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Abstract

This thesis describes the development and experimental investigation of a series
of ITI-V semiconductor nano-photonic circuit elements. A recently emerged ap-
proach known as photonic topological insulators is used for realization of these
photonic components. In this approach, geometrical ideas are utilised to engin-
eer photonic channels to control the flow of light at the nano-scale. Harnessing
topological concepts from mathematics and electronic condensed matter physics,
these channels are deterministically engineered to offer favourable features such
as robustness against imperfections and disorder in the system, as well as control
over the direction of transport for propagation of light down to the single photon
regime.

Motivated by the extremely appealing features of these topologically protected
photonic channels, as well as the possibility of realization of fundamentally new
concepts and applications, some of the most important optical elements such
as straight and bent waveguides, closed optical ring resonators and integrated
single/multi channel waveguide-coupled-ring-resonator photonic crystals are de-
veloped and investigated experimentally.

Chapter one provides the background and motivation for integrated photonic
circuits as an excellent potential platform for quantum computation, commut-
ation, sensing, imaging and metrology, followed by a detailed introduction to
electronic and photonic topological insulators. Relevant topological concepts,
band structure engineering and key advantageous features for photonic circuits
are discussed in detail.

In chapter two, steps involved in development of the nano-photonic topological
circuits are discussed, including the iterative process of conceiving ideas, semi-
automated nano-photonic design and 3D electromagnetic wave simulations. This
is followed by a discussion of the nano-fabrication optimisation and quantum
optical measurements of device operation and performance improvement of a
series of topological nano-photonic structures. An introduction to the general
characteristics of I1I-V semiconductor quantum emitters, which were integrated in
these devices as embedded single photon emitters, is also covered in this chapter.

Chapters 3-5 of this thesis are presented in the thesis publication format, in
which each chapter is either a published or drafted (unpublished) paper.

In chapter three, the design, simulation and the first experimental demon-
stration of a hexagonal topological photonic crystal ring resonator with chip-
integrated quantum dots is presented. This closed optical circuit is made utilizing
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a Spin-Hall topological interface, and can serve as a key component for quantum
optical filters and gates. The formation of ring resonator modes in this hexagonal
optical circuit, as well as the helicity of the modes and topological protection for
in-plane propagation of light against defects and sharp bends is demonstrated
using finite-difference time-domain simulations. Then, formation, as well as con-
trol of the lateral confinement of the modes is experimentally demonstrated via
photo-luminescence spectroscopy, utilising GaAs quantum dots as an internal
light source in the ring resonator.

In chapter four, a design is proposed in order to further improve and move bey-
ond the optical properties of the Spin-Hall resonator. An upgraded ring resonator
is proposed utilizing a Valley-Hall topological interface. Significant improvement
of the quality factor of modes is demonstrated both in simulations and exper-
iment. To demonstrate the helicity of the modes, first, single photon routing
and chiral emission from an embedded QD into a topological guided mode is
presented in a straight waveguide geometry. Then, by evanescently coupling the
topological ring resonator modes to a topological bus waveguide, chiral coupling
of a QD to a resonator mode is presented. Significantly, direct comparison of a
trial vs non-trivial topological modes is demonstrated for the first time in the
same nano-photonic device.

Chapter five discusses the demonstration of on-chip optical filtering using a
novel, integrated, multi-channel topological optical circuit. Device performance
flexibility in terms of optical filtering as well as generation and control of the
direction of propagation of single photons in this topological photonic add drop
filter is demonstrated experimentally for the first time.

A summary of results and conclusion of the findings in these thesis, as well as
future directions and challenges for these topological photonic circuits is provided
in chapter six.
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There is a crack, a crack in everything. That’s how the light gets in.
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Chapter 1

Introduction

1.1 Photonic Quantum Technologies

1.1.1 Background

During the 19" Century, the idea of an Analytical Engine, a machine that can
compute and calculate was introduced for the first time. Mankind has trans-
formed this concept into a never-ending stream of efforts to develop progressively
more complex computational technologies. With time, the rate and the extent
of our species’ understanding of himself and the universe has heavily been in
correlation with the extent of the computational capabilities available to him. A
pivotal point of this journey was around mid 20" Century, when one of the most
outstanding offspring of these endeavours was born: the computer. Computers
proved to be a revolutionary tool towards deepening our understanding of the
past, addressing the most difficult challenges at the present, and paving the way
for technological adaptations required for a prosperous future of our species. But
this won’t be possible if computers’ computational capabilities don’t match the
increasing demand of the increasingly more complex issues mankind is going to
have to face.

Computers have become increasingly faster since their invention. Until re-
cently, it seemed like the progress observed in electronic technologies, particularly
in the field of semiconductor transistors, could fulfil the famous prediction made
by Gordon Moore, conjecturing that the number of transistors on a processor die
will double every two years. What became apparent very recently, however, was
that this prediction started to increasingly deviate from reality as the transist-
ors got smaller and smaller with fewer number of comprising atoms in each one,
proving the issue of quantum mechanical effects detrimentally more and more
significant.

While this challenge was becoming more apparent, in 1982 Richard Feynman
introduced his revolutionary idea of a computer which would work on the basis of
fundamental concepts of quantum mechanics [1]. Such a quantum computer util-
izes two of the most important attributes of quantum mechanics- superposition

10
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Figure 1.1: Design of a III-V semiconductor photonic ring resonator in which
single-photons are generated from integrated QDs (shown as the black sphere).
The resonator is made of a Valley-Hall-type lattice, with a rhombic unit cell
comprising two dissimilar triangles. The unit cell is inverted at the interface
(between the green and blue region) to form confided guided modes. Photons with
opposite circular polarisation (the red and blue arrows) propagate in opposite
directions of the resonator, robust to sharp bends and fabrication imperfections.

of states and quantum entanglement- in order to introduce a platform for massive
scale calculation, highly secure communication and measurements with ultra-high
sensitivity. In the following years, schemes and algorithms were introduced for
massive scale prime factorisation [2], many-body problems [3] and a quantum
internet [4]. It was predicted that compared to classical computers, many such
tasks can be performed with significantly fewer physical resources [5]. After out-
lining the requirements for physical implementation of quantum computer in the
early 215 century [6], attempts were made to answer the most challenging ques-
tion towards fulfilling Feynman’s proposal; that is, to find a realistic system that
can be a viable candidate to realize the first universal quantum computer.

Various physical implementations of binary quantum systems have been pro-
posed and investigated for this purpose, including the polarization of a photon,
discrete energy levels of cold ions, superconducting circuits, the nuclear spin
states of an atom, the spin states of an electron, and atom-like two level systems
such as quantum dots (QDs). These platforms operate quantum computation
on the basis of interactions between a binary system of quantum bits, or qubits,
and quantum logic gates. One of the most promising candidates for quantum
information and computation are semiconductor QDs, due to their many excel-
lent properties such as long coherence, scalability, single-photon generation and

Chapter 1 Mahmoud Jalalimehrabad 11
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Figure 1.2: Design of a III-V semiconductor photonic add drop filter, made of a
ring resonator coupled to two bus waveguides. Circularly polarised single-photons
generated from integrated QDs in the ring propagate to opposite diagonal ports
of the device, forming a multi-channel integrated chiral quantum optical circuit.

possibility of integrated on-chip fabrication [7, 8, 9, 10]. In a QD, the quantum
confinement exists in all three dimensions, which results in a system with discrete
energy levels, and this system then can be used to encode quantum bits. QDs of-
fer a platform for both studying basic quantum physics, as well as for integration
in quantum optical devices.

In the short to mid-term, such integrated quantum optical circuits can form
the building blocks for the first universal, fully integrated quantum optical com-
puter, as well as ultra-sensitive quantum sensors. In the longer terms, the res-
ulting technologies from quantum information science could lead to a stream of
breakthroughs in many areas, especially in some fields such as genetics, drug
designs, neuroscience, astrophysics and robotics, areas in which the scale of com-
putations, as well required precision for sensors are growing exponentially.

Individual optical circuit components, such as waveguides and ring resonators,
as well as integrated waveguide-coupled ring resonators and beam splitters serves
as building blocks towards realisation of compact and fully integrated all-optical
circuits. Device performance of such optical devices can significantly benefit from
implementing novel and revolutionary features such as robust one-way flow of light
offered by the recently emerged field of topological photonics. As two examples,
proposed designs for an optical topological ring resonator and its integration with
transport waveguides are shown schematically in Figure 1.1 and 1.2, respectively.
Realisation of such robust and novel systems can yield significant progress towards

12 Chapter 1 Mahmoud Jalalimehrabad
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integrated photonic circuits. Development and investigation of such elements is
discussed in detail in this thesis.

1.1.2 OQOutline and Scope of this Thesis

This thesis focuses on the development of a number of novel topological nano-
photonic devices that can be of crucial importance in paving the way towards
realisation of a fully integrated quantum circuit comprising III-V nano-photonic
structures and embedded light-emitting QDs.

The first chapter primarily focuses on introducing the basic concepts and
underlying physics of electronic topological insulators, a recently emerged field
of physics bringing topological and geometrical ideas into the field of condensed
matter physics. It continues by describing the motivation for implementation of
topological ideas in photonics with promising advantages for robust control of the
flow of light at the single photon level.

The second chapter describes the methods used to develop and probe the key
features of topological photonic systems, starting with an introductory section
on the field of self-assembled quantum dots (SAQDs) and their relevant quantum
optical properties for implementation in semiconductor photonic devices. The
next section discusses the use of the 3D finite-domain-time-difference (FDTD)
simulation method to design and optimise topological photonic structures to con-
trol the flow of light at the nano scale. The last section of this chapter focuses
on the development of a series of nano-photonic devices based on iterative design
processes, following by a detailed discussion of several iteration of fabrication and
optimisation carried out to obtain high quality photonic devices.

Subsequently, the main chapters of this thesis are presented in the Publication
Thesis format. These paper chapters demonstrate the development of crucial
optical elements for a fully integrated topological optical circuit, starting from a
closed optical ring, followed by a a closed optical ring connected to a transport
waveguide, then a closed optical ring connected to two transport waveguides.
Finally, a comparative study of desirable optical properties in topological vs non-
topological optical circuits is presented.

Chapter three is a paper on a Spin-Hall-type topological photonic ring res-
onator. The underlying physics, band structure, design, fabrication and exper-
imental optical measurements are presented. These results are accompanied by
extensive FDTD simulations for further confirmation and demonstration of the
device performance.

Chapter four is a paper on improved version of the ring resonator based on
Valley-Hall-type photonic interface. Furthermore, the ring resonator is combined
with a straight waveguide. This chapter reports the first direct comparison
between a topological and a non-topological photonic waveguide mode in the
same device, demonstrating why the topological case offers superior optical prop-
erties. Additionally, deterministic control over the direction of generated single
photons on a chip is presented.

Chapter 1 Mahmoud Jalalimehrabad 13
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Chapter five reports the draft of a paper on the demonstration of on-chip
optical filtering using a novel, integrated, multi-channel topological optical circuit
in the configuration of an add-drop fitter. Device performance flexibility in terms
of optical filtering as well as generation and control of the direction of propagation
of single photons in this structure is demonstrated.

Finally, chapter six provides the summary of the content of this thesis, the
conclusions drawn from both simulation and experiment, and possible directions
and remaining challenges towards further integration of topological optical cir-
cuits for better and more robust control over the flow of light at the nano scale.

Appendix 1 provides supplementary information on electrical and optical
properties of quantum dots.

