S21 = −T21

T22
(2.38)

S22 =
1

T22
. (2.39)

The drop and through port transmission intensities can then be
obtained as |S11|2 and |S21|2 respectively provided no add field (E(N)

D =
0) is excited, an example of which is shown in figures 2.8 and 2.9. The
complex lineshape of such a CROW is the convolution of several add-
drop lineshapes which yield a stacked effect. Also, the group delay
corresponds with the resonances for the through and drop ports with
pulse delays at the drop port and pulse advancements at the through
port.
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Figure 2.8: Transmission spectra following eq. (2.35) for the through
and drop ports of a 4 ring CROW. The coupling parameters were taken
to be κ2

j = 0.1. Note the convoluted lineshape. The propagation loss
corresponds to 1.7 dB/cm.

Figure 2.9: Group delay as a function of frequency detuning (one-
to-one correspondence with phase) for 40 µm radius CROW with the
effective index neff = 1.7 and the same parameters as in figure 2.8.
Once again, we see corresponding lineshapes with the transmission for
the through and drop ports.
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Figure 2.10: Simulation stack setup with the bus waveguide (A),
ring waveguide (B), substrate (C) and gold layer (D) enclosed in the
simulation region (E).

2.3 Numerical simulations

2.3.1 Coupling strengths

A theoretical estimate of the coupling (the coupling and the trans-
mission coefficients) for a coupling region can be obtained by FDTD
(finite-difference time-domain) simulations of the coupling region. This
region is conceptually equal to a directional coupler with an excited
input port and three output ports. Numerically, the simulation re-
gion is discretised into small parts (called meshing), and the number
of nodes (number of small parts) effectively control the simulation
complexity. As the coupling region is relatively large (in our case
spanning approx. 40 µm x 40 µm x 5 µm) compared to the maximum
node size (which for resolving a electromagnetic wave needs to be
on the order of a wavelength or less), a full 3D simulation quickly
consumes all available memory or takes a very long time.

To mitigate this, a 2.5D simulation variational solver (varFDTD)
was employed, which computes the effective stack refractive index
across the depth dimension and then carries out a normal 2D simu-
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Figure 2.11: View from above of a straight (left) and bent (right)
bus waveguide coupling region. The rectangular area is the simulation
domain.

lation iteratively motivated by the planar structure. In this fashion,
the advantage of the complexity reduction that a 2D simulation offers
with respect to a 3D simulation is gained while still keeping the accu-
racy of the 3D simulation by allowing for out-of-plane field component
propagation.

The simulation region model is set up as shown in figures 2.10
and 2.11. One bus waveguide is connected to another waveguide of
identical dimension (800 nm wide and 250 nm high), separated by a
varying distance in the range 10 nm to 400 nm. The simulations were
carried out for both a straight bus waveguide coupled to a ring, and
also a ring bus waveguide coupled to a ring (all bends with radius
40 µm.

Modal simulations (i.e. solving for the eigenmodes of the structure
as discussed in section 2.1) was carried out to identify the fundamental
transverse electric (TE) and transverse magnetic (TM) modes and
their corresponding propagation constants. These fundamental modes
were then selected as the input fields for the simulations, and by
a feature of the solver of choice (MODE Solution R©, Lumerical Inc,
2019), these could be directly excited at the input port. Furthermore,
the solver can account for the effects a bent waveguide has on the
mode so that these could be excited directly in the case of the ring-
ring simulation.

By normalising the power propagating out of each of the output
ports with respect to the excited power at the input port, the effective
power coupling and transmission coefficients of the coupler can be
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Figure 2.12: Numerical power coupling and transmission fractions
as a function of coupler separation for the fundamental TE and TM
modes for a straight waveguide bus.

Figure 2.13: Numerical power coupling and transmission fractions
as a function of coupler separation for the fundamental TE and TM
modes for a bent waveguide bus.
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calculated for each of the separations. These results are shown in
figure 2.12 for straight bus coupling and in figure 2.13 for bent bus
coupling but can be summarised as follows:

1. The TM modes generally have higher coupling coefficients than
the TE modes (as expected as TM modes suffer larger mode
delocalisation in bent waveguides than TE modes),

2. Practically power coupling strengths between 0 and ≈ 0.5 can
be obtained (as resolving gaps below 50 nm imposes some fab-
rication difficulties), with slightly lower coupling with bent bus
waveguides.

2.3.2 Time domain models of CROWs

The transfer matrix models of CROWs presented in section 2.2.3
works very well for determining the frequency responses of the systems
at a fixed angular frequency ω corresponding to a certain wavelength
λ. However, these methods were developed under the assumption
of strictly linear time-invariance (LTI), and therefore falls short on
accurately describing dynamical behaviour.

The important timescale is the order of the cavity photon lifetime
(usually around picoseconds) where dynamical behaviour on that or-
der or faster must be treated in a pure time domain model, whereas
behaviour much slower than this can be considered as pseudo-LTI sys-
tems. In this thesis, none of the tuning methods employed occur on
timescales fast enough to require pure time domain methods but they
are nonetheless not entirely time invariant. Therefore, an alternative
method to the transfer matrix method (or rather a generalised time
domain version of it) is also presented.

For a time discretisation, the idea is to divide the propagation
distance of the system into the small segments of equal length ∆l.
The discretised time steps are then taken to be the time required to
propagate that length for the envelope of the light,

∆t =
∆l

vg
= ∆l

ng
c
. (2.40)

By then taking the fields at successive nodes to be the field at
the previous node at a previous time step multiplied by the phase
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shift and loss associated with the propagated distance at that specific
time, an accurate model is obtained. Modelling CROWs with uniform
radius R, we take the time step to be the time taken for the envelope
to propagate half a ring, i.e.

∆t = πR
ng
c
, (2.41)

and furthermore model the interaction regions (the directional cou-
plers between two successive rings) to have zero length and instanta-
neous field transfer according to equation (2.23).

Initially, a pulse (or any desired field shape) is injected in the
input port E(1)

A (t) (we now assume that there is no add field), and
then at every time step tk = k∆t,

1. E
(j+1)
A (tk) = E

(j)
C (tk−1)e[−γ+iφ]/2 (2.42)

2.

E(N+1)
B (tk)

E
(N+1)
C (tk)

 =

 τN+1E
(N+1)
A (tk)

iκN+1E
(N+1)
A (tk)

 (2.43)

3. E
(j)
D (tk) = E

(j+1)
B (tk−1)e[−γ+iφ]/2 (2.44)

4.

[
E

(l)
B (tk)

E
(l)
C (tk)

]
=

[
τl iκl

iκl τl

]E(l)
A (tk)

E
(l)
D (tk)

 (2.45)

5. tk+1 = tk + ∆t, (2.46)

where the indices j, l

j = 1, 2, 3, . . . , N (2.47)

l = N,N − 1, N − 2, . . . , 1, (2.48)

are summed over at each time step and the previously time-invariant
phases and losses φ, γ now take on the more general, time and spatially
dependent, form

φ ≡ φ(t, λ) (2.49)

γ ≡ γ(t, λ). (2.50)



34 | CHAPTER 2. WAVEGUIDE PHYSICS AND NUMERICAL
SIMULATIONS

Figure 2.14 shows an example from using the derived numerical
algorithm for a 9 ring (N = 10) ring CROW with uniform coupling
constants κ = 0.1 and propagation loss 1.7 dB/cm highlighting the
delay of the drop-port pulse as well as the through-port pulse. The
simulation probe detuning was chosen to highlight the maximum drop
port delay, hence the negligible through port delay.

For code snippets using the transfer matrix and time domain mod-
els, see Appendix D.

Figure 2.14: Numerical time-domain simulation for a 9 ring (N =
10) ring CROW (40 µm radius) following the algorithm laid out show-
ing the (normalised) intensities at the through and drop ports. The
simulation was initialised using a 10 ps variance Gaussian input pulse
and the inter-ring coupling taken to be uniformly κ = 0.1.



| 35

3 | Fabrication and charac-
terisation

3.1 Technology of nanofabrication

Here, some of the main technologies used in the photonic chip fabri-
cation process are presented.

3.1.1 Lithography

All fabrication involves the transfer of a desired pattern from for ex-
ample a CAD program to a minuscule chip. Lithography is one way of
achieving this, and it works by selectively illuminating a light-sensitive
photomask (called resist) placed on top of the sample. After the ex-
posure, the sample is placed in a chemical developer that, depending
on the type of the resist, either washes away the exposed resist or the
unexposed resist. Using a negative resist means that the pattern of
the photomask is not removed (i.e. the unexposed resist is washed
away) and conversely using a positive resist means that the pattern
of the photomask is removed (i.e. the exposed resist is washed away)
as shown in figure 3.1.

Traditionally, optical lithography, that is, lithography where the
resist is sensitive to the optical spectrum of light has been used for
device fabrication. However, the resolution of a lithography system
scales linearly with wavelength (the Rayleigh criterion), which lim-
its optical lithography to patterns with details no smaller than mi-
croscale. Therefore, electron beam lithography (EBL), where the re-
sist used is sensitive to electron radiation, is mainly used today for
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Exposed pattern Positive resist Negative resist

Figure 3.1: Schematic representation of the result (shown in gray)
from an exposed pattern (black, left) on a positive resist (centre) and
a negative resist (right) after exposure and chemical development.

Electron gun

Aperture

Beam alignment

Sample height sensors

Sample
Vibration isolated stage

Figure 3.2: Schematic illustration of the main components in an
electron beam lithography system.

increased resolution. A schematic of an EBL system is shown in fig-
ure 3.2.

The increased resolution of an EBL system comes at the cost of
the writable area (commonly called the write field) of the system. As
the beam control system can only move the electron beam so far, the
structures that are to be patterned are divided into several write fields,
each of which are written separately. When the system has finished
writing one field, the movable stage moves the next write field into
the writable area of the beam. This mechanical movement of the sam-
ple makes the system susceptible to so-called stitching errors, which
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is when there is an, albeit small, mismatch between two neighbour-
ing write fields. This has devastating consequences for waveguide-like
structures that span several fields and are highly sensitive to cross-
sectional mismatches as they serve as unwanted scattering centres.
Furthermore, small structures that rely on precise periodic structures,
such as gratings or other periodic devices, are also very sensitive to
stitching errors as they, in that case, introduce unwanted phase shifts.
One therefore has to take the write field size into account when design-
ing the patterns that are to be written and make sure that the write
field boundary (if possible) ends up in non-critical areas or simply to
keep the (critical) design smaller than one write field.

Another technique to mitigate stitching errors is to employ a fixed-
beam-moving-stage scheme, where, as the name suggests, the beam is
held in place and the stage moves continuously. This is an excellent
approach for long, isotropic structures that can be written in such a
continuous manner but does not work well for other structures (espe-
cially structures with small features). A fully functioning EBL system
contains many advanced techniques and processes to mitigate writing
errors, and for example, laser interferometry is used as height sensors
which work in conjunction with piezoelectric pillars that the sample
rests on top of making height adjustments of the sample possible.

In this thesis, all devices were fabricated at the AlbaNova Nanofab-
rication Facilities using their EBL system VOYAGER ( c© Raith
Nanofabrication GmbH) with a 50 kV electron gun and write field
of 500x500 µm2.

3.1.2 Etching

After a pattern has been transferred from a CAD design to the resist
using a lithography process, it must be etched to transfer the pattern
from the resist layer to the substrate itself. Simplistically, etching
consists of exposing the sample to chemical and/or physical etchants
causing areas not protected by the etch-resistant resist remaining from
the lithography process to be sputtered (knocked) away.

Usually, one distinguishes between dry and wet etching, where
the former uses a gas or plasma etchant while the latter uses a liquid
etchant. The primary task of the etching process is to reliably transfer
a given pattern to an underlying structure and the two most important
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High selectivity Low selectivity

Anisotropic Isotropic

Resist Film to be etched Substrate

Figure 3.3: Schematic illustration of the etching figure of merits
selectivity and isotropy. Selective etchants will only etch the film that
is to be etched and not the underlying materials, and an isotropic etch
will etch in all directions, undercutting the mask and causing non-
vertical sidewalls. Ideally, high selectivity and anisotropy is preferred.

characteristics of such a process therefore is its selectivity and isotropy
as shown in figure 3.3.

A highly selective etching will only etch the material that is to
be etched and the underlying substrate, while a non-selective etching
also etches at the substrate. Selectivity is usually not a problem for
wet etching as the proper chemical etching agent choice results in only
the film being etched, whereas physical bombardment of particles (dry
etching), generally lacks selectivity.

The isotropy of an etch is a measure of the directionality of the
etching. A low-isotropic etch (or an anisotropic etch) is highly direc-
tional and therefore etches only in the vertical direction hence pro-
ducing vertical sidewalls and (in the ideal anisotropic case) perfectly
transfer the resist pattern to the underlying film. Isotropic etches will
etch in all directions, usually undercutting the mask resulting in an
imperfect pattern transfer, but most critically resulting in non-vertical
sidewalls which (in many photonic circuit applications) is fatal to the
final functionality. Wet etching usually suffers from high isotropy and
is therefore not a good choice for reliable photonic circuit fabrication.
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Gas inlet

ICP coils

RF generator
Gas outlet

Plasma

Figure 3.4: Schematic of the ICP-RIE principle where the ICP coils
surrounding the chamber excites the plasma separately from the RF
field that controls the bombardment of the sample. Gas inlets and
outlets are also shown, and the entire chamber is usually near-vacuum
and held cold during operations.

The most commonly used dry etching technique is Inductively
Coupled Plasma Reactive Ion Etching (ICP-RIE) wherein a plasma
is generated in a low-temperature near-vacuum setting and conse-
quently used to bombard the sample. This technique is neither en-
tirely chemical (selective and isotropic) nor physical (non-selective
and anisotropic) etching, but rather a combination of the two. The ion
bombardment from the plasma yields high impact sputtering (physi-
cal etching), while the proper choice of the constituents of the plasma
can enhance the process by chemical reactions. Therefore, the result-
ing process is both selective and anisotropic.

As depicted in figure 3.4, the ICP-RIE principle builds on the idea
of separating the plasma generation and the upwards and downwards
movement of the ions and electrons. The ICP coils inductively excites
the inserted gas and creates a plasma. By controlling the ICP power,
one therefore controls the plasma ion concentration. The RF genera-
tor on the other hand generates a vertical electrical bias that causes
vertical ion and electron movement and the ions are attracted to the
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sample by applying a negative voltage bias on the sample pillar. The
key difference between ICP-RIE and regular RIE is the decoupling
of the ICP and RF field generation hence giving separate control of
plasma density and ion bombardment energy.

In this thesis, an Oxford PlasmalabSystem 100 was used for all
etching.

3.1.3 Plasma enhanced chemical vapor deposition

Similar to how ICP-RIE etching works, the same principles can be
applied for thin-film deposition. Plasma enhanced chemical vapor
deposition (PECVD) works by an RF field generating a plasma of the
injected gases which then chemically react. Following the reaction,
the plasma is deposited onto the sample naturally as it is located on
the ground terminal of the RF field.

PECVD is usually employed when the thermal budget for the
sample is low as it requires no to low (≈300 ◦C) heating in contrast
to LPCVD (usually above 700 ◦C), and because of the addition of
electrical bias, more uniform depositions can be achieved.

The PECVD processes in this thesis was carried out by our collab-
orator Iman Esmaeil Zadeh, PhD, at TU Delft in their nanofabrication
facilities.

3.1.4 Electron-beam physical vapor deposition

Another way of depositing thin films of materials is by the means of
E-beam PVD, where the idea is to accelerate electrons produced by
an electron beam to high kinetic energies, which then is transferred
to the evaporation material on impact, thus heating the sample and
eventually causing it to vaporise in a vacuum chamber. EBPVD is a
line-of-sight deposition method, meaning that the vapour coats every-
thing in its line of sight in the chamber, and to achieve uniform depo-
sition rates over the sample surface area one must ensure somewhat
uniform heating of the evaporation material. A schematic drawing of
an EBPVD system is shown in figure 3.5.

One way of achieving this is by randomising the movement of the
beam impact spot on the evaporation material. Commonly, sweep
controls for this are available whereby the effective beam impact spot
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can be enlarged to cover a larger part of the evaporation crucible.
Such control is achieved by altering the controlling magnetic field
which then alters the electron beam deflection and thus impact posi-
tion.

The electron beam is generated by a tungsten filament giving away
electrons which are then accelerated by a high voltage power supply
and then bent towards the evaporation material container (called cru-
cible). To prevent overheating of the system itself the crucible and
surroundings are water cooled which ensure that only the evaporation
material is evaporated.

For higher uniformity depositions, the sample mount can be set
to rotate, however at the cost of lower deposition rates. The converse
technique is also commonly applied, when the uniformity is not of
that great importance, the sample mount can be held fixed over the
crucible with increased deposition rates.

Our facilities provide an Edwards Auto 306 with a FL400 front
loading chamber for EBPVD fabrication.

Water cooling

Crucible

Rotating sample mount

Magnetic field
HV

Electron beam

Figure 3.5: Schematic of an EBPVD system showing a sample
mounted on a rotating mount in the vapour created from the heated
evaporation material contained in the water-cooled crucible.