14 Chapter 1 Mahmoud Jalalimehrabad
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1.2 Topological insulators: from electronic to
photonic systems

Conceptualized only a few decades ago, topological insulators now cover an in-
creasingly wide range of areas of physics including acoustics [11], phononics [12],
eletronics [13], mechanics [14] and photonics [15]. This section focuses on the
geometrical concept of topology in semiconductor condensed matter physics. A
description is provided for topological aspects of insulators, how topological ideas
were implemented first in electronic band structures leading to novel ways to
control the flow of electrons, and then, how topological systems were recently
realized in the field of photonics, leading to novel optical circuits with promising
properties such as possibility of engineering unidirectional, topologically protec-
ted channels for propagation of light in semiconductor photonic structures.

Chapter 1 Mahmoud Jalalimehrabad 15
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Figure 1.3: (a) Schematic band diagram of conduction (red) and valance (blue)
bands for a metal, a trivial and a topological insulator. The black line denotes
the Fermi level. (b) Schematic illustration of unidirectional edge conduction in a
topological insulator. Conduction at the edge is protected against disorder and
defects.

1.2.1 Electronic topological insulators
Quantum Hall effect and topological phase of matter

Topological insulators are materials in which band structure’s topology is de-
terministically engineered such that they are insulating in their interiors or bulk,
but conducting at the surface/edges of the system. They are called topological,
since their emergence relies on geometrical ideas from the field of topology in
mathematics, and their properties are distinct enough that they are viewed as
a new addition to the metal-insulator class. This class of materials started to

16 Chapter 1 Mahmoud Jalalimehrabad



Integrated Topological Quantum Optics

draw major attention after it was predicted theoretically, and then subsequently
demonstrated that propagation of electrons at the edges of these systems through
conducting edge states is robust in the presence of disorder and distortions [16].
Electrons with opposite spins travel in opposite directions in these insulators.
The existence of such topologically protected, unidirectional edge states therefore
became the hallmark of a topological system. A description of band diagram of
these materials, as well as unidirectional edge conduction in a topological system
is shown schematically in Figure 1.3 a and b, respectively.

Topological edge states emerged from the discovery of a series of quantum Hall
effects. The starting point can be traced back to research in the early 1980s, which
found that the Hall conductance takes exceptionally precise quantised integers
when an external magnetic field is applied to a 2D electron gas [16]. This was
a quantised or quantum version of the ordinary Hall effect, in which, under an
external magnetic field, the Lorentz force leads to deflection of electrons in a
metal plate. This quantum phenomenon became known the Quantum Hall (QH)
effect. QH systems started to draw major attention when three extremely exciting
signature features were observed: 1) electrons propagate only at the edges of the
system, while remaining localised in the bulk/interior parts; 2) propagation is
one-way (unidirectional) depending on the spin projection; 3) the transport at
the edge is robust in the presence of defects and disorder in the system [17, 18,
19].

Driven by the potential of these novel and exciting features for both fun-
damental physics and applications, significant efforts were made to further the
understanding of these systems, in particular, to understand why such robust
conduction exists. A development was reported in the field of topological physics
[20, 21]. The mathematical concept of topological invariants, which are proper-
ties of a system that remain unchanged under continuous deformation, was paid
attention to in particular.

Topology and Topological Invariants

To better understand the robustness of edge conduction in a topological insulator,
concepts such as topology, topological invariant and smooth deformation need to
be looked at in the context of the geometrical space more clearly. Topology is
a mathematical concept that is concerned with the geometrical characteristics
of a system. Geometrical properties of an object that remain unchanged under
continuous or smooth deformations (such as twisting, stretching and bending,
opposed to un-smooth deformation like tearing or glueing) are called topological
invariants of the system. In other words, a topological invariant is what doesn’t
change as the system deforms. An example of a topological invariant is the
number of holes within a 2D surface, which is called the genus number (g). g is
used to characterise the topology of a given surface, and is defined as:

1
2T

KdA =2(1- g) (1.1)

sur face

Chapter 1 Mahmoud Jalalimehrabad 17
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(a) Genus number
0 1 2 3
(b) (c)
Genus 0 Genus 1 Genus 0

* "Smooth" deformation * "Un-Smooth" * =

Genus 0 Genus 1 Genus 1

Figure 1.4: (a) Objects classified based on their maximum number of holes or
genus number. (b) Smooth deformation of a sphere and a doughnut into a cuboid
and a mug, respectively. (c¢) Deformation of a sphere into a doughnut changes its
genus number and therefore is not considered a smooth deformation.

where K is the total Gaussian curvatures of the closed two dimensional surface,
and is always an integer [22]. Geometrical objects can be classified in different
topological classes based on their g, as shown in Figure 1.4 a. Once objects
are categorised in topological classes, different objects from a certain topological
class can be smoothly deformed into each other. For example, as shown in Figure
1.4 b, a sphere and a doughnut can be deformed into a cuboid and a coffee mug,
respectively, without changing their topological invariant g. However, deforming
a sphere into a doughnut requires cutting a hole in it, which is an un-smooth or
discontinuous deformation, resulting in change in its topological class, as seen in
Figure 1.4 c.

Such geometrical properties can be considered in condensed matter physics
as well. Since a 2D Brillouin Zone (BZ) in momentum space of an insulator is
a closed two dimensional surface [22], a torus and a 2D BZ, which has periodic
boundary conditions along its edges, are topologically equivalent, since a torus can

18 Chapter 1 Mahmoud Jalalimehrabad
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be formed by curling along the edge of a 2D lattice surface. This provides a start-
ing point from which the concept of topology can be introduced in the momentum
space of insulating systems. Topological invariants can be defined in this space to
categorize insulators. Un-smooth deformations can be considered through which
insulating systems can be deformed into different topological classes.

Consequently, questions now arise regarding fundamental and practical ap-
plications of these topological invariants in realistic systems such as condensed
matter platforms. A potential answer can be, in particular, to engineer systems
such that a useful property of the system becomes topologically invariant or ro-
bust, i.e., this useful property becomes insensitive to smooth deformations of the
system. To pursue this, a series of topological invariants have been defined for
different insulating systems.

Chern number, Spin Chern number and Valley Chern number

After it was observed that in a QH system, Hall conductance is persistently quant-
ised as the electron density is varied, attempts were made to bring the concept
of topology and topological invariants into QH systems. Due to its robust and
quantised nature (similar to the g, the geometrical invariant), the integer of the
Hall conduction was given a name, the Chern number [21], as one of the first
topological invariants to quantify condensed matter systems.

In a paper published in 1984, Sir Michael Berry introduced a series of proper-
ties to quantify topological characteristics of a topological insulator in a broader
context, called Berry connection, Berry phase, and Berry curvature [20]. The
Berry phase, also known as the geometric phase, is the total accumulated phase
along a closed path, which can be calculated using an integral around a closed
loop in the parameter space, from which Berry connection, which is a local vector
potential, and Berry curvature, which is a gauge field, can be calculated. The
integral of the Berry curvature over the whole BZ gives an integer, which is called
the Chern number of the system. These concepts can be intuitively understood by
making an analogy between classical Maxwell’s equations and quantum mechan-
ical equations. Berry phase, Berry connection and Berry curvature can be viewed
as a magnetic flux, vector potential and magnetic field, respectively. Chern num-
ber can be viewed as the number of Dirac monopoles. Universal mathematical
methods for numerical calculation of the Chern number in a broader context and
their calculation methods for different discretion BZs are described in detail in
the literature [20, 23].

In an insulating system, if the Chern number acquires a non-zero value, it is
said that the system is topological or topologically non-trivial. The value of the
Chern number can give information on the number of edge states in the system.
The introduction of these topological invariants and concepts into condensed
matter physics were a pivotal point in realisation of topological insulators, since
they provided a methodical approach to topologically classify insulators.

Over the past decades, different versions of QH systems were introduced and
specific topological invariants were defined to describe them. The QH systems

Chapter 1 Mahmoud Jalalimehrabad 19
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Figure 1.5: Schematic diagram (top panel), edge state dispersion and associated
topological invariant (middle panel) and the Berry curvature over the first BZ,
which is denoted by a hexagon (bottom panel) for different QH effects. (a) A
quantum Hall system with a single one-way edge state propagating along the
boundaries, through which backscattering is prohibited. The edge state only
exists in the presence of an external magnetic field, and the direction of the field
dictates the direction of propagation. (b) In a quantum Spin Hall system, which
is similar to a QH system in terms of forbidden backscattering through its edge
states, there are two channels instead of one, each one supporting the propagation
of electrons with one of the spin projections. Unlike the quantum Hall effect, there
is no need for an external magnetic field. (c¢) In a quantum Valley Hall system,
which is similar to the Spin Hall system, the edge states emerge at two Valleys
(K and K’ points). (d) A trivial insulator shown for comparison.

most relevant to this thesis and their electronic dispersion and topological invari-
ants are described later in this chapter.

Time reversal and inversion symmetry

The underlying physics of formation of topological edge states is heavily correl-
ated with symmetry of the systems. In particular, time reversal and inversion
symmetries play a significant part in understanding QH effects. Time reversal
symmetry (T) is the theoretical symmetry of laws of physics under time reversal
transformation t —-t. Inversion symmetry deals with the symmetry of systems
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under mirror transformation. By deterministically breaking or preserving these
symmetries, different versions of QH systems can be realized and classified [24].
The role of these effects in topological systems is discussed in the next section.

Quantum Hall, Quantum Spin Hall and Quantum Valley Hall phases

Robust and unidirectional edge conduction in QH systems made them extremely
exciting. However, since the QH effect requires strong magnetic field and cryo-
genic temperatures, work continued to address some of these challenges by finding
alternative approaches to preserve the robust unidirectional conduction without
those restrictions. In particular, since the underlying reason for unidirectionality
of edge states in a QH system is that the external magnetic field breaks the time
reversal symmetry of the system, the quest began to find an alternative approach
to break T and form chiral edge states. One of the proposed schemes, which
later was named the Quantum Spin Hall effect (QSH), was essentially combin-
ing two QH system, where, instead of one, a pair of edge states exists, each for
one of the spin projections of electrons, without the presence of a magnetic field.
In these systems, an alternative mechanism can lead to breaking T to realize a
QSH system. This mechanism is related to the interaction of the spin, which is
a fundamental property of electrons, with orbital angular momentum.

In 2005, a group of researchers who were working on graphene discovered a
novel topological phase in their system, which was shown to be the predicted QSH
[25]. They showed that in a QSH system with electrons with sufficiently strong
spin-orbit coupling (SOC), even without the presence of an external magnetic
field, it is indeed possible to open a band gap and achieve one-way electronic
edge states. The reason is, electrons with opposite spins experience different
forces in the presence of a strong SOC, and each spin projection can be locked
to a certain direction. This mechanism was named spin-momentum-locking. It
was shown that, as predicted, at the edge of such systems, unidirectional edge
states, or one-way electronic transport channels appear, where the group velocity
of these channels is locked to the electronic spin: electrons with opposite spins
propagate in the opposite direction, and the propagation is protected against
electron backscattering [26, 27, 28, 29].