3.2 On-chip device fabrication

In this section, the workflow for device fabrication and the specific
recipes are presented as shown in figure 3.6. As the piezoelectric
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PMN-PT chips are expensive and fragile, all structures were proto-
typed on the much more available and cheaper pure silicon carrier
wafers, that nevertheless had the same stack structure and similar
fabrication processing. Hence, the general fabrication process is first
presented, followed by the specifics and additional steps the piezo-
electric wafer requires.

A1: Carrier wafers

The fabrication process itself began with commercially carrier wafers
that served as the substrate on top of which the nanoscale devices
are fabricated. For prototyping, pure silicon wafers were used as sub-
strates (A1), where gold contacts were deposited by thermal evapo-
ration, approximately 100 nm thick (A2). The gold contacts serve no
other purpose in the prototype than to make the stack similar to the
piezoelectric chip for testing optical properties and characterising de-
vice losses as they are used to apply the piezoelectric strain for tuning
the devices on the piezoelectric chip. Therefore, only the top contact
was deposited on the prototype stack to conserve processing time.

For the real stack, the process began with commercially available
PMN-PT wafers that were delivered with one side already polished
and therefore needed gold contact deposition on both the top and
bottom realised through thermal evaporation (A2).

A2: EBPVD gold contact deposition

To reliably deposit the rest of the stack, the surface roughness of the
gold contact layer (and the underlying substrate) is very important,
and polishing the samples is one approach to reduce this roughness.
The company provided chip is delivered already polished on one side,
while the in-house chips were unpolished.

For the deposition of the gold contacts, electron-beam physical
vapor deposition was used. Before beginning, the sample was cleaned
in acetone (for silicon chips) or isopropanol (PMN-PT) manually.

After that, the sample was glued to the sample holder using an old
photoresist (S1818), and the sidewalls painted with the same photore-
sist. This was done to ensure that no gold bonded to the sidewalls,
which in the end would cause a short circuit between the top and
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Figure 3.6: Fabrication process for on-chip devices. A1/2: Diced
carrier wafer with and without cold contact, B: SiO2 and SiN PECVD
deposition, C: lithography resist application, D: electron beam lithog-
raphy patterning, E: pattern transfer to SiN by dry etching followed
by, F: chemical removal of residual resist and finally, G: PMMA
cladding application.
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bottom gold contacts. Furthermore, the photoresist used as glue has
excellent bonding strength when soft-baked and can be removed easily
afterwards.

Following the photoresist application, the sample was soft-baked
on a hot plate slowly ramped up to 90 ◦C to drive the resist out of
solution.

The sample was then mounted in the evaporation chamber, a vac-
uum of 1 µbar pumped and then the deposition started. To ensure
good adhesion of the Au, a very thin (10 nm) layer of the adhesion
promoter chromium (Cr) was deposited first with non-rotating sam-
ple holder, tooling factor of 1.5 and a filament current of 26 mA which
gave the final deposition rate 0.2 nm/s.

Following this, a 100 nm gold (Au) layer was deposited using non-
rotating sample holder, a tooling factor of 1.5 and a filament current
of 78 mA that gave deposition rates between 0.06 nm/s to 0.15 nm/s.

The lift-off procedure consists of an acetone bath followed by plier-
assisted lift-off and cleaning with acetone and isopropanol.

To verify the quality of the deposition, the sample is investigated
under microscope to look for any resist residue and also to check for
gold residue on the side walls. If needed, any residue was scraped
off with a scalpel, and to finish off a conductivity measurement was
taken between the top and bottom gold contacts to verify that there
was no short circuit.

B: PECVD SiO2/SiN deposition

Keeping a corner or a side of the gold contact exposed, a 2 µm to
3 µm thick silicon oxide (SiO2) base cladding layer was deposited using
plasma enhanced chemical vapor deposition (PECVD).

To allow for the photonic device integration, a 250 nm to 330 nm
silicon nitride (SiN) was deposited on top of the silica layer by the
same process. This SiN layer introduces a refractive index contrast
to the silica layer of around ∆n ≈ 0.5 making the stack suitable for
photonics. Both of these PECVD processes was carried out by our
collaborator Iman Esmaeil Zadeh, PhD, at TU Delft in their nanofab-
rication facilities.

The silicon dioxide deposition was carried out using SiH4:N2O
(710 sccm:425 sccm) chemistry at 800 mTorr and the silicon nitride de-
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position using SiH4:NH3 (800 sccm:16 sccm) chemistry at 650 mTorr.
In both cases the sample temperature was held constant at 300 ◦C
and a RF power of 24 W at 13.56 MHz was used, and the PECVD
process was followed up by ellipsometry measurements to confirm the
deposition thicknesses and refractive indices.

C: Lithography pre-processing

During the Si wafer processing, the stack usually develops a hydropho-
bic surface which may cause the resist to bond poorly resulting in
inconsistent pattern transfers and overall loss of fabrication quality.
To mitigate this, the stack was first exposed to a 2 min oxygen O2

plasma (20 sccm) cleaning process in the ICP-RIE etching tool using
a low RF power and 50 W ICP. In addition, an adhesion promoter
(AR 300-80, AllResist R©) was applied afterwards through spin coat-
ing at 4000 rpm and then baked at 90 ◦C for 2 min which optimised
the bonding conditions for the resist.

After the stack had been prepared, the resist was applied through
spin coating. For the purpose of this thesis, a negative electron
beam/deep UV resist was chosen (ma-N 2403, micro resist technology R©),
which leaves an approximately 350 nm thick layer when spun at 4000 rpm1.
Finally, the stack was baked again at 90 ◦C for 2 min.

D: Electron Beam Lithography

After resist application, the desired patterns were exposed using an
EBL system (see figure 1.3 for an example pattern). All patterns
were designed with the write field size limitations of the EBL system
in mind keeping, if possible, the critical parts of the structure within
one field. The structures were exposed in an array structure with a
base dosage of 300 µC/cm2 and a dose multiplier of 1.02 thus yielding
several sets of the same structures with different dosages.

After writing, the resist is chemically developed using ma-D 525
(micro resist technology R©) for 1 min and then rinsed in distilled water
for 1 min. It is then cleaned using N2 gas. The developing process
leaves (in our case, using negative resist) the exposed pattern and
removes the unexposed resist.

1according to the spin curve provided by the manufacturer.
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E/F: Dry etching

Post-development, the sample must be etched to transfer the resist
pattern to the substrate. Given our samples with a 250 nm to 330 nm
SiN layer stacked on top of the SiO2 substrate, we want to etch the
full height of the SiN layer such that the only remaining silicon nitride
is that which has been patterned. The etching process recipe used is
as follows:

Firstly, the machine was loaded and brought to vacuum. The
chamber temperature was then brought to and stabilised at 20 ◦C
for at least 3 min. Then, the etching itself commenced with a CHF3

(30 sccm), CF4 (5 sccm), O2 (5 sccm) gas mixture using 100 W of RF
and ICP power each for a given time. Finally, the sample and chamber
were flushed with a 20 sccm Ar gas for 2 min before the chamber was
vented and sample unloaded.

As a final step in the etching process, the sample was cleaned, and
any excess resist removed using mr-Rem 700 (micro resist technology R©)
followed by cleaning with acetone and isopropanol.

Etch depth profiling

In regular intervals, the etch depth needs to be profiled as the etching
tool might not have a consistent etch rate over time. To determine
the etch rate (i.e. the nm/min that the tool etches away), drops of
resist are applied to the same substrate which is then baked at 90 ◦C
for 10 min and subsequently etched for a fixed period of time. By
surface profiling (KLA-Tencor P-15 Surface Profiler), the total etch
depth is determined by averaging several measurements over several
drops of resist and different scan directions which, by dividing by the
etching time yield the etch rate.

As an example, the etch rate for SiN using the previously men-
tioned recipe was 77 nm/min 2019-03-26 and 72 nm/min 2019-05-31.

G: Cladding application

As a final step in the process, a cladding layer was added for ex-
tra protection of the circuits as well as to provide a better refractive
index contrast between the silicon nitride devices and the surround-
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ings. In this thesis, Poly(methyl methacrylate) (PMMA), or in com-
mon words, acrylic glass, was used. More specifically, PMMA A8
(MicroChem) was added to the cleaned newly-etched stack, spun at
2500 rpm and then baked at 90 ◦C for 2 min on a hot plate leaving
>1 µm of cladding.

3.3 Piezoelectric device fabrication

After prototyping on silicon wafers, the final designs were fabricated
on PMN-PT carrier wafers. The fabrication follows the same steps as
for the silicon carrier wafers, with some extra caution due to PMN-PT
being more fragile.

A: PMN-PT carrier wafers and gold contacts

The PMN-PT chips used in this thesis was not grown in-house but
rather commercially available. Two chips were used, one from TRS
Technologies (X2A, 200 nm thick, uncoated) and one from Crystal
Material (500 nm thick, one side polished). Both crystals were cut in
the (100) direction which gives the optimal piezoelectric performance.