In 2007, it was shown that similar to a QSH system, where the spin degree of
freedom gives rise to spin-locked topological edge states, another binary degree
of freedom exists as a potential candidate for realization of edge states under T,
called the Valley degree of freedom [30]. In a momentum space of condensed
matter system, a valley refers to a point with a local energy extremum. Positive
and negative valleys can be engineered in the momentum space by breaking the
inversion symmetry (P) of the lattice and opening a band gap. When two lat-
tice with opposite Valley properties are interfaced, edge states can arise at the
interface and the system is called a Quantum Valley Hall (QVH) system. Edge
states at opposite valleys have opposite group velocities and electrons at opposite
valleys propagate at opposite direction. This mechanism is known as the Valley-
momentum-locked propagation. A schematic illustration of these quantum Hall
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effects, their edge state dispersion and Berry curvature is shown in Figure 1.5,
in addition to a conventional insulator for comparison.

Recently, quantum Valley-Spin Hall systems were introduced, in which both
spin and valley degree of freedom coexists, with more complex edge state config-
urations. These systems are yet to be fully investigated [31].

Degree of robustness in different quantum Hall systems

How robust an edge state in a topological insulator system is against deformation
depends on its topological invariant and edge state configuration. A QH system,
has a single edge state, and its topological invariant, the Chern number, is non
zero across the first BZ. This well defined topological nature, and the presence
of only one edge state at each frequency leads to suppression of variety of strong
disorder [16].

This is not quite the same for a QSH system. A QSH phase can be viewed
as two copies of the QH phase, each one for one of the spin projections. The
Berry curvature which defines the spin Chern number in the QSH systems, is
spin-dependent. For example, the Berry curvature of electrons with spin-down
is negative, and that of electrons with spin-up is positive, both of which have
the same integer magnitude. The total Chern number, which is the sum of the
two spin-up and spin-down spin Chern numbers is therefore zero. This is viewed
as a relaxed condition compared to the Chern number in a QH system. The
consequence of this relaxation is that the degree of topological protection reduces.
QSH edge states are topologically protected as long as the disorder and defects in
the system doesn’t flip the spin of the propagating electrons, which can introduce
inter-spin scatterings. One can view this via attributing magnetic nature to
defects and disorder, the sort of which cause spin-flipping in the system, against
which there is no topological protection [32, 33]. In QVH systems, a similar
argument can be presented. The valley Chern number takes a non zero value
only if half of the first BZ is considered for the calculation of the Berry curvature.
In this case, the valley Chern number takes a half-integer value at each valley,
with opposite signs at opposite valleys (K and K’). The total Chern number will
be zero across the whole BZ. In this case, the protection exists against disorder
and defects that doesn’t flip the sign of the Berry curvature, leading to a process
known as inter-valley scattering [33, 34]. In summary, a QH system has a non-
zero Chern number across the whole BZ of the system; a QSH system takes
integer spin Chern number for each spin channel individually; a QVH system
takes half-integer valley Chern number at opposite valleys, but across half of the
BZ. The result of this is that degree of protection becomes limited in a QSH and
QVH systems compared to that of a QH system. Additionally, having integer
spin Chern number compared to the half-integer valley Chern number in QVH
systems might mean that QVH systems are less protected than QSH systems,
but this is still not fully understood and needs to be investigated more rigorously.
That being said, there are still a wide variety of disorder and defects that QSH
and QVH systems have been shown to be protected against. Sharp bends, lattice
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disorder, and certain types of defects that do not break the symmetry of the
lattice are among these. From a practical point of view, intrinsic directionality of
the edge states, together with the protection against these type of imperfections
make these systems extremely desirable for a variety of applications, and for
investigation of new physics. Also, further development can lead to improvements
in the degree of offered protection in these systems.

The discovery of quantum Hall effects has opened a new avenue for exploring
novel and exciting realms of physics. In addition to QH, QSH and QVH systems,
other effects such as Spin-Valley, fractional, integer and anomalous effects were
introduced which has helped to deepen our understanding of quantum systems.
Intensive research on these effects has been leading toward landmark discoveries
in many fields of semiconductor sciences and technologies. The discovery of to-
pological insulators, which is a new phase of matter and received the 2016 Nobel
prize in physics, became one of the most recent and exciting offspring of this field.

Before discussing the topological properties of photonic structures, the concept
of topology and how it was introduced in electronic band structure is discussed
in the next section. These concepts will later be used to explain the formation of
photonic edge states.

Band inversion and trivial and non-trivial topological band structure

It is useful to consider what is (can be) topological about insulators. The answer
lies within the band structure characteristics of insulators. When the topologic-
ally distinct geometrical objects discussed in the previous section are considered,
similar concepts can be applied to insulators, based on the properties of their
electronic valance and conduction band structure. For instance, two insulators
can be topologically equivalent if they can be deformed smoothly into each other.
Here, smooth deformation means without closing the bandgap (i,e without turn-
ing into a conductor) as a result of the deformation. In contrast, two insulators
are topologically distinct if they cannot be deformed into each other without clos-
ing the electronic band gap in the process, and the deformation will be considered
un-smooth.

When a conventional insulator is considered as as an example, the band dia-
gram of the insulator consists of a valence and a conduction band, separated by
a forbidden region or a bandgap. This is shown in Figure 1.6 c. If a topological
invariant for such an insulator is defined as the sign of the bandgap energy, then
the insulator A and B will have positive and negative invariants, respectively, and
therefore, they will belong to two different topological classes. One can smoothly
modify either the insulator A or B, so that their bandgap size changes, and as
long as the sign of the gap isn’t changed, the topological invariant of each one
remains unchanged. However, if insulator A, is modified into insulator B, in a
way that the conduction and valance bands of A becomes the inverted version of
B, this will not be a smooth deformation, since the bandgap sign is changed, as
shown in Figure 1.6 c¢. This will only be possible through an intermediate step,
in which the gap needs to be closed first.
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Figure 1.6: Topological band inversion. A trivial insulator, when un-smoothly
deformed, can go through a band inversion process, through which the valence
and conduction bands are flipped around. This can happen through a band-gap
closing intermediate step.

An insulator with a conventional band structure, where the standard order
of the valence and conduction bands are preserved (insulator A in Figure 1.6)
is called a trivial insulator, while insulators with inverted band structure are
called non trivial insulators (insulator B). This band inversion, when utilised
deterministically, is the corner stone of engineering topological edge states, which
is discussed in the next section.
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Figure 1.7: Formation of in-gap edge states at in interface between two topolo-
gically distinct insulators with inverted band structure. Adapted from [35].

S

Band Inversion and Formation of Topological Edge States

When a topologically trivial system is interfaced with a non trivial insulator in
a periodic structure, bands cross the band gap at the interface between the two.
This happens since in a periodic system, the only way to continuously go from
a trivial insulator from one side of the interface to a non trivial insulator on the
other side is, as discussed, through closing the gap, which leads to the formation
of bands at the interface. These states are called (depending on the system)
interface, surface or edge states, and since this topological band inversion is the
underlying physics for their formation, they are known as topological edge states.

This process starts by selecting an insulator with a trivial band structure,
meaning the valence and conduction bands are ordered just like a conventional
insulator; the valence band has a lower energy than the conduction band. Step
two is to modify the first insulator in an un-smooth or topologically distinct way,
so that the bands of the second insulator are the inverted version of the first one.
This is a non trivial insulator because of this distinct band inversion. Step three
is then to introduce an interface between the two. From a topological point of
view, continuous transition, which is essential in a periodic system, between the
first and second insulator bands can happen only if a band is closing the gap
and crosses the band gap at the interface. Therefore, as shown schematically in
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Figure 1.7, at the interface between the two topologically distinct structures,
in-gap interface or edge states form.

Over the last few decades, such topological ideas have been utilized in elec-
tronic systems, to achieve scatter-free edge conduction. The suppression of back-
scattering originates from two features of these systems; firstly, there is no scat-
tering into the bulk modes since edge states only exist at the edge (everywhere
else there is a bandgap and there is no band to scatter into), and, secondly then
for the interface itself, since there is either only one edge state (in QH system)
or only one edge state for each direction (QSH system) of propagation, there is
no alternative state to scatter into for a one-way propagating electromagnetic
wave. Suppressed scattering and intrinsic unidirectionality therefore exist at the
same time in these systems, making them extremely favourable for a variety of
applications. It is worth noting that when the QH systems were being studied,
the need to have an external magnetic field to form such robust edge states was
considered a limitation. Discovery of QSH effect offered a solution in systems
with sufficiently strong spin orbit coupling.

The possibility of robust unidirectional and reflection-less transmission of
current in these fermionic systems inspired the search for similar concepts in
other platforms, including ultra-cold atoms, mechanical structures, phononics and
photonics. In particular, due to the important properties of robust light propaga-
tion and directional coupling, topological photonics has become an emerging field
both for novel physics and applications in integrated photonic circuits. Recent
theoretical and experimental studies have shown that practical platforms for de-
terministic control of topological properties of photonic band structure, as well as
engineering unidirectional edge states of opposite helicity propagating in opposite
directions are possible at both optical and telecommunication wavelength. These
features can help to address some of the main challenges in integrated quantum
optics, particularly for photon routing, where one of the main obstacles is con-
trolling and reducing photon scattering losses due to fabrication disorder, bends
and splitters in photonic devices. That is where topological features such as back-
scattering free propagation against bends and mild deformations can promise a
novel approach for protected on-chip quantum optical routing and manipulation,
which is the subject of the next section.

1.2.2 Photonic topological insulators
Overview

After the demonstration of the QSH effect in graphene, attempts were made to
extend the concept of topological insulators in other platforms such as photonics.
One particular property of the electronic band structure of graphene offered a sig-
nificant breakthrough towards this goal. Carbon atoms in graphene are arranged
in a honeycomb crystal symmetry, in which conduction and valance bands cross
at a point known as the Dirac point or Dirac cone (in 3D k-space). Through
careful perturbation, band gaps can be opened around this crossing point, with
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both topologically trivial and non trivial properties, such as direct and inverted
band topologies, setting the ground for realization of topological edge states.

This picture inspired the attempt to realize topological edge states in a photonic
system, via engineering a photonic analogue of graphene, i.e. a honeycomb
photonic crystal which has the photonic analogue of graphene’s electronic band
structure. Once a Dirac point in the band structure is identified, deterministic
tuning of the lattice parameters can lead to opening a band gap around this
point. Additionally, it is possible to open gaps with inverted band topologies,
and similar to electronic topological insulators, when an interface between the
two is introduced, edge states can form at the interface. The photonic Dirac
point, bandgap opening, band inversion and formation of photonic topological
edge states will be discussed in detail in this section. This follows a brief over-
view of the recent approaches, directions and current related demonstrations in
the field of topological photonics.

Brief review of the historical development of topological photonics

The first proposed scheme for realisation of a topological photonic insulator was
put forward via breaking time-reversal symmetry. This was demonstrated via
applying external magnetic field in microwaves in gyro-optic photonic crystals in
2008 [36, 37, 38|.

Robust, unidirectional edge states in these gryo-optic photonic crystals were
demonstrated experimentally for the first time in 2009 [39]. This approach was
based on the integer Quantum Hall effect which is a strong effect in the microwave
domain, but weak for visible and infra red or telecommunication wavelengths
(only very small topological band gaps can be opened). The challenge still re-
mained to bring these effects from QH fermionic to bosonic systems, i.e., to realize
edge states without needing spin-orbit coupling. The second series of theoretical
schemes were then proposed and experimentally realised. This is achieved by
aperiodic coupled resonator systems [40, 41, 42], using polarization as spin in
PCs [43] and birefringent metamaterials [15].

The first significant demonstration of a photonic topological insulator was
reported in 2013 [44]. It was shown that similar to Dirac dispersion in graphene, in
an optical honeycomb lattice, the bands cross at a point due to lattice symmetry,
then temporal modulation breaks the symmetry, and a gap opens for visible light
frequencies. It was demonstrated that the transport occurs around the perimeter,
bypassing defects in the system.