Similar to the prototype chips, a 100 nm thick gold contact was
deposited on the uncoated sides by thermal evaporation such that the
final wafer is a carrier wafer with gold contacts on both sided to serve
as the electrical contacts whereby the piezoelectric strain is induced.

The TRS chip served as a PMN-PT chip precursor and all fab-
rication was first carried out on it to mitigate all possible issues or
complications. Following the prototyping on the TRS chip, the real
fabrication was carried out on the Crystal Material chip.

B-G: Stack deposition and device fabrication

After the base wafer has been processed accordingly, the wafers were
sent to Iman Esmaeil Zadeh at TU Delft for PECVD deposition of
the silicon oxide and silicon nitride (B), and after their return to us,
treated by the usual lithography and post-lithography steps (C-G) for
device fabrication.
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H: Piezoelectric poling
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Figure 3.7: Schematic of the piezoelectric poling process with the cor-
responding characteristic IV poling curve showing the domain switch-
ing at the domain-switching voltage VDM.

The one differentiating fabrication process between the silicon
prototype chips and the PMN-PT piezoelectric chips was the post-
processing step of electrical poling that needs to be carried out on
piezoelectric chips.

Generally, the directionality of the domains of a piezoelectric ma-
terial are not aligned, but rather distributed arbitrarily and the mate-
rial as a whole therefore spontaneously polarised (unpoled PMN-PT
is spontaneously polarised in the (111) direction). This leads to poor
piezoelectric performance, and to make use of the full tuning poten-
tial, the domains needs to be aligned by poling.

The poling consists of applying a uniform electrical field over the
crystal, slowly increased up to the material specific domain-switching
voltage where the all domains of the crystal align with the external
applied field. This switching behaviour is clearly visible in an IV
curve (current-voltage), where a current peak appears when crossing
the domain-switching voltage indicating the directional reassembling
of the domains.

Figures 3.8 and 3.9 shows SEM images of fabricated devices fol-
lowing the recipes detailed in Chapter 3.
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Figure 3.8: SEM images of fabricated devices (figure continues on
next page...)
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Figure 3.8: SEM images of the fabricated EIT-configured ring res-
onators following the recipes laid out in Chapter 3 with 200 nm (left)
and 250 nm wide coupling gaps.
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Figure 3.9: SEM images of the fabricated resonators highlighting the
sidewall profiles of the devices.
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3.4 Sample cleaving and mounting

After the outlined fabrication process and prior to measurements, the
intermediate cleaving and mounting must take place.

Cleaving

Given the nature of the measurement setup used, the input excitation
and output collection from the samples was achieved through butt
coupling, whereby coupling is achieved by simply focusing light onto
the edge of the device. This requires the input and output ports of the
devices to be at the very edge of the chip, which presents a problem as
they are fabricated as centred on the chip as possible to have highest
stack uniformity and to mitigate many potential sources of failure,
such as stitching errors or structure breaking from handling.

The devices are brought to the edge of the chip by cleaving the
chip perpendicular to the waveguide direction. This is performed by
scratching the sample and thus forming a natural starting point for
the following crack propagation. The cleaving is then accomplished
through applying pressure downwards on the scratch and intended
crack while holding the rest of the chip fixed.

Cleaving as a process is not deterministic owing to the uncertainty
of crack propagation which depends on things ranging from sample
purity, local defects, crystalline defects to the pressure applied and
the scratch depth and length. To prevent this from ruining a chip
at this late stage in the fabrication process, the same structures were
printed in a matrix several times hence forming at least a couple of
possible cleaving locations should something fail.

Mounting

As the silicon chips require no special actuation for measurement, this
section is dedicated for the steps taken to ensure that the piezoelectric
samples can be actuated. Figure 3.10 depicts the finalised mounting
of the sample.

The issue at hand is to connect the bottom and top gold contacts
with externally exposed wiring which later will be connected to a volt-
age source. To achieve this, the sample was first glued onto a copper
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Figure 3.10: Overview of the finished piezoelectric sample mounted
on the carrier copper plate. For more detailed schematics, see Appen-
dices A and B.

sample holder slightly larger than the sample itself (approximately
20 mm x 15 mm) with a conducting silver glue, hence contacting the
bottom contact.

At this stage, there is an important trade-off between the rigidity
of the chip-to-copper holder bond and the freedom of movement for
the chip. The piezoelectric actuation requires as much freedom of
movement as possible to not limit the tuning range (as it expands/-
contracts with applied voltage). The solution was to glue only one
corner of the substrate to the holder with as little glue as possible to
prevent glue creeping up along the substrate edge and thus possibly
shorting the circuit by connecting the top and bottom gold contacts.
Additionally, during the process the sample was not pressed down on
the drying glue as it ensures that as little as possible of the substrate
contacts the holder and reduces the risk of glue creeping.

Finally, to access the top contact, a PCB (printed circuit board)
was glued onto the sample holder next to the chip using epoxy glue.
This was done to allow sufficient space for soldering a wire for external
access. In this fashion, the PCB is used as a bridge between the
macroscopic external access and the microscopic chip contacting. The
PCB is then connected to the top gold contact on the chip by using
a wire bonder (Kulicke & Soffa Digital Wedge Bonder, 4523D) that
attaches a 1 mm thick silver thread by an ultrasonic mechanism that
melts the cable ends in place.



54 | CHAPTER 3. FABRICATION AND
CHARACTERISATION

Details of the mounting can be found in Appendices A and B.

3.5 Room temperature chip characterisation

After devices had been fabricated, they needed to be characterised.
The characterisation was primarily carried out in one process; trans-
mission spectroscopy to investigate the spectral response in the wave-
length domain, which was used both for the silicon substrates and the
piezoelectric substrates.

3.5.1 Transmission spectroscopy

The transmission spectroscopy was carried out through laser butt
coupling into the input port of the chip followed by the collection of
the output port transmission that was rerouted to a spectrometer.

In the already-built setup, the input laser used was a high-powered
super-continuum pulsed source (YSL Photonics, SC Pro 7) emitting
wavelengths between 400 nm to 2400 nm, set at a 5 MHz repetition
rate and using a moderate power of 5 % to 15 % of the maximum
output power 10 W (varying in the range 1 mW/nm to 15 mW/nm
over the spectrum).

The laser was then sent through a series of mirrors and irises
ensuring proper alignment with the rest of the setup, followed by a
number of tunable attenuation devices that helped ensure that the
spectrometer CCD was not saturated.

After that, the beam path passed through a beamsplitter that
divided the input and output parts of the setup, followed by a focusing
objective (ThorLabs RMS40X, NA = 0.65) with a working distance
of 0.6 mm for effective butt coupling of the fabricated devices.

By manually moving the sample attached to the XYZ stage, cou-
pling to the desired port on the sample could be achieved.

The same objective collected the output signal which was directed
to the output part of the setup by the beamsplitter. There, a similar
setup of mirrors and irises allowed for aligning the output beam path
with the entrance slit of the spectrometer. Before that, the beam
passed through a polariser that linearly polarised the output followed
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by a lens that helped with focusing and aligning the beam on the
spectrometer slit.

For resolving the output signal, an Acton SP2750 spectrometer
(Princeton Instruments), equipped with a 1200 lines/mm grating and
tunable entrance slit was used. The entrance slit controls and the
lens were used together to obtain the maximum resolution possible
by recursive reduction of the slit size and beam focus point centring.

For the piezoelectric chips, a Keithley voltage source was added
to the measurement setup and used as the tuning mechanism.

Finally, all data was collected using a LabView enabled computer
controlling the spectrometer and voltage source.
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Figure 3.11: Schematic drawing of the room temperature setup used
for characterising the fabricated devices by transmission spectroscopy.
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4 | Results and analysis

Following the theoretical modelling of the structures, prototyping on
silicon substrates was commenced. After several iterations finely al-
tering system and fabrication parameters and characterising the de-
vice behaviour, the tunable piezoelectric substrate was used in fabri-
cation. The main objective with the piezoelectric substrate was not to
do the device characterisation, but rather to tune the already charac-
terised and optimised devices. Unless otherwise specified, all devices
were fabricated on 230 nm thick SiN with a standard waveguide width
of 800 nm, designed to be single-mode at a wavelength of 900 nm.

4.1 Silicon substrates

The primary task of the silicon substrate prototyping was to deter-
mine the resonator quality and also to get a measure of the coupling
factors related to the ring-bus waveguide separation, which by exten-
sion gives a measure of the range of obtainable circuit delays.

A variety of devices were patterned on silicon substrates includ-
ing EITs, all-pass single rings, add-drop single rings and also all-pass
and add-drop CROWs, but here only an excerpt of the results are
presented.

For investigating the fabrication quality coupling strength of the
ring resonator bus waveguide connections, a series of all-pass single
rings with a 40 µm radius and varying coupling gap between 100 nm
to 400 nm were fabricated. Figure 4.1 show the power extinction ra-
tio, resonance width and the intrinsic quality factors of these rings
around wavelengths of 800 nm, with the general take-away being res-
onance widths between 0.06 nm to 0.20 nm which yield Q-factors on



58 | CHAPTER 4. RESULTS AND ANALYSIS

Figure 4.1: Power extinction ratio (left), resonance width (FWHM)
(middle) and intrinsic quality factor (right) as functions of the cou-
pling gap for the TE and TM modes of all-pass single ring resonators
around wavelengths of 800 nm.

the order of 103 − 104 and propagation losses below 5 dB/cm. The
extracted propagation loss is an upper estimate as it takes into ac-
count the coupling region loss in addition to the intrinsic loss due to
propagation.

Furthermore, the behaviour of the measured extinction ratio can
be compared with those theoretically predicted (figure 2.12). Theo-
retically, the TM mode has a stronger coupling constant than the TE
mode for a fixed gap size. However, the parameters that determine
tangible transmission curves are mainly the waveguide and coupling
losses for the propagating modes.

Therefore, the fact that the extinction ratio curve for the TM
mode is higher than the TE curve in a window around wavelengths of
800 nm indicate that the TM mode is closer to the critical coupling
regime than the TE mode there and thus encounter more coupling
losses in the current measurement setup, albeit marginally. How-
ever, the overall measured transmission behaviour corresponds to the
predicted one giving merit to both the fabricated devices and the
theoretical model used.

Having first characterised the simpler all-pass cavities, we now
move on to the add-drop configuration which additionally has a drop
port from which we expect the largest delays and therefore we also
highlight some results from an add-drop single ring resonator configu-
ration. The same radius (40 µm) was used with the same (and in this
case symmetric) coupling distances 100 nm to 400 nm in 50 nm steps
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which when measured gave resonance widths of as low as 0.02 nm
to 0.08 nm which translates to quality factors of between 10 000 to
45 000, losses below 5 dB/cm and experimentally extracted group de-
lays around 30 ps.

Figure 4.2: TE resonances for add-drop cavities with symmetrical
100 nm (left) and 350 nm (right) coupling regions.

The actual propagation loss is even lower than this, as the loss
extraction builds on the fact that the ring only has one bus waveguide
connections (as is the case for all-pass devices), while these figures
were extracted for add-drop devices, that in addition has a second
bus waveguide connection.

Excerpts of TE resonance spectra are shown in figure 4.2 for two
coupling gaps with resonance widths in the range 0.05 nm to 0.15 nm.

Furthermore, figure 4.3 shows the measured spectral drop port
resonances for a 2-ring CROW at two different coupling gaps (200 nm
(blue) and 400 nm (red)) highlighting the spectral characteristics at
two different spectral regimes fo the TE mode. These plots show the
spectral variance of the resonances, and especially notice the difference
in the extinction of the central troughs between the regime around
900 nm (top row) where it is principally extinct whereas around and
below 800 nm (bottom row) it is not. This is due to the wavelength
dependent coupling regimes, and in both coupling gap cases, the
CROWs are closer to the critical coupling regime around 900 nm.
Also, the mode splitting (i.e. the central trough width) grows with
stronger coupling.



60 | CHAPTER 4. RESULTS AND ANALYSIS

Figure 4.3: TE resonances for a 2-ring silicon CROW at the coupling
gaps 200 nm (blue, left column) and 400 nm (red, right column) for
different spectral regimes (top and bottom rows). All figures span 3 nm.

4.2 PMN-PT substrate

On the PMN-PT substrates, a set of devices were fabricated for in-
vestigation of the tuning. Firstly, two single-ring resonators with
coupling distances of 200 nm and 250 nm and radii 40 µm were in-
cluded for chip and fabrication process characterisation. In addition,
a 5-ring CROW with the same radii and uniform coupling gap 200 nm
was fabricated to characterise the circuit delay achievable.

The fabricated devices were first investigated using the transmis-
sion spectroscopy setup, which yielded the spectral responses shown
in figures 4.4, 4.5, 4.7, 4.8, for the single ring resonators and the 5-ring
CROW drop and through ports respectively.
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The figures of merit for the single ring resonators are the resonance
widths and extinction ratios, from which secondary parameters such
as the Q-values can be extracted. Table 4.1 shows the extracted cav-
ity parameters, which indicate (as expected) broader TM resonances

Coupling gap Mode FWHM [nm] Q-value Extinction ratio

200 nm gap TE 0.145± 0.021 7825± 475 0.685± 0.108
TM 0.185± 0.012 6728± 487 0.72± 0.142

250 nm gap TE 0.161± 0.015 7268± 630 0.460± 0.110
TM 0.209± 0.016 5515± 576 0.485± 0.109

Table 4.1: Extracted cavity parameters from the single ring res-
onators on PMN-PT substrates around 800 nm wavelengths.

compared to the TE resonances.
The extracted intrinsic quality factors are on the low side from

what was expected to achieve (quality factors of 10000 or more are
regularly achieved), which is a sign of there being sources of losses
that are unaccounted for (with a measured propagation loss of below
15 dB/cm). For example, the waveguide roughness plays an important
role in the quality factor of the cavities. Due to continuous mainte-
nance of the etching tool small adjustments were made to the etch-
ing recipe which resulted in measurable increased waveguide sidewall
roughness which may account for some of the losses. These adjust-
ments were made as the original recipe also showed deterioration in
the output quality of the sidewalls, but further optimisation of this
step was outside the scope of this thesis.

However, it should be mentioned that during the time-frame the
work of this thesis was conducted in, the reactive ion etching tool RF
power supply suffered from severe ageing and deterioration resulting
in the earlier devices fabricated (silicon devices used for prototyping)
accurately reflecting the outcome of the standard etching recipe while
the later devices (PMN-PT devices fabricated near the project end)
suffered the consequences of the deteriorating equipment. Shortly af-
ter the project end the RF generator actually went out of commission
and had to be replaced in its entirety by the AlbaNoba Nanofabrica-
tion Facility.
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Figure 4.4: Flattened TE and TM spectral response for a single ring
resonator on a PMN-PT substrate with a 200 nm coupling distance.

Figure 4.5: Flattened TE and TM spectral response for a single ring
resonator on a PMN-PT substrate with a 250 nm coupling distance.
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Figure 4.6: Loaded Q-value and extinction ratio trends for an all-
pass PMN-PT single ring resonator with coupling gap of 200 nm.

Figure 4.6 shows the loaded Q-value and extinction ratio trends
for the 200 nm coupling gap all-pass resonator. The extinction ra-
tio trend corresponds well with the theoretical prediction, but the
(almost) absent trend in the Q-factor reveal that the wavelength de-
pendent quality factor due to the coupling constant is negligible to
the component related to propagation loss and cavity quality. This
is confirmed by the fact that the here absent trend is present within
the higher quality (lower loss) silicon substrate devices.

The experimentally extracted group delay for the all-pass res-
onators were on the order of 15 ps to 30 ps which is well below the
delays predicted, much owing to the large propagation losses of the
devices.

Moving on, the 5-ring CROW spectral response is shown in fig-
ures 4.7 and 4.8 for the drop and through ports respectively. These
display the expected behaviour and reveal approximately nanometre
wide resonances taking the shape of five convoluted single ring res-
onances with experimentally extracted drop port delays of around
90 ps.

In the transmission spectroscopy spectra, the full convoluted reso-
nance shape is hard to distinguish for several reasons. Firstly, the fact
that the intrinsic quality factors are low due to waveguide loss implies
that the resonator ring couplings are not strong enough to the pro-
duce mode-splitting required to see the full spectral profile. Secondly,
the different spectral components of the spectra are hypersensitive to
polarisation filtering and location within the beam spot itself causing
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Figure 4.7: Flattened TE and TM spectral response for a 5-ring
CROW on a PMN-PT substrate for the drop port.

Figure 4.8: Flattened TE and TM spectral response for a 5-ring
CROW on a PMN-PT substrate for the through port.
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Figure 4.9: IV poling curve for the PMN-PT substrate.

some components to take precedent over others. Altogether, these
effects effectively smear out the individual component’s spatial fea-
tures resulting in single resonances instead of the clean convoluted
lineshape theoretically predicted.