A major development was reported in 2018, where a topological photonic
laser was proposed and demonstrated. The idea was to harness topologically
protected transport of light to make a robust laser [45, 46]. A laser with a
cavity acting as a superconductor for light (no resistivity for transport of the
lasing mode) was shown to be highly non-linear in a system with gain (where
spontaneous emission is replaced by stimulated emission), robust against edges,
defects and disorder, with high efficiency and single mode operation. Recently,
a number of other developments have been reported, including proposed novel
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Figure 1.8: (a) Engineering a photonic analogue of graphene by replacing the
carbon atoms with air holes. (b) Same honeycomb lattice viewed in two different
pictures, one with C3 (left) and the other with C6 (right) symmetries. (c) Per-
turbing the C3 unit cell and C6 lattices in two distinct way to form two distinct
perturbed PhCs.

lasers, waveguides, cavities and resonators. These systems have been introduced
and experimentally realised in 1D [47], 2D [48] and 3D [49, 50]. In particular,
a branch of topological quantum optical interfaces have been recently realised
via introducing QDs in PhC as embedded quantum emitters [48]. The following
section focuses on topological properties and edge states in 2D semiconductor
PhCs.
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1.2.3 Photonic Graphene

One method for the realisation of a photonic topological insulator is to engineer a
PhC analogue of Graphene to emulate the QSH effect. The first step is to replace
the carbon atoms in the electronic Graphene structure with air holes to form a
honeycomb lattice. This periodic PhC for example, as shown in Figure 1.8 a,
can comprise triangular air holes (or elliptical, circular, etc). Just like in the
electronic band structure of graphene, such a photonic lattice has a pair of bands
crossing at a point in its band structure, around which topological bandgaps can
be opened.

Similar to graphene, boundaries of such photonic periodic structure will have
armchair, bearded and zigzag configurations, and different interfaces can be en-
gineered at different boundaries. The second step involves opening a bandgap
in the photonic band structure of the system. One way to do this is to modify
the lattice in one of two distinct ways. For example, via inversion symmetry
breaking, as discussed later in this section, is based on the QVH effect. Using
this approach, two different perturbed photonic Graphene lattices can be realised
with C3 lattice symmetry, which are labelled as VPC1 and VPC2 in Figure 1.8
c. A second approach is to be used via break the C6 symmetry of the lattice
instead, by expanding and shrinking the unit cell to form two different perturbed
PhCs. This alternative method leads to a photonic analogue of the QSH effect,
as discussed later.

Spin-Hall vs Valley-Hall band structure

To understand the difference between QSH and QVH photonic edge states, the
evolution of the band structure before and after perturbation is discussed for
each case. For the QSH case, as an example shown in Figure 1.9a, a honeycomb
lattice comprising 6 equilateral triangular holes is considered. The unit cell is
perturbed by either shrinking or expanding the cluster. The band structure of
the unperturbed (unmodified), shrunken and expanded crystals show that in the
perturbed case, a bandgap opens at the Gamma point. For the QVH case, as
shown in Figure 1.9 e, the same lattice is considered, but this time the system
is viewed as a C3 symmetry lattice, with a rhombic unit cell comprising two
triangular holes. By reducing the size of one and increasing the size of the other,
and then doing this the opposite way, two perturbed PhCs are formed, with a
band gap opened at the K point.

1.2.4 Photonic quantum Spin-Hall effect

The electronic QSH effect discussed previously might not seem compatible with
the photonics version at first glance. Photons are bosons and unlike electrons,
they do not possess half-integer spins, which is a prerequisite condition for spin-
momentum-locked edge states. Now questions arise about how the QSH effect is
emulated in a photonic system. The answer lies partially within the polarisation
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Figure 1.9: (a) Schematic of a Spin-Hall lattice. The honeycomb lattice is per-
turbed by shrinking and expanding the C6 hexagonal unit cell. (b) Band structure
of the unperturbed lattice, with a Dirac point at the Gamma point of the first
BZ. (¢) Band structure of the perturbed lattices. Both shrunken and expanded
lattices have a full band gap at the Dirac point. (e) Same photonic Graphene
lattice, but this time viewed as a C3 rhombic unti cell. Two different lattice can
be made by perturbing the holes, making one bigger and the other one smaller
and then the opposite way around for the second PhC. (f) Band structure of the
unperturbed lattice but using the C3 picture. A Dirac point at K can be seen. (g)
Band gaps open for both VPC1 and 2 at the K point (and K’ point, not shown).

properties of photons. Even in free space, photons possess spin properties thanks
to circular polarisation, which can be utilised for realization of spin-locked char-
acteristics for edge states in photonic systems. In 2015, a honeycomb lattice in
a dielectric membrane was first introduced to realise such an effect [51], which
was later experimentally demonstrated [48]. Using the crystalline symmetries in
these systems, it has been shown that photons inside periodic structures can ac-
quire a spin-like property named pseudospin which can emulate the time reversal
operator of fermionic systems, attributing non-trivial topological properties for
photonic bands. For their resemblance to the electronic QSH effect, these systems
are known as photonic QSH systems, and they have a pair of counter propagating
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Figure 1.10: (a) Schematic of a Spin-Hall interface, between a shrunken and
expanded lattice. (b) Edge states at the interface. Two bands with opposite group
velocity, one forward running mode (purple arrow) and one backward running
mode (green arrow) cross the band gap at the gamma point. The edge states
in this case are above the light line. (c) High symmetry points of the first BZ.
(d) A zigzag interface between two Valley-Hall lattice. (e) Edge states for the
Valley-Hall interface, with the forward and backward running modes at K and K’
points, respectively. The edge states are below the light line. These edge state are
tuned to operate at near-infra-red frequencies. Lattice parameters for the Spin-
Hall (Valley-Hall) interface: 445nm (266nm) lattice constant, 140nm (106nm and
160nm for the small and big triangle, respectively) triangle side length and 170nm
membrane thickness. These parameters are defined in Figure 1.9.

photonic channels. The pseudospin degree of freedom guarantees the formation
of these spin-polarized topological photonic edge states. When a QSH interface is
considered, as shown in Figure 1.10 a, by interfacing a shrunken and an expanded
PhC, a photonic interface can be realized. Figure 1.10 b shows the projected
band structure for this interface. Two bands with opposite group velocity cross
the bandgap at Gamma point. The in-gap crossing of these edge states and their
opposite group velocity demonstrate their resemblance to electronic QSH edge
states. It is worth noting that these edge states are above the light line, there-
fore they are lossy due to out of plane scattering that exist for modes above the
light line in general [52]. However, for in plane propagation, photonic transport
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Figure 1.11: A topological photonics interface between shrunken and expan-
ded hexagonal unit cells. Dipole and quadrupole symmetries of conduction and
valence bands invert at the interface, giving rise to formation of a pair of edge
states.

through these modes is shown to be protected against sharp corners and certain
defects and disorder [48].
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1.2.5 Photonic quantum Valley-Hall effect

Similar to the pseudospin degree of freedom, another binary degree of freedom
was recently proposed [53] and demonstrated [54] as a potential candidate to
yield a new photonic topological phase via breaking inversion symmetry, known
as the valley degree of freedom, similar to the electronic QVH effect [30]. It was
predicted that in such a system, photons at opposite valleys would propagate in
opposite directions, since the edge state dispersion of a QVH insulator exhibits
opposite signs of the group velocity at opposite valleys. As an example, a photonic
QVH interface is shown in Figure 1.10 ¢. Two inverted C3 unit cells are used to
form an interface with broken inversion symmetry. The projected band structure
of the interface indeed reveals two bands crossing the band gap with opposite
group velocity at K and K’ points.

Photonic topological band inversion and formation of edge states

To illustrate the process of formation of edge states in photonic graphene, schem-
atic of a honeycomb photonic lattice is shown in Figure 1.11.

Here, six concentric circular holes form a hexagonal unit cell, with the unit
cells arranged in a periodic structure with triangular lattice symmetry. By con-
centrically moving the circles inward in the hexagonal unit cell (the orange unit
cell in Figure 1.11), a photonic bandgap is opened. The photonic eigenstates of
the valence band of this lattice have a dipole (p-like) symmetry, while the con-
duction band shows a quadrupole (d-like) symmetry. When the six circular holes
in the hexagonal unit cell are concentrically moved outwards, another photonic
insulator is. The eigenstates of this expanded lattice show the inverted symmetry
of the shrunken one. The valence band now has quadrupole symmetry, while the
conduction band shows dipole symmetry. At the interface between the expanded
and shrunken lattice, the dipole and quadrupole bands cross the bandgap to pre-
serve the continuity of the bands across this lattice. These crossing edge states are
the channels through which photons can propagate in a robust, one-way manner.

1.2.6 Photonic QSH and QVH topological invariants

The difference between a QSH and a QVH photonic system comes from the
difference between the topological invariant of these two systems.

Similar to the electronic case, for a Spin-Hall system, each pseudospin channel
acquires a non-zero spin Chern number, which characterizes this system as a QSH
topological system with protection against certain types of disorder and defects,
as long as the disorder doesn’t flip the pseduspin property of the propagating
photons. In contrast, for the Valley-Hall interface, the spin Chern number of the
system is zero. However, the Berry curvature acquires a half integer value with
opposite signs around K and K’ points. As long as the disorders or defects in
the system do not introduce inter-Valley scattering, propagation though these
channels is protected. Examples of Berry curvature, the integral of which across
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Figure 1.12: (a) High symmetry point of a honeycomb lattice. (b) Spin Chern
number for Spin-Hall edge states. Opposite Chern number for opposite spin
channels is observed at Gamma [55]. (c) Opposite Berry curvature at K and K’
valleys for the Valley-Hall lattice. The total Spin Chern number is zero for a
Valley-Hall interface state [56]. The colour map in shows the Berry curvature.

the BZ of each lattice gives the Chern number, for photonic spin and valley Hall
systems are shown in Figure 1.12b and c, respectively.

1.2.7 Examples of photonic QSH and QVH interface

Figure 1.13 shows a few examples of Spin Hall lattices and perturbations required
to achieve a topological interface. In these systems, usually a photonic analogue
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Unperturbed

Figure 1.13: Examples of Spin Hall PhCs. (a) Honeycomb Lattice with shrunken
and expanded circular (left) and triangular (right) holes. (b) 90/180 degrees
rotation as two distinct perturbation for a hexagonal unit cell comprising six
ellipsoidal (left) and moon-shape (right) holes. The interface between these per-
turbed lattices supports a pair of counter propagating edge states in an analogue
with QSH physics.

of Graphene is designed in the form of a honeycomb lattice with a hexagonal
unit cell, then the unit cell is perturbed in two distinct ways to open a band gap
for each case, one with the inverted band topology of the other. Two commonly
used methods for perturbation are shown. The first method is performed on the
basis of shrinking and expanding the unperturbed unit cell [55, 57]. The second
method is based on rotating the air holes in two distinct ways [58, 59].

Examples of Valley-Hall lattices are shown in Figure 1.14. The perturbation
here is mainly for the purpose of creating an interface with broken inversion
symmetry. Examples of perturbation of two-hole [60, 54] and single-hole unit
cells [53, 61] and the resulting QVH interfaces are schematically presented.
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Figure 1.14: Examples of Valley-Hall PhCs in a honeycomb lattice with a rhombic
unit cell comprising two (a) circles and (b) triangles. Changing the size of the
two holes asymmetrically can break the inversion symmetry of the lattice and
open a photonic bandgap. (c) and (d) Alternative example of QVH interface via
perturbing a single-hole unit cell into two inverted triangles. In each case, the
strip shows the interface.