Moving on to the piezoelectric tuning of the resonances, the 5-ring
CROW and two ring resonators were tuned piezoelectrically. Prior to
this, the sample was electrically poled, the results of which are shown
in figure 4.9. This was done in order to align the electrical domains of
the PMN-PT to further enhance the tuning strength and also to gauge
the piezoelectric performance of the substrate in question. As the
poling IV-curve reveal, the domains aligned at ≈110 V and currents
on the order of µA was achieved. The poling process was carried out
as close to adiabatically as possible, meaning that the voltage shifts
were kept to one volt steps at maximum, and that the setting time
for each transition was long enough to prevent any sudden voltage
changes, which could cause the substrate to shatter.

In determining the poling conditions and rate, previous knowledge
of the behaviour and domain switching voltages for samples of the
same type as well the substrate thickness was taken into account.
The poling was performed with the assistance of Thomas Lettner.

Following the poling, voltage dependent transmission spectroscopy
measurements were taken, meaning that a spectrum was collected for
each voltage setting (going from 0 V to 200 V in 1 V steps). The
feature of interest in this measurement is not the spectra directly, but
rather the tuning effect the voltage shift has. Therefore, a Lorentzian
lineshape was fitted to a selected resonance for each step, and by
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tracing the fitted lineshape resonance wavelength, the resonance shift
as a function of the applied voltage could be collected.

For the two single ring resonators, the wavelength tuning is shown
in figure 4.10 which show an approximate 0.12 nm shift for the maxi-
mum applied voltage. However, the same strain could be applied but
in the reversed direction by applying the same negative voltage (i.e. if
positive voltage stretches the piezoelectric substrate along the bi-axial
surface the devices are patterned on, the same negative voltage would
compress the sample). Therefore, the tuning range for the single rings
is approximately ±0.12 nm, or equivalently, 0.24 nm.

The piezoelectric tuning of the 5-ring CROW is shown in fig-
ure 4.11 for the through and drop ports respectively. There, shifts
of between 0.10 nm and 0.15 nm are shown depending on which port
and polarisation one looks at. Therefore, the tuning range, which
is twice the range of the shifts in the positive direction, is between
0.20 nm and 0.30 nm, again depending on the port and polarisation.
This tuning range translates to a 90 ps group delay tuning (moving
from 90 ps on resonance at 0 V to 0 ps 0.3 nm off resonance at 200 V).

Here, a positive voltage induced a blueshift to the resonance while
negative voltage would conversely redshift the resonances. Figures 4.12
and 4.13 shows the blueshifted spectra of the two tuning extrema at
0 V and 200 V once again highlighting the tuning range of the fabri-
cated devices.
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Figure 4.10: Resonance shift as a function of the tuning wave-
length for the two single ring resonators with 200 nm (left) and 250 nm
(right) coupling distances respectively for the TE and TM modes.

Figure 4.11: Resonance shift as a function of the tuning wavelength
for the 5-ring CROW through (left) and drop (left) ports respectively,
for the TE and TM modes.
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Figure 4.12: Spectra for the two tuning extrema at 0 V (red) and
200 V (blue) showing the spectral shift for the TE and TM modes in
a 200 nm gap ring resonator.

Figure 4.13: Spectra for the two tuning extrema at 0 V (red) and
200 V (blue) showing the spectral shift for the TE and TM modes in
a CROW drop port.
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5 | Discussion

The aim and objective of this thesis was to investigate, fabricate and
characterise different quantum optical on-chip devices that could serve
as possible delay line replacements. Furthermore, we set out to cre-
ate an on-chip delay device that was tunable, while still keeping the
requirements for device scalability, operating regimes and miniaturi-
sation.

To achieve this, we firstly laid out the challenges and starting point
in Chapter 1. We then presented the theoretical framework governing
these types of devices and expanded on where and how these devices
can provide efficient signal delays as well as providing a framework
for numerical simulations, both in the spatial domain and in the time
domain. Furthermore, we showed some results from these numerical
tools, specifically highlighting the spectral characteristics of all-pass
ring resonators, add-drop resonators as well as for the more general
CROW resonator.

One of the main characteristics of these resonators is the cou-
pling and transmission strengths, which in principle depend on the
coupling distance (i.e. the distance over which the evanescent field
coupling takes place). Therefore, we also provided numerical FDTD
2.5D simulations for this in Chapter 2 which showed intensity cou-
pling fractions between roughly 0.75 and 0 for coupler gaps of 50 nm
to 400 nm. Noticeably, the TM mode yield stronger coupling pa-
rameters than the TE mode in both the straight bus-ring resonator
and bent bus-ring resonator setups as expected, which is due to the
stronger mode delocalisation in the bent waveguides (and therefore
by extension in the ring resonators).

Then, a practical prototyping phase commenced, where we fabri-
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cated test designs of various elements on silicon substrates followed
by an all-optical characterisation from which the fabrication recipes
and process could be evaluated. After several iterations, the recipes
and process presented in Chapter 3 were settled on. One of the pri-
mary considerations in increasing the cavity quality was the surface
roughness of the devices, which was affected mainly by the etching
in our fabrication process. Therefore, we experimented with helium
backside cooling in addition to the regular etching, which is known for
reducing the final surface roughness at the (severe) cost of creating
sloped sidewalls.

In the prototyping, this was quickly ruled out as a viable fabri-
cation strategy just due to the side-effect of sloped sidewalls, which
caused the modal formation of the waveguides to go from single-mode
to pseudo-multi-mode with a height varying width.

Furthermore, the dosages used in the electron beam lithography
was an important fabrication consideration as well, and to effectively
counteract the effect this had on the final devices, matrices of devices
was fabricated on the same chip where each batch of devices was
exposed using an increased dose. This allowed for testing the same
device geometry with different dosages effectively and led to the final
dosage and parameters presented in Chapter 3.

5.1 Silicon prototype devices

We have presented results from an excerpt of the fabricated sili-
con prototype devices obtaining all-pass resonance widths as low as
0.06 nm with corresponding loaded quality factors of 15000 which cor-
respond to intrinsic quality factors at least twice of that accounting
for the bus waveguide coupling losses. Furthermore, for the add-drop
resonators we saw resonances as small as 0.02 nm giving loaded Q-
values of 45000, and accounting for the two bus couplings this gives
intrinsic Q-values in the 105 regime and (linear) propagation losses
around 1 dB/cm.

These figures were then used for developing a CROW design that
numerically was capable of creating delays above 50 ps which is an
arbitrary number but chosen to be able to experimentally extract the
delay as the time jitter of the available equipment is on that order. A
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number of different CROW designs were tested, but a 5-ring CROW
with the same size rings as the single ring resonators was settled on as
it theoretically put the delay in the correct regime, had sub-nanometre
wide resonances (not wider than the FSR of the structure) while still
not giving an overly complicated spectral response.

5.2 PMN-PT tunable devices

Two PMN-PT chips were used for developing the fabrication and pre-
measurement procedures, and here we have only presented the latter
of the two as the first chip encountered many mishaps which resulted
in poor optical performance as well as poor tuning performance.

As mentioned earlier, the main goal of the piezoelectric substrate
is to introduce the tuning to the already-designed devices. Therefore,
the designs and recipes that gave the optimal all-optical performance
were chosen for manufacturing. The all-optical measurements of the
piezoelectric substrate revealed much broader resonances, which cor-
respond to poorer quality cavities with loaded and intrinsic Q-values
below 10000 compared to the order of magnitude higher result for
the silicon prototyping. This indicate additional sources of loss in the
form of for example scattering centre within the structures.

However, the main purpose of these substrates was to demonstrate
tuning of the fabricated devices, not achieve the highest Q-factors,
albeit this would have been desired as well. As we have shown, tuning
ranges of up to 0.3 nm was achieved, which effectively mean that the
device tolerances in fabrication can be mitigated. Grown, for example,
QDs can present slight emission wavelength variations, which by this
method can be mitigated.

Furthermore, the tuning shown in this thesis was conducted in
room temperature, which increases the magnitude of the piezoelectric
effect, but limit the magnitude of the applied voltage. One idea is to
pole the sample and then cool it down to cryogenic temperatures while
still holding the poling voltage. This effectively freezes the domains
in place allowing for larger tuning spans but foremost also allows for
extending the tuning range to the negative voltages without repoling
the sample.

The PMN-PT chips also proved to be much more challenging to
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fabricate devices on, much due to being more fragile than the pure
silicon wafers. This led to an even higher degree of randomness in
cleaving, and furthermore led to issues with the deposited thin-film
gold contacts. For the prototyping PMN-PT chip (which was 200 µm
thick, 2.5 times thinner than the real one), the gold film tore off un-
derneath the deposited silicon nitride and oxide layers in the cleaving
process. This was mitigated somewhat by cleaving the chip upside
down, but for some degree of determinism we found that a thicker
PMN-PT chip (500 µm) eliminated the issue completely.