1.2.8 Bearded and zigzag topological edge states

As discussed previously, a honeycomb PhC can have different types of interface at
its boundaries, similar to that of electronic Graphene. When different perturbed
honeycomb lattices are interfaced with each other, depending which boundary of
the PhC is chosen, different interfaces can be realised [62]. This is schematically
shown in Figure 1.15. As an example, an unperturbed honeycomb PhC is per-
turbed into two QVH PhCs, labelled VPC1 and VPC2. By interfacing a certain
boundary of the PhCs, as shown in Figure 1.15 ¢, bearded or zigzag interfaces
can be formed. Edge states for each interface can have different gradient and
group velocity.

Edge states for the bearded and zigzag interface are shown in Figure 1.16.
The zigzag interface in this case supports a single mode with a high group velocity
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Figure 1.15: (a) Photonic Graphene viewed in a C3 unit cell picture, perturbed
in two distinct way labelled as VPC1 and VPC2 with asymmetric triangular air
hole sizes. (b) Two PhCs made of each perturbed unit cell in (a). (c¢) Bearded
and zigzag interfaces formed depending on the orientation of the PhCs.

(fast-light behaviour) across the band gap. Two possible configurations labelled
as Zigzag Interface (1) and (2). The difference results from whether the big
triangles are interfaced or the small ones, resulting in different group velocity for
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Figure 1.16: Projected edge state dispersion for (a) Zigzag interface (1), (c) Zigzag
interface (2), (e) Bearded interface (1) and (g) bearded interface (2). Schematic of
each type of interface is shown in (b), (d), (f) and (h), respectively. In calculation
of the band structures, the same lattice parameters as the ones in Figure 1.10
are used in all cases.

the edge states. The bearded interface has a different edge state configuration.
Two bands exist, instead of one, which are degenerate at the edge of the BZ.

1.2.9 Trivial vs non-trivial topological edge states

It has been recently shown [62] that only one of the two bands in the bearded
interface bands has non-trivial topological properties, while the other is a trivial
band for which there is no topological protection. These bands are labelled ac-
cordingly in Figure 1.17 c¢. This difference in topological protection can be
investigated via formation of a waveguide with sharp bends. Injected light into
such waveguide can only propagate without loss for the non-trivial mode. 3D
Finite Domain Time Difference (FDTD) simulations show that light is indeed
only protected for the non-trivial mode. A detailed study of this type of interface
is discussed in chapter 4. Additionally, the group velocity of the non-trivial mode
decreases near the edge of the BZ. As a result, the density of photonic states at
frequencies near this slow light region increases. Such an interface can therefore
be used for slow-light physics, which has potential applications in enhancement
of the light-matter interaction.
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Figure 1.17: Full edge state dispersion of the QVH bearded interface (2). (c)
Edge state dispersion near the edge of the BZ, with two bands labelled as trivial
and non-trivial. Slow-light behaviour can be predicted due to the reduction of the
group velocity near the point that the bands cross. Time-averaged electric field
intensity profile for a forward-running mode (from left to right) in a gamma-shape
waveguide shown as inset for (b) the trivial and (d) non-trivial bands (marked
with green and orange circles in (c), respectively). Unlike the trivial mode, robust
propagation of light is observed for the non-trivial mode. Same lattice parameters
as the ones in 1.10 are used in all cases.

Initial development in these types of topological interfaces recently have been
reported both in theory and experiment [63].
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Chapter 2
Methods

2.1 Overview

This chapter describes the methods utilised throughout the development of the to-
pological nano-photonic devices presented in this thesis. The first section provides
an introduction to InGaAs semiconductor quantum emitters, which are used
as on-chip integrated light sources to probe the performance of nano-photonic
devices. The second section describes the simulation techniques utilised to pre-
dict, optimise and understand the performance of the optical circuits both be-
fore and after fabrication. Finally, the last section reviews the steps involved in
designing the photonic structures, followed by imaging analysis carried out on
the fabricated devices during optimisation steps.
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Figure 2.1: Evolution of the density of states (D(E)), as the number of con-
fined dimensions increases from bulk material to quantum wells, wires and dots,
respectively.

2.2 Semiconductor III-V Quantum Dots

Quantum Dots (QDs) are excellent candidates for integration in photonic circuits
as embedded quantum emitters due to their many favourable properties, which in-
cludes atom-like discrete optical characteristics, highly efficient single-photon gen-
eration and electrical, optical and magnetic controllability. This section provides
a brief overview of the formation, relevant optical and electrical characteristics
and properties of Self-Assembled Quantum Dots (SAQDs), primarily focusing on
semiconductor InAs QDs which were used in the devices discussed in this thesis.
Additional information and supplementary details on these quantum emitters are
provided in Appendix 1.

2.2.1 Electronic and Optical Properties of InAs Quantum
Dots

Reducing the number of dimensions in a system can be utilised as a deterministic
approach to achieve a higher degree of quantum-confined characteristics similar
to that of atoms. For example, characteristics of 1, 2 and 3-dimensional potential
wells can be observed in a quantum well, wire and dot, respectively. In particu-
lar, as the confining dimension decreases to less than the de Broglie wavelength
(Ap), quantum confined characteristics are observed. As the number of confined
dimensions is increased, the change in confinement is characterised via the change
in the density of states (D(E)), as shown in Figure 2.1.
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Figure 2.2: Schematic of an InAs/GaAs QD grown using the Stronski-Krastanov
method.

(

In particular, discrete levels of energy are formed in a QD, in a configuration
of separated narrow peaks in D(E). This is a very similar characteristic to the
energy levels of atoms, and for this reason, QDs are called atom-like systems or
artificial atoms, and like atoms, they support the required discrete energy levels
for implementing a quantum bit (qubit).

QDs were observed initially in a glass matrix demonstrated in the 1980s [64].
Subsequently, numerous approaches have been used to form QDs, including epi-
taxial growth, droplet epitaxy and colloidal QDs [65]. In the epitaxial method,
which is the method used for the growth of QDs used in this thesis, QDs can be
grown with very high-quality optical properties such as very narrow linewidth [66],
which make them promising candidates as single-photon sources with a high level
of indistinguishability, a characteristic required for efficient quantum information
processing.

In the Stronski-Krastanov (SK) epitaxial method, QDs are formed due to lat-
tice mismatch between two different layer of thin materials, which is the substrate
and the other one is the growth material (for example GaAs/InAs). The growth
technique used for these types of QDs is usually Molecular Beam Epitaxy (MBE),
in which, elements are condensed under a very high vacuum on a substrate to
facilitate their reaction leading to the growth of crystalline layer. Strain builds
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(b)

Figure 2.3: Photoluminescence schemes for a SAQD. (a) Above bandgap (non-
resonant) and wetting layer excitations are shown in blue and green, respectively.
(b) Red and green arrows show resonant and 1LO phonon excitation schemes,
respectively. Non-radiative relaxation processes are shown with black arrows.

up within the growth layer due to the lattice mismatch. Then, a very thin 2D
layer called the Wetting Layer [67] is grown which leads to further increase in the
strain, due to which 3D islands of coherently strained material will form (since
the formation of these 3D islands are energetically preferential compared to that
of the 2D layers). QDs formed based on this mechanism are called SK QDs [68],
for which a schematic is shown in Figure 2.2.

After the formation of these small islands, the dot layer then is buried by
copping with GaAs. The 3D confinement is therefore achieved and QDs are
formed. Due to the stochastic nature of this QD formation mechanism, these
QDs are called self-assembled, for which there is a rich literature on formation
details, on-chip integration and application [69].

The self-assembly nature of this QD growth technique leads to the existence
of a range of sizes and, therefore, energies of the SAQDs. The growth conditions
such as growth rate and temperature are usually used to control and modify
both the transition energies as well as the distribution density of QDs. Lower
QD density, greater uniformity in transition energy and narrower linewidth are
particular features that are favourable for efficient and deterministic QIP.

The QDs formed using this method are formed at random positions. However,
there are methods to address this, namely a pre-growth positioning technique
called site-controlled growth, as well as a post-growth method called QD regis-
tration, for locating the QD positions after their formation [70, 71, 72]. Both
of these methods can be used to deterministically position the QDs in desired
locations in an optical circuit.

In SK QDs, electron-hole binding arises due to the Coulomb attraction between
an electron promoted to the conduction band, and the resulting hole in the val-
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Figure 2.4: (a) Formation of InAs QDs (grey) capped between a substrate and a
capping layer of GaAs (green). (b) Energy levels for the X (neutral) exciton un-
der an external non-zero magnetic field. Black and red arrows show the positively
and negatively circularly polarisation transitions, respectively.

ance band. This quasi-particle, the bound electron-hole pair, is called an exciton
(See Appendix 1).

Photoluminescence

Photoluminescence (PL) emission resulting from excitation of integrated QDs is
used for on-chip generation of light in the nano-photonic structures presented in
this thesis, primarily to probe the optical performance of topological photonic
circuits down to the single-photon regime. Schemes for obtaining PL from a QD
are illustrated in Figure 2.3.

Zeeman effect

Schematic of capped QDs grown using the SK method, as well schematic of the
Zeeman-split transitions for a QD is shown in Figure 2.4. The excited state of a
neutral exciton (Xj) in a QD can be split into two energetically resolved states due
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to the Zeeman effect (charged exciton states also can be split similarly). While
the (Xp) transition leads to the generation of photons with linear polarisations,
the applied magnetic field splits the transition into two branches with opposite
circular polarisations. The circularly polarised photons generated using this effect
were intensively utilised to probe the directionality of edge states in a variety of
nano-photonic device configurations presented in this thesis.
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2.3 Simulation

To study, investigate and optimise the performance and optical characterist-
ics of topological photonics devices, computational electromagnetic simulations
were carried out before fabrication. These simulations provide a platform to
study device parameters and facilitate an optimisation process to maximise the
chance of successful fabrication. For this thesis, the finite-difference time-domain
(FDTD) is used, based on the iterative solution of the time-dependant Maxwell
equations. Using this method, temporal responses and field evolution within a
variety of structure are studied. Subsequently, properties of photonic structures
such as Q-factors of resonators and cavities resonant modes, transmission spec-
tra and electric and magnetic field profiles of different structures were investig-
ated. The software used for this purpose is the commercially available Lumerical
FDTD solutions, which is an eigenmode solver and propagator simulation soft-
ware used in photonics. In particular, for the work presented here, the intensive
use of FDTD simulations significantly facilitated high-fidelity prediction and un-
derstanding of the behaviour of topological devices, as well as helping to set
agendas for deterministic device applications via establishing more experiment-
ally friendly designs for either new optical protocols or improving already existing
approaches.
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Figure 2.5: Feedback loop for developing topological photonic devices. A
triangular-shaped QVH-type topological PhC ring resonator is considered here
as an example. Starting from the top-left corner and moving counter-clockwise:
a design for the ring is proposed. Then, FDTD scripts are developed to generate
the PhC holes and other related structural elements for the device. This is fol-
lowed then by adding electromagnetic monitors to record the spectral, temporal
and field profiles of the fields within the structure. After running the simulation,
information such as resonant spectrum and field profiles and Q factors are extrac-
ted. Simulations are repeated for a variety of device parameters such as hole sizes
and device dimensions. Once a desired set of parameters are identified, Python
scripts are developed for the design and fabrication of the structures. Devices are
then fabricated and investigated experimentally using optical spectroscopy meth-
ods, the results of which are compared to simulations and then the findings are
fed into the first step again to address the challenges and improve the design. The
loop is then repeated until desired performance and properties are demonstrated.