5.3 Future work

This thesis and the work that has been put into it has laid a solid
foundation for continuing the research aiming for novel designs and
implementations of the proposed elements. The natural continua-
tion of this work is to in addition to the transmission spectroscopy
measurements, also take pure time-domain measurements where the
time response to an input pulse can be determined (as in figure 2.14).
This allows for a direct measurement of the circuit delay and with the
results presented herein constitute an exhaustive investigation of the
quantum delay circuits. Unfortunately, these measurements could not
be conducted within the frame for this thesis due to time constraints.

Another aspect that would be interesting to look into, and the
direction that the development is taking, is to individually tune sin-
gle devices on a chip containing multiple devices. This goal is aligned
with the future of utilising these delay lines in complex quantum com-
puting schemes, but the practical implementation has some potential
challenges. Firstly, the strain transfer and piezoelectric tuning needs
to be deterministic and localised to the regions where delay devices
are fabricated. Secondly, the electrical contacting becomes a much
larger issue as the individual contacts needs to be contacted sep-
arately which not only requires individual cables on chip but also
multi-channel/multiple voltage sources.

Finally, this project has run prior to and now alongside an im-
plementation project that serves to combine single photon quantum
dot emitters with the advanced tunable filtering structures developed
in this theses. Figure 5.1 shows a preliminary second order corre-
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Figure 5.1: Second order correlation measurement for a hBN quan-
tum dot emitter without (blue) and with (red) spectral filtering. Cour-
tesy of Ali Elshaari and Anas Skalli.

lation measurement (courtesy of Ali Elshaari and Anas Skalli) for a
hBN quantum emitter with (red) and without (blue) spectral filter-
ing. Already without filtering the quantum dot emits single photons,
but with spectral filtering (in this case achieved though spectrometer
filtering) g(2) = 0.15 are achieved.

The combination of these sources with the complex filtering struc-
tures developed here would greatly reduce the footprint of this type of
circuits (moving from a 1 m2 spectrometer to a micrometer scale inte-
grated chip) and allow for the envisioned type of complex multi-stage
on-chip single photon emission and filtering (see for example [42]).
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A | Sample mounting

As discussed in the characterisation chapter (section 3.4), the piezo-
electric samples need to be mounted in a manner that allows for elec-
trical contacting on both the top and bottom gold contacts.

Figure A.1 shows the final mounting and contacting of the chip,
while figure A.2 highlights the major components therein.

Figure A.1: Overview of the finished sample mounted on the carrier
copper plate.
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Figure A.2: Photographs of the piezoelectric mounting highlighting
A: the copper mounting base contacting the bottom plate, B: the PCB
used for contacting the top chip contact and external cable, C: the
piezoelectric chip, D: the external cable contacting the top contact and
finally, E: the microscale silver wires bridging the PCB and the top
gold contact.
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B | Measurement mounting

For mounting the sample holder in the measurement setup, the in-
termediate holder shown in figure B.1 was used. To this holder, an
electrical wire was connected to serve as the external exposure of the
sample bottom gold contact through the copper sample holder.

Figure B.1: Intermediate mounting pole for the sample holder in the
measurement setup with external wire.

The sample holder with the piezoelectric chip was then attached
to the intermediate pole by the adhesiveness of the mounting surface
(figure B.1 left) in combination with a piece of copper tape to en-
sure the safety of the fabricated chip as well as to ensure stability
throughout measurements as shown in figure B.2.
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Figure B.2: Final measurement mounting with copper tape applied
for extra stability and security.
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C | Raw transmission spec-
troscopy spectra

Here we present the raw transmission spectroscopy spectra (the pre-
cursors) that was flattened into Figures 4.4, 4.5, 4.7 and 4.8.
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SPECTRA

Figure C.1: Raw TE and TM spectral response for a single ring
resonator on a PMN-PT substrate with a 200 nm coupling distance.

Figure C.2: Raw TE and TM spectral response for a single ring
resonator on a PMN-PT substrate with a 250 nm coupling distance.



| 91

Figure C.3: Raw TE and TM spectral response for a 5-ring CROW
on a PMN-PT substrate for the drop port.

Figure C.4: Raw TE and TM spectral response for a 5-ring CROW
on a PMN-PT substrate for the through port.
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D | Numerical models

Here, code snippets for the transfer matrix (listings D.1 through D.3)
and time domain models (listing D.4 and D.5) will be presented.

Listing D.1: Transfer Matrix: All-Pass
% ============================================

2 % ====== Written by Anton Moller , 2019 =======
% ============================================

4

% Transmission spectra and group delay
6 % for an all -pass single ring resonator following

% the theory laid out in the thesis (eq 2.12/13/14)
8 clear all; close all;

10 % Initial coupling constants for calculating critical coupling
% and fix loss

12 %
% Coupling constants

14 kappa2 = 0.1^2;
t = sqrt(1-kappa2 );

16

% Critical coupling gamma for kappa2 above
18 gamma = -log(t);

20 % Propagation attenuation , 40e-4 is the ring radius in cm
Alpha = gamma /(2*pi*40e-4); % [1/cm]

22

% Convert propatation loss to dB/cm
24 alpha = 10* log10(exp(-2*Alpha *1)); %[dB/cm]

loss = alpha;
26

% Phase vector
28 phi = linspace(-pi/4,pi/4 ,1000);

30 % Conversion from phi to physical units for
% group delay calculation.

32 %
% Roundtrip , effective index and angular frequency
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34 L = 2*pi*(40e-6);
Neff = 1.7;

36 w = phi .*(3e8)*Neff/L;

38 % Loop over varying coupling region constants
% Critical coupling for tau = exp(-gamma)

40 % Overcoupled for tau < exp(-gamma)
% Undercoupled for tau > exp(-gamma)

42 kappa_vector = [0.01 , 0.05, 0.1, 0.15, 0.20];

44 for ii = 1: length(kappa_vector)

46 % Update coupling constants
kappa2 = kappa_vector(ii)^2;

48 tau = sqrt(1-kappa2 );

50 % Calculate the transmission amplitude A and
% (power) transmission T following the theory

52 T_through = @(angle) 1 - (1-exp(-2*loss ))*(1- tau ^2)./ ...
((1-tau*exp(-loss ))^2 + ...

54 4.* tau ^2.* exp(-loss ).*sin(phi ./2).^2);

56 A_through = @(angle) tau -( kappa2 .*exp(-loss+i.* angle ))./...
( 1- tau.*exp(-loss+i.*angle) );

58

% Calculate the group delay by the derivative of the argument
60 % of the transmission amplitude following

% https :// ieeexplore.ieee.org/document /1298867
62 argS = angle(A_through(phi));

delay = gradient(argS , (w(end)-w(end -1)));
64

% Here , one can plot the result or save it...
66 % Transmission(phi) or TransmissionAmplitude(phi)

% and the delay vs w.
68 end
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Listing D.2: Transfer Matrix: Add-Drop
% ============================================

2 % ====== Written by Anton Moller , 2019 =======
% ============================================

4

% Transmission spectra and group delay
6 % for an add -drop single ring resonator following

% the theory laid out in the thesis (eq 2.21/22)
8 clear all; close all;

10 % Initial coupling constants for calculating critical coupling
% and fix loss

12 %
% Coupling constants

14 kappa2 = 0.1^2;
t = sqrt(1-kappa2 );

16

% Critical coupling gamma for kappa2 above
18 gamma = -log(t);

20 % Propagation attenuation , 40e-4 is the ring radius in cm
Alpha = gamma /(2*pi*40e-4); % [1/cm]

22

% Convert propatation loss to dB/cm
24 alpha = 10* log10(exp(-2*Alpha *1)); %[dB/cm]

loss = alpha;
26

% Phase vector
28 phi = linspace(-pi/4,pi/4 ,1000);

30 % Conversion from phi to physical units for
% group delay calculation.

32 %
% Roundtrip , effective index and angular frequency

34 L = 2*pi*(40e-6);
Neff = 1.7;

36 w = phi .*(3e8)*Neff/L;

38 % Loop over varying coupling region constants
% Critical coupling for tau1 = tau2*exp(-gamma)

40 kappa_vector = [0.1, 0.2];

42 for ii = 1: length(kappa_vector)

44 % Update coupling constants
kappa2 = kappa_vector(ii)^2;

46 tau = sqrt(1-kappa2 );

48 % Transmission amplitudes for drop and through ports
A_through = @(angle) (tau -tau.*exp(-loss+i.*angle )) ...

50 ./( 1-tau ^2.* exp(-loss+i.*angle) );
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52 A_drop = @(angle) -(kappa2*exp(-loss/2 +i.* angle ./2)) ...
./( 1-tau ^2.* exp(-loss+i.*angle) );

54

% Calculate the group delay by the derivative of the argument
56 % of the transmission amplitude following

% https :// ieeexplore.ieee.org/document /1298867
58 delay_T = gradient(angle(A_through(phi)), (w(end)-w(end -1)));

delay_D = gradient(angle(A_drop(phi)), (w(end)-w(end -1)));
60

% Plot , save or process the results ...
62 end



| 97

Listing D.3: Transfer Matrix: CROW
% ============================================

2 % ====== Written by Anton Moller , 2019 =======
% ============================================

4

% Transmission spectra and group delay
6 % for a CROW resonator following

% the theory laid out in the thesis (eq 2.35 -39)
8 clear all; close all;

10 % Initial coupling constants for calculating critical coupling
% and fix loss

12 %
% Coupling constants

14 kappa2 = 0.1^2;
t = sqrt(1-kappa2 );

16

% Critical coupling gamma for kappa2 above
18 gamma = -log(t);

20 % Propagation attenuation , 40e-4 is the ring radius in cm
Alpha = gamma /(2*pi*40e-4); % [1/cm]

22

% Convert propatation loss to dB/cm
24 alpha = 10* log10(exp(-2*Alpha *1)); %[dB/cm]

loss = alpha;
26 gam = alpha;

28 % Phase vector
phase = linspace(-pi/4,pi/4 ,1000);

30

% Number of coupling regions (#of rings = N-1)
32 N=5;

34 % Conversion from phi to physical units for
% group delay calculation.

36 %
% Roundtrip , effective index and angular frequency

38 L = 2*pi*(40e-6);
Neff = 1.7;

40 w = phi .*(3e8)*Neff/L;

42 % Coupling region constant for loop
kappa = 0.1;

44

% Through/Drop amplitudes allocation
46 ThroughA = zeros(1,length(phase ));

DropA = zeros(1,length(phase ));
48

% Coupling region transfer matrix components
50 t = [i/kappa , tau/(i*kappa); -tau/(i*kappa), -i/kappa ];
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52 for k=1: length(phase)

54 % Update phase
phi = phase(k);

56

% Ring transfer matrix
58 Tj = t.*[exp(-gam/2 +i*phi/2), exp(-gam/2 +i*phi /2); ...

exp(gam/2 -i*phi/2), exp(gam/2 -i*phi/2) ];
60

% System transfer matrix
62 T = Tj^N;

64 % System scattering matrix
S = [T(1,1)-T(2,1)*T(1 ,2)/T(2,2), T(1 ,2)/T(2,2); ...

66 -T(2,1)/T(2,2), 1/T(2 ,2)];

68 % Drop and Through amplitude at phi
DropA(k) = S(1,1);

70 ThroughA(k) = S(2,1);
end

72

% Physical (angular frequency) numerical step
74 step = w(end)-w(end -1);

76 % Calculate the group delay by the derivative of the argument
% of the transmission amplitude following

78 % https :// ieeexplore.ieee.org/document /1298867
delay_T = gradient(angle(ThroughA), step);

80 delay_D = gradient(angle(DropA), step);
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Listing D.4: Time Domain: CROW
% ============================================

2 % ====== Written by Anton Moller , 2019 =======
% ============================================

4 %
% Time domain model for a CROW resonator following

6 % the theory laid out in eq. 2.42 -2.48
clear all; close all

8

% Speed of light
10 c = 299792458;

12 % ============================================
% ============= CROW PARAMETERS ==============

14 % ============================================
%

16 % Number of coupling regions in CROW structure
% (#of rings = N-1)

18 N = 10;

20 % Effective index and group index. Extracted from Lumerical
neff = 1.7;

22 ng = 2.28;

24 % Ring radius
R=40E-6;

26

% Propagation loss [dB/cm]
28 loss_per_cm =-1.7;

30 % Absorption cofficient [1/cm]
Alpha = -loss_per_cm*log (10)/20;

32 % Coupling coefficients for each coupling region
k=0.1.* ones(1,N);

34 t=sqrt(1-k.^2);

36 % Resonance wavelengths for each ring
desired_resonance_lambda = 900e-9;

38 lambda_resonance = 2*pi*R*neff / ...
floor (2*pi*R*neff/desired_resonance_lambda );

40

% The resonance detuning for each ring
42 detuning = zeros(1,N);

44 % Vectorised resonance wavelengths
lambda_res = detuning + lambda_resonance .*ones(1,N);

46

% Probe wavelength and corresponding detuned frequency
48 lambda_probe = lambda_resonance + [ -5:0.05:5].*1e-10;

dw= c*2*pi*(1/ lambda_resonance - 1./( lambda_probe ));
50

% Physical round trip loss factors / phase accumulations
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52 % R expressed in cm as Alpha is in 1/cm
gamma_ring=Alpha *2*pi*(R*100);

54 phase_ring=neff *(2*pi./ lambda_res )*2*pi*R;

56

% ============================================
58 % ========== SIMULATION PARAMETERS ===========

% ============================================
60 %

% Simulation timesteps. Must be at least N*dt*4
62 timesteps = 5000;

64 % Simulation timestep = time to propagate half a ring
dt= (ng*pi*R/c);

66

% Electrical fields with dimensions for
68 % (time , interaction region , input detuning)

Ea = zeros(timesteps , N, length(lambda_probe ));
70 Eb = zeros(timesteps , N, length(lambda_probe ));

Ec = zeros(timesteps , N, length(lambda_probe ));
72 Ed = zeros(timesteps , N, length(lambda_probe ));

time = zeros(timesteps ,1);
74

% ============================================
76 % =============== SIMULATION =================

% ============================================
78 %

% Start at tt = 5 to allow for (tt -1) expressions as
80 % E evolve from injection in Ea(tt, m=1)

for tt=5: timesteps
82 time(tt)=dt*tt;

84 % Injection of gaussian pulse at input at time
% t = 1000 ps with 50 ps width

86 Ea(tt ,1,:) = exp(-(time(tt)-1000E -12)^2/(50E -12)^2) ...
.*exp(1i*dw*time(tt));

88

90 for m=1:N-1
% Intra -ring dynamics

92 Ed(tt ,m,:) = Eb(tt -1,m+1 ,:).* ...
exp(-gamma_ring /2 + 1i*phase_ring(m)/2);

94 Ea(tt ,m+1,:) = Ec(tt -1,m,:).* ...
exp(-gamma_ring /2 + 1i*phase_ring(m)/2);

96

% Coupling region dynamics
98 Eb(tt ,m,:) = t(m).*Ea(tt,m,:) + 1i*k(m).*Ed(tt,m,:);

Ec(tt ,m,:) = 1i*k(m).*Ea(tt,m,:) + t(m).*Ed(tt,m,:);
100 end

102 % Final exit region dynamics
Eb(tt ,N,:) = t(N).*Ea(tt,N,:);

104 Ec(tt ,N,:) = 1i*k(N).*Ea(tt,N,:);
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106 end

108 % ============================================
% ============ RESULT EXTRACTION =============

110 % ============================================
%

112 % Squeeze E(time dimension , input detuning) to
% remove the coupling region dimension and

114 % also square the electric field to get power
P_in = squeeze(Ea(:,1,:).* conj(Ea(: ,1 ,:)));

116 P_through = squeeze(Eb(: ,1,:).* conj(Eb(: ,1 ,:)));
P_drop = squeeze(Ec(:,N,:).* conj(Ec(:,N ,:)));

118

% Normalise each field w.r.t. itself
120 for i=1: length(dw)

P_in(:,i) = P_in(:,i)./ max(P_in(:,i));
122 P_drop(:,i) = P_drop(:,i)./ max(P_drop(:,i));

P_through(:,i) = P_through (:,i)./ max(P_through (:,i));
124 end

126 % Allocate and extract the delay from each detuning
Delay = zeros(length(dw),1);

128 for index =1: length(dw)
Delay(index) = abs(DelayCalculation (...

130 P_in(:,index), P_drop(:,index), time ));
end

132

% Extract maximum delay and save corresponding fields
134 [Y,I] = max(Delay);

P = [P_in(:,I), P_through(:,I), P_drop(:,I)];
136

% Save , plot or process result

Listing D.5: Time Domain: CROW delay calculation function
function [delay] = DelayCalculation(input , trans , time)

2 % DelayCalculation calculates the delay between the pulses
% in the input timeseries and the transmission timeseries

4 % by comparing the pulse maximum. Input and Trans must
% share the same time parametrisation time.

6 %
% Returns the delay or 0 (with warning) if no maxima can

8 % be found for the transmission series.
%

10 % input - input timeseries
% trans - transmission timeseries

12 % time - time parametrisation

14 [~, inputMaxIndex] = max(input);
[transMax , transMaxIndex] = max(trans);

16
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18 if abs(transMax - min(trans)) < 1e-2
delay = 0;

20 warning ([’Delay: No maximum could be found in this’ ...
’iteration as the transmission timeseries ’ ...

22 ’ is too flat’])
else

24 delay = time(inputMaxIndex)-time(transMaxIndex );
end

26

end
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