Chapter 2 Mahmoud Jalalimehrabad 47



Integrated Topological Quantum Optics

Simulation Set Up Simulation Elements Simulation Results

(a) (c) (d)  1njecting light into
the waveguide

FDTD simulation in x-y plane

linearly polarised light!

Triangular Llrea.zrlyd C|r|cu|_arl: Power
air holes PO2rise polarise monitor
source source 2 o
e I $ I A=930nm t=250fs
(b)
FDTD simulation in y-z plane . . B
Field profile monitor Simulation boundaries

Figure 2.6: (a) an FDTD simulation set-up viewed from x-y plane (from above
the membrane). (b) Same simulation viewed from y-z plane, showing the suspen-
ded semiconductor membrane. (c) Simulation objects. (d) From top to bottom:
emitted light from an embedded dipole propagating along the waveguide for linear
as well as circularly polarised light. The bottom panel shows the circularly po-
larised case viewed from y-z plane, showing 2D confinement due to total internal
reflection for the propagating light.

2.3.1 Iterative process for photonic device design

The two main advantageous properties of topological photonic edge states, which
is their intrinsic unidirectionality and robustness against back-scattering and
(some) disorder, paves the way for the design of novel photonic devices with
appealing properties. During the development of photonic devices discussed in
this thesis, an iterative feedback process was used. As an example, Figure 2.5
shows the general steps in such a loop which was repeatedly used for a variety of
structures, shown here for a topological photonic ring resonator.

The first step in this feedback loop, starting from the top left corner, is con-
ceiving an idea for a photonic device that can benefit from topological properties
of edge states. Such an idea encapsulates the unidirectionality as well as the
robustness of the edge states to form a closed optical circuit that could be used
as an important element in integrated optical waveguides and filters. Since the
propagation of light around sharp corners is protected for a topological edge state,
this characteristic is utilised and a triangular ring resonator is proposed using one
of the QVH interfaces discussed in chapter 1. Then, scripts are developed to gen-
erate the photonic elements such as air holes and semiconductor slabs (and, when
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needed, nano-beams, out-of-plane couplers, etc) for such a structure, in order to
define the refractive indexes of the structures. This is followed by adding simu-
lation elements such as light sources, transmission and field profile monitors and
periodic simulation boundaries. Simulations are carried out for an appropriate
time and then field profiles, spectral information, transmission bandwidth and
resonant mode Q-factors are extracted; this is repeated for a variety of paramet-
ers such as ring resonator sizes, hole sizes, lattice constant, device dimensions,
etc. Optimised parameters are then extracted, and after taking into account
fabrication considerations (discussed in the next section), a series of devices are
designed and fabricated. Extensive quantum optical experiments are carried out
on these devices. The results are used to better understand the performance of
the structure in reality and to assess potential optimisation. This may include
crucial information which is fed into the improved versions of the original design,
or sometimes, if needed, a major upgrade or proposed structure.

This iterative process was frequently used for a series of different novel photonic
topological devices such as waveguides, ring resonators, cavity-coupled wave-
guides and PhC filters, for which the FDTD simulations played a significant
role in particular in maximising the success rate of the device design process and
fabrication.

For better familiarization of the types of simulations carried out in study-
ing these devices, an example of a simulation set-up for a basic QSH interface
waveguide and its elements is discussed here. The QSH interface is formed from
shrunken and expanded PhCs (see Chapter 1), supporting two edge states with
opposite group velocities. In this particular case, the aim is to study how the light
emitting from a dipole can couple to the topological edge states of the PhC wave-
guide. The 3D simulation set-up viewed from a point in z-direction (above the
structure) for such a simulation is shown in Figure 2.6 a. The structure consists
of triangular air holes arranged in a hexagonal unit cell to form a honeycomb
lattice within a semiconductor membrane periodic boundaries. Simulation ob-
jects/elements are placed around the structure. As an example, an electric dipole
acting as a light source, is placed at the interface within the PhC, and transmis-
sion and field profile monitors are placed around it to monitor the spectral and
spatial distribution of light after a specific simulation time. Time-averaged elec-
tric field intensity profiles extracted from the monitors (see Figure 2.6 d) show
that the light from the dipole couples to the QSH edge states of this honeycomb
interface and propagate along with interface in the x-direction. A linearly polar-
ised light excites both edge states, propagating in both left and right directions,
while circularly polarised light demonstrate unidirectional behaviour: light with
orthogonal polarisation propagates in opposite directions. A snapshot from the
y-z plane shows that the propagating light is confined in the x-y plane due to
total internal reflection.

In addition to field profile information, the temporal evolution of electromag-
netic fields is informative for the behaviour of light in these photonic structures.
For example, as discussed in chapter 1, photonic bandgaps can be opened in a
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(b)1 " Shrunken Expanded Interface

Figure 2.7: Temporal evolution of light emitted from a linearly polarised embed-
ded dipole into a (left) shrunken PhC, (middle) expanded PhC and (right) an
interface between the two. After 200fs, light dissipates in the case of perturbed
PhC with band gaps, while it propagates at the interface between the two, which
supports QSH edge states.

honeycomb PhC via expanding and shrinking the hexagonal unit cell, and when
interfaced, edge states can be formed to guide the light at the boundaries. To
investigate this via FDTD simulations, as shown in Figure 2.7, a dipole is em-
bedded in three different honeycomb photonic crystals (two with bandgaps, and
one which is the interface between the two, supporting guided QSH edge states).
By investigating the time evolution of emission at early and late stages of the
simulations, it can be seen that the emitted light from an embedded dipole in
the PhC dissipates for the shrunken and expanded lattices which have a photonic
bandgap, while for the interface case, the light from the dipole couples to the
edge states and propagates along the interface direction.

Another FDTD technique widely used in this thesis is to study the behaviour
of light in topological optical ring resonators. For example, monitoring the rate
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Figure 2.8: (a) The QSH interface used to form a hexagonal PhC ring resonator.
The interface supports two chiral edge states, and light from a broadband emitter
can propagate unidirectionally around the ring without scattering at the sharp
corners due to topological protection. (b) Time evolution and decay of light
emitted from an embedded dipole into the ring resonator. (¢) Decay of the field
intensity vs simulation time.

at which the field intensity of a resonant mode decays gives information about
the lifetime and the Q factor of the mode. To study this, as shown in Figure
2.8, light from a circularly polarised light source is injected in a hexagonal-shape
PhC ring resonator using a QSH interface. The evolution of the field profile of a
resonant mode confined at the interface region, as well as temporal evolution of
the resonant mode at different time intervals is shown. It can be seen how and
with what rate the resonant mode of the ring decays.

The FDTD method was intensively used to design, optimise and study the
control of the flow of light in topological PhC devices with increasing complexity
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Figure 2.9: Design and FDTD simulation of topological photonic devices with
increasing complexity and functionality. Design (left) and FDTD simulated time-
averaged electric field intensity profile (right) for the edge state in (a) single-
element and (b) integrated topological photonic devices. In the straight and bend
waveguides, the light is injected into the device from the left-hand side, while the
light in the resonator comes from an embedded dipole source at the interface.
For devices in (b), in all cases, the light is injected through the bottom-left port
of the device.

and functionality. A few examples of these devices are shown in Figure 2.9. In
each case, the design of the structure, as well as the field profile of the excited
edge state is shown at the interface of a QVH system. The left column shows
simpler, single-element devices, where there is only one QVH PhC interface used
to control the flow of photons, starting from (top) a straight waveguide to (middle)
a waveguide with four sharp bends and then (bottom) a triangular shape ring
resonator. Each one of these devices can serve as an element in an optical circuit,
or be used to build more complicated multi-functional devices. For example, as
shown in right hand side, two bent waveguides (top) are brought close to each
other in parallel, so that input light from one of the ports, when travelling through
one of the waveguides, evanescently couples into the other waveguide to form an
on-chip beam splitter that can separate a desired fraction of input light and
send it to a different port. In the next device (right column, middle row) a ring
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resonator is coupled to a bent bus waveguide, where the strength of evanescent
coupling of the ring modes into the bus waveguide can be controlled using the
design parameters such as the ring-waveguide separation distance. Finally, a four-
sided ring resonator (bottom right corner) is coupled to two bent bus waveguides
at the bottom and top to form a topological add-drop filter. In this device, some
fractions of a broadband input injected into one port is filtered by the resonator
and redirected to a different port. A detailed study of features, optimisation
and experimental performance of some of these devices will be discussed in the
following chapters.

In high precision simulation of these 3D devices, some of which are large-
scale, complex structures, the University of Sheffield’s High Performing Computer
clusters (ICEBERG and SHARC) were used. Some simulations took multiple
weeks to finish, and at times, up to several thousands of GBs of RAM were
utilised for the simulation of larger 3D structures. The FDTD simulations proved
crucially important both as a preparation and design optimisation step before the
fabrication, as well as a powerful tool to understand the behaviour observed later
in fabricated structures.
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Figure 2.10: Steps in designing a photonic chip. (a) Designing and modifying the
unit cell (here, for example, to achieve sharper triangles, the design was modi-
fied, the detail of which will be discussed later in this section) of a topological
lattice. (b) Developing PhC interfaces for different applications and in different
device configurations. (c,d) Generating a matrix of devices with varying para-
meters such as (c) hole size and shape modification (d) device dimensions. (e)
Proximity correction of the design matrix and (f) assembling all of the matrices
for fabrication on the same semiconductor sample.

2.4 Design and Fabrication

This section provides information on the design process as well as fabrication
optimisation of the topological PhC devices. A variety of devices with differ-
ent functionalities were designed and optimised at different stages for the work
presented in this thesis, for which semi-automated Python scripts were developed
to speed up the process of designing samples with numerous devices with varying
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Figure 2.11: (a) band structure of a hexagonal unit cell comprising 6 same-
size circles. Valence and conduction bands are degenerate at the Dirac point.
However, as marked with an ellipse, there is a bulk conduction band bending
towards the Dirac point frequency causing multi-mode scattering issues at the
Dirac frequency, which is detrimental to the PhC performance. High symmetry
points of the first BZ of the lattice is shown in the inset. (b) Same hexagonal
unit cell with instead triangular holes. The marked band is lifted upwards and
away from the Dirac frequency, paving the way for the opening of a clear, full
band gap.

parameters. Steps involved in the design of the photonic structures will be dis-
cussed, followed by fabrication results and Scanning Electron Microscopy (SEM)
imaging analysis of the nano-photonic topological devices.

2.4.1 Design

After conceiving the idea, using FDTD simulations to optimise the photonic
devices parameters, the next step is to design each device for nano-fabrication.
The first step of the design process of a PhC structure is the development of
the repeating unit cell of the crystal. For example, the hexagonal unit cell of a
QSH honeycomb PhC which consists of six equilateral triangular holes can be
used to form QSH topological waveguides and resonators. To do this, Python
scripts are developed to write the coordinates of the six triangles for such unit
cell in an ASCII file, which later can be read by Raith Voyager GDS software to
create the structure. An example of such a unit cell is shown in Figure 2.10 a.
Before proceeding to make a periodic photonic crystal using this unit cell, fab-
rication considerations are taken into account. For example, the first fabrication
tests revealed that if simple triangular shapes are designed, the fabricated aper-
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Figure 2.12: Fabrication steps in designing one of the topological photonic
samples. (a) Design, proximity correction and assembling of the matrices of
devices. (b) (left) A scribed piece of the semiconductor wafer (GaAs membrane
with embedded InAs SAQDs). (Middle) fabrication of diode mesas which allow
for electrical control of QDs. (Right) The fabricated sample after multiple dry
and wet etching processes and bonding of the diodes. (¢c) SEM imaging analysis
of the different matrices and devices. (d) Sample on a chip mount (right) and
then installed on an x-y-z stage (left) for insertion in a bath cryostat.

tures will come out rounded especially at their corners. This is most probably
due to the Gaussian shape of the electron beam used to make the holes during
the fabrication. This difference can be detrimental to the desired photonic band
structures of the PhC. By causing the dispersion of one of the bulk bands to move
inwards towards the frequency of the Dirac point, and preventing the possibil-
ity of opening a full bandgap which is essential for the formation of scatter-free
topological edge states (as shown in Figure 2.11). A modification is therefore
considered here,which the sides of the triangles are moved inwards in the designed
triangle, which as can be seen in the SEM images in (a), leads to triangles with
sharper corners. Such correction and similar fabrication considerations were fre-
quently utilised from SEMs taken from fabricated devices, using the information
to further improve the design.
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The design process is then followed by periodically drawing the unit cell (and
adding the coordinates of each one to the ASCII file) in the desired configuration
to form a variety of devices as shown in Figure 2.10 b. Photonic elements such
as output couplers (to collect/inject light into the plane of the device), tapered
nano-beams (to convert from PhC modes to nanobeam modes and vice versa),
supporting struts (to prevent the suspended structures from collapsing/bending)
and rectangular trenches (to facilitate under-etching of the devices during the wet-
etch step) are added to each device. Then, for each device, a matrix is formed
with varying parameters in x and y direction of the matrix. The range of these
variables is chosen based on the FDTD simulation optimisations. For example,
in Figure 2.10 c, triangle hole size and corner sharpness are varied in the x and y
direction of the matrix, respectively. A further variation of the parameters is also
included where necessary, such as the case shown in Figure 2.10 d where the size
of a ring resonator is varied to study different free spectral range configurations.
Once the matrices of devices are generated, they must be proximity corrected to
achieve high quality fabrication during the Electron Beam Lithography (EBL),
as shown in Figure 2.10 e. Proximity correction for fabrication of small nano-
features can be very helpful since it addresses the Gaussian shape of the E-beam
gun used to create the features, and ensures better uniformity and shape for the
fabricated nano-features. Finally, these matrices of different devices are assembled
to be fabricated all on the same chip.

The design and fabrication steps prior to optical measurements are shown in
Figure 2.12. Once devices are designed and assembled in a matrix (a), standard
nanofabrication methods are used to fabricate the structures. A GaAs mem-
brane with a typical thickness of 170nm and containing a layer of embedded InAs
QDs is used. A piece of the wafer is scribed, SiOy hard mask is deposited and
electron-beam resist is coated on the top (b), and then mesas made using stand-
ard lithography are deposited for electrical control over the chip. Then, EBL is
used to transfer and write the designs on the E-beam resist spin-coated sample.
Dry RIE (for etching through the hard mask), and ICP (for etching through the
170nm GaAs into the sacrificial layer under the membrane) etching steps are used
to vertically etch the holes and other photonics elements. The remaining E-beam
resist is removed using Xylene. HF wet etch methods are then used to remove
the hard mask and to under etch (removing the sacrificial layer) the structures
to form suspended devices. Under etching creates a membrane with air/vacuum
above and below, allowing for total internal reflection. The sample is then moun-
ted on a ceramic chip carrier with electrical contact pads. Gold wires are bonded
from the pads to each diode, the result of which is shown in Figure 2.12 d. Before
this stage, intensive SEM imaging analysis is performed to investigate the qual-
ity and uniformity of devices and photonic crystals. If satisfactory fabrication
quality is achieved, the sample is then transferred to the lab and mounted in a
helium exchange gas for cryogenic optical measurements.
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Decreasing Hole Size

Figure 2.13: SEM images of hole size optimisation via changing the hole size
parameter in the design for a QVH PhC with (a) circulars and (c) triangular
apertures, and (b) QSH PhC with triangular apertures.

2.4.2 SEM analysis and fabrication optimisation

The importance of high-quality fabrication of uniform and precise features can-
not be overstated when considering the performance of nano-photonic structures.
This is especially true when the devices under study contain features with di-
mensions down to a few 10s of nanometres. Significant efforts were dedicated to
investigate the fabricated structures via SEM analysis, from which information
was extracted to improve the quality of the features in the next fabrication it-
eration. The main steps of the standard nano-fabrication process (in particular
EBL, dry and wet etch steps, as well as bonding and sample cleaning and mount-
ing) for the devices studied in this thesis were undertaken by Dr. Rene Dost.
Training on most of these steps proved important to develop insights into design-
ing progressively more fabrication-friendly structures. However, the work for this
thesis was primarily focused on the design step as well as SEM imaging analysis
of structure during/post-fabrication. Needless to say, these analyses shed crucial
light on the behaviour of fabricated topological devices and identifying improve-
ments required to overcome some of the challenges faced in the early stages of
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Increasing Ring Resonator Size

Figure 2.14: (a) Variation of a QVH PhC ring resonator size. (b) Variation of
the ring-WG separation for controlling of the coupling strength between the two.

development. A summary of some of the important steps of the analysis and
optimisations are discussed in this section.

Naturally, in a PhC, lattice constant and hole size plays a significant role in
the band structure configuration and photonic behaviour of a device, in particular
in determining the frequency bandwidth of the photonic bandgap of the lattices.
By varying the hole size parameters in the design of the topological PhC, and
subsequent SEM imaging, desired values for the PhC can be identified for holes at
small scales. As an example, SEM images of hole size variation of three topological
PhCs are shown in Figure 2.13. Hole sizes in a QVH lattice with circular (a) and
triangular holes (¢), as well as triangular holes in a QSH lattice (b) are varied from
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(a)

Increasing Electron-Beam Dose

Figure 2.15: (a) From bottom to top: a series of copies of a same photonic chip
with increasing EBL E-beam base dose. (b-d) Higher magnification SEM image
of an identical design with a (b) high, (¢) medium and (d) low base dose, showing
a direct correlation between the applied base dose and PhC hole size.

larger to smaller hole sizes (from left to right), to identify desired values. This
was achieved by varying the hole size parameters in the design process. Changing
the hole size in PhC varies the effective refractive index, resulting in a shifting
of the photonic bandgap, and, as a result, the bandwidth operation of the edge
states. These were primarily aimed to operate at 900-1000nm, compatible with
the InAs QDs used.

An important design parameter in the PhC ring resonator is the optical length
of the ring, which dictates the free spectral range (spacing between resonant
modes) as well as mode Q-factors (discussed in detail in Chapter 3). In Figure
2.14 (a), the size of a Valley-Hall PhC ring resonator is varied to study the
experimental effect of this variation. Once a desired value for the ring size is
achieved, the ring resonator is integrated with a bus waveguide for evanescent
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Figure 2.16: (a) (right) Modifying the triangle hole design by increasingly bending
the triangle sides inward achieves sharper triangle holes, as shown in SEM images
(left). (b) WGs with different waveguide length.

coupling of the ring modes to a waveguide for off-chip collection. By incrementally
increasing the ring-WG separation, desired values for different coupling strength
conditions between the two can be achieved.

Changing the hole sizes in the design is not the only way to vary the fabricated
hole sizes. By applying a base-dose multiplier factor to the E-beam dose used in
the EBL process, PhC holes with different sizes can be achieved. It should be
noted that the shape of the holes also might be modified here as well. Therefore,
for a designed chip, a series of copies with different base doses were fabricated and
SEM images were taken and analysed to select the PhC with the desired shapes
and sizes. As an example, one of the designed samples is shown in Figure 2.15,
where (a) shows a series of copies of the chip fabricated on the same GaAs wafer,
with increasing EBL E-beam based dose from bottom to top. On the right-hand
side, zoomed images of the same section of a PhC is shown from different doses.
(b) shows the case where the base dose was too high and the triangles came out
too large, with adjacent holes starting to merge, while in (¢) and (d) the holes are
separate, (d) shows a smaller hole size on average when compared to (c), which
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Figure 2.17: (a) A scribed PhC waveguide. (b) Side-view of (left) a QSH and
(right) a QVH PhC with different hole sizes. This analysis makes sure that the
etch depth was deeper than the 170nm GaAs membrane thickness (marked by
two parallel white lines in (b).

shows how lower base dose results in the fabrication of smaller air holes from the
same designed PhC.

As discussed in the previous section, triangles with rounded corners can be
detrimental in achieving desired photonic properties of some of the topological
PhCs. An optimisation was performed to control the sharpness of the triangular
holes. As shown in Figure 2.16 a, the sides of the triangles in the design (right)
are increasingly bent inwards (towards up). SEM images showed that sharper
triangles could be achieved. Once the desired sharpness and hole size are achieved,
WGs with different sizes were also designed to tailor for desired waveguide length
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Figure 2.18: Example of a optimised and uniform fabricated QSH PhC with
triangles (a) and (b) circles, as well as QVH PhC with (c) triangles and (d)
circles.

and investigate the impact of different length on device functionalities. This is
shown in Figure 2.16 b.

To ensure that the holes fully etched through the nominally 170nm thick GaAs
membrane, several of these devices were scribed in the middle of the PhCs, and
side-view SEMs were taken to estimate the etch depth of the holes with different
shapes and sizes. As seen in Figure 2.17, measuring the etch depth demonstrates
that the holes are deep enough to go all the way through the sacrificial layer.

Eventually parameters such as hole size, base dose and corner sharpness were
optimised and desired PhC were achieved for the lattices considered in this thesis.
An example of four optimised PhC are shown in Figure 2.18, including a QSH
PhC with (a) triangular and (b) circular apertures, and a QVH PhC with (c)
triangular and (d) circular apertures. The high-quality fabrication achieved for
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(a)

Figure 2.19: SEM images of (a) nano-beam, (b) W1 PhC, (c) glide plane and
(d) nano-beam beam splitter waveguide. These devices were used for comparison
of topological waveguides with conventional structures.

these PhC was crucial in making it possible to observe the simulated and predicted
topological effects in designed devices.

In addition to topological photonic devices, a series of conventional (topologic-
ally trivial) devices were also designed and fabricated on the same sample to allow
a comparison in terms of optical performances. These devices include standard
waveguides such as a nano-beam, a W1 PhC and a glide plane waveguide, and
can be seen in Figure 2.19.

Finally, additional photonic structures were also also developed, for instance
to enable efficient off-chip collection of light from a PhC chip, or to support long
suspended structures. Figure 2.20 shows some of these structures. (a) Shows an
SEM image of a transmission device, where light injected into the input port (out-
put coupler 1) is 50/50 split, half travelling through a topological PhC waveguide
and exiting through an exit port (OC 8, top). The other half travelled through
a nano-beam to a different port (OC 8, bottom). This device helped to measure
and compare the transmission of light through a topological PhC compared to
a standard nano-beam waveguide. The main components of this device include
(d) a nanobeam splitter, used to split incoming light into two equal fractions,
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Figure 2.20: (a) SEM of a transmission device, with an input OC (1) and two
output OCs (8), used to compare the transmission through a topological PhC
waveguide (top WG) to that of a standard nano-beam (bottom WG). (b) Grat-
ing output coupler for collection of light into an optical fibre. (c) A support
strut for the suspended nano-beam WGs. (d) A 50/50 nano-beam beam splitter.
(e) Tapered nano-beam into a topological PhC WG for efficient input/output
coupling of light.
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and (c) support struts used to ensure that the long WGs do not collapse or bend
after remove of the sacrificial layer. (e) Shows a nano-beam gradually tapered
into a topological PhC for more efficient light coupling of light into and out of
the PhC. Figure 2.20 b is a nano-beam coupled to a grating coupler. The latter
scatters the incoming light from the nano-beam in an out-of-plane direction, to
be collected into an optical fibre for signal processing.

The main chapters of this thesis are the papers either published or drafted
(reprinted with permission from the publishers and authors) based on these de-
signed, simulated, fabricated and experimentally investigated topological devices.
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ABSTRACT

Unidirectional photonic edge states arise at the interface between two topologically distinct photonic crystals. Here, we demonstrate a
micrometer-scale GaAs photonic ring resonator, created using a spin Hall-type topological photonic crystal waveguide. Embedded InGaAs
quantum dots are used to probe the mode structure of the device. We map the spatial profile of the resonator modes and demonstrate the
control of the mode confinement through tuning of the photonic crystal lattice parameters. The intrinsic chirality of the edge states makes
them of interest for applications in integrated quantum photonics, and the resonator represents an important building block toward the

development of such devices with embedded quantum emitters.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5131846

The integration of quantum photonic elements on chip presents
a highly promising route to the realization of scalable quantum devi-
ces. A key requirement of such an approach is the development of
optical waveguides exhibiting low loss and negligible backscatter."
Recently, topological waveguides have emerged as a new class of pho-
tonic devices enabling the robust propagation of light on chip.” '’ At
the interface between two topologically distinct photonic crystals
(PhCs), counterpropagating edge states of opposing helicity arise,
which are ideal for optical waveguiding.”'" " Significant develop-
ments in this field include the demonstration of efficient guiding of
light around tight corners,”'* '® robust transport despite the presence
of defects,’” and integration with passive optical elements including
nanobeam waveguides'~ and grating couplers." Compatibility with
embedded quantum emitters such as quantum dots (QDs) has been
demonstrated and used to probe the waveguide transmission.”'"
Recently, chiral coupling of a QD to a topological waveguide was dem-
onstrated.”'*'” This is a result of the intrinsic helicity of the edge states
and is of great interest for chiral quantum optics.”’

Here, we use a spin Hall-type topological waveguide to create a
GaAs topological photonic ring resonator and probe its mode struc-
ture using embedded InGaAs QDs. We map the spatial dependence of
the confined modes of the resonator and demonstrate that the

perturbation of the PhC lattice can be used to tune the lateral confine-
ment of the modes.

A schematic of the PhC forming the basis of our topological ring
resonator is shown in Fig. 1(a). The unit cell of the PhC consists of six
triangular air holes of side length s, etched into a GaAs membrane of
thickness h. A two-dimensional PhC lattice is created using a hexago-
nal array of unit cells with period a = s/0.31. A key parameter of the
lattice is the distance R from the origin of the unit cell to the center of
each triangular aperture, with a graphene-like structure formed when
R = Ry = a/3. We model the structure using a commercially available
3D finite-difference time-domain (FDTD) electromagnetic simulator”’
and show that in this case the PhC band structure exhibits a Dirac
cone at the I" point, as shown in Fig. 1(b).

However, when a perturbation is introduced such that R # a/3,
a bandgap is opened at the I" point. This is shown for the case of PhCs
formed using either expanded (R, > Ry) or shrunken (R; < Ry) unit
cells in Figs. 1(c) and 1(d). Using FDTD, we determine the bandwidth
of the PhC bandgap for a perturbation of either R,/Ry = 1.05 or
R¢/Ry = 0.94 to be ~20 THz (~55nm), centered at ~330 THz
(~908 nm). For the simulations, we took &= 170 nm and s = 140 nm.
It is instructive to consider the nature of the bands in this case. For a
shrunken (expanded) unit cell, the higher energy band has d-(p-) like
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FIG. 1. (a) Schematic showing the unperturbed photonic crystal (PhC). The trian-
gles represent air holes. A two-dimensional PhC is formed using a triangular lattice
of unit cells, with pitch a. (b) Band structure of the unperturbed lattice, revealing a
Dirac cone at the T" point. Points of high symmetry in the Brillouin zone are shown
in the accompanying schematic. (c) and (d) Schematic of (c) expanded and (d)
shrunken unit cells. The band structure for a PhC formed from such a unit cell is
also shown. In each case, a bandgap is opened at the I point. () Schematic of an
interface formed between expanded and shrunken unit cells. Edge modes are seen
to cross the bandgap in this case. The parameters used for the band structure
calculations are as follows: refractive index=34, h=170nm, s=140nm,
a=445nm, R, = 156 nm, and Rs = 141 nm.

character, and the lower energy band is p-(d-) like.” This difference in
character has an important consequence when an interface is realized
between the two unit cells [see Fig. 1(e)]. The change in character of
adjacent bands necessitates the formation of edge states, connecting
bands of the same character across the interface. These can be clearly
seen in the interface band structure shown in Fig. 1(e). The edge states
exist within the bandgap, and the interface therefore supports confined
modes, which form the basis of a topological photonic waveguide.”
We harness the interface edge modes to create a photonic ring
resonator. A hexagonal array of expanded unit cells (R,/Ry = 1.05) is
embedded within a host array of shrunken unit cells (R;/Ry = 0.94),
as shown schematically in Fig. 2(a). (In the following, this corresponds
to an average perturbation of 5.5%.) Internally, each side of the resona-
tor is 8 unit cells in length such that the total path length of the inter-
face is ~21 um. The hexagonal host array has an internal side length
of 31 unit cells. FDTD simulations of the resonator reveal a charac-
teristic spectral mode structure [Fig. 2(b)], which lies within the
topological bandgap (determined by monitoring the power radiated
by a dipole source in an expanded-unit-cell PhC). The three most
prominent modes have an average quality factor (Q factor) of 1760
(range 1600-1900). Spatial intensity profiles for two different modes
[Fig. 2(c)] confirm that they are confined to the topological interface.
The topological character of the resonator modes can be seen in
protection against certain defects and in the helical nature of the
modes. We consider a defect in the form of a single unit cell missing
from the resonator interface. This is seen to have little effect on the
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FIG. 2. (a) Schematic of the ring resonator. The topological interface is indicated by
the green line. (b) Mode spectrum at the resonator interface (blue solid line), deter-
mined using FDTD simulation. Resonator modes can be seen within the topological
bandgap (shaded). The mode spectrum is also shown for a resonator containing a
defect in the form of a single unit cell omitted from the interface (red dashed line).
The inset shows a schematic of one side of the resonator, with and without the
defect. (c) Spatially resolved electric field intensity (linear scale) in the plane of the
device, for the two modes numbered in (b) (without a defect). Confinement of light
at the interface is clearly seen. The electric field intensity is evaluated within the
white dashed region in (a). (d) Spatially resolved electric field intensity (linear scale)
in the plane of the device, for a (left) o or (right) o~ polarized dipole source (posi-
tion given by the open circle). The field intensity is averaged over the first 200 fs of
simulation time. Chiral emission is observed, with the direction of propagation
(arrows) dependent on the dipole polarization. The dipole is coupled to mode 1, as
labeled in (b).

mode spectrum [dashed line in Fig. 2(b)] and does not affect the mode
Q factors. To demonstrate the helicity of the modes, we position a
circularly polarized dipole at the center of a unit cell adjacent to the
interface and show that the propagation direction of the dipole emis-
sion is dependent on the handedness of the dipole polarization [see
Fig. 2(d)]. This highlights the potential of the resonator for chiral
quantum optics”” and spin-photon interfaces.””!

Next, we investigate the theoretical dependence of the resonator
Q factor, first on the device dimensions and then on the PhC perturba-
tion. Figure 3(a) shows the mode spectra for five different resonators
with an internal side length between 4 and 8 unit cells. The host
PhC has a side length of 31 unit cells, and the perturbation is 5.5%.
The number of modes (mode spacing) increases (decreases) with
the increasing resonator size, as is expected for a Fabry-Pérot-type
resonator.”” In each case, the Q factor of a mode near the center of the
distribution (marked with a star) is calculated. The Q factor is greater
than 2000 for the smallest resonator and decreases slightly with the
increasing resonator size. Fixing the internal size of the ring at 4 unit
cells, we then vary the perturbation and see that the Q factor increases
with decreasing perturbation, down to 3.5% perturbation [blue circles
in Fig. 3(b)]. The dependence of the Q factor on both the resonator
size and perturbation can be understood as the result of the finite
propagation length of the waveguide. This is due to the scattering of
the mode at the I" point and subsequent coupling to free-space modes,
the probability of which increases with increasing perturbation.”” For
the smallest perturbation of 2.5%, we find that the size of the host PhC
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FIG. 3. (a) Simulated resonator Q factor vs side length L (the number of intemal unit
cells at the interface) for a PhC perturbation of 5.5%. The size of the host PhC is
fixed at 31 unit cells. Electric field intensity profiles (linear scale) for L=4 and L =8
are shown as insets (scale bar, 2 um). Mode spectra for each case are shown on
the right. The Q factor is evaluated for the mode marked with a star. (b) Simulated Q
factor vs perturbation for a resonator with L =4. Blue circles (red squares, green
diamond) correspond to a host PhC size of 31 (41, 51) unit cells. The inset shows
the relative size of the resonator (black hexagon) and the host PhC in each case. (c)
Simulated spatially resolved electric field intensity for waveguides with perturbations
of 3.5%-6.5%, on a logarithmic intensity scale. The mode propagates in the x direc-
tion (prop. dir.). The unit cell is expanded (Exp.) above and shrunken (Shr.) below
the interface, which is highlighted by the dashed green line.

must be increased to obtain the largest Q factor. Increasing the internal
side length of the host initially to 41 unit cells [red squares in Fig. 3(b)]
has little effect for perturbations greater than 2.5%, indicating that in
this case the host PhC is already sufficiently large. However, for a host
PC size of 51 unit cells (green diamond), a higher Q factor of ~9400 is
obtained for a perturbation of 2.5%. This is due to the mode confine-
ment weakening as the perturbation decreases such that the host PhC
must be larger to prevent in-plane loss into the membrane surround-
ing the device [see Fig. 3(c)].

Experimentally, we fabricate topological ring resonators in a
nominally 170 nm-thick GaAs membrane, using standard electron
beam lithography and dry etching techniques. A scanning electron
microscopy (SEM) image of a representative ring resonator is shown
in Fig. 4(a). The resonator has an internal side length of 8 unit cells
and is embedded in a host PhC with a side length restricted to 16 unit
cells due to experimental limitations. The simulated Q factor in this
case is reduced to a maximum of ~870 for a perturbation of 5.5%
due to additional loss into the membrane. Devices are fabricated with
perturbation between 2.5% (R,/Ry = 1.02, R;/Ry = 0.97) and 5.5%
(R./Ry = 1.05, R;/Ry = 0.94).

To characterize the devices, the sample is mounted in an
exchange gas cryostat, and the waveguide modes of the resonator are
probed using micro-photoluminescence (y-PL) spectroscopy. We use
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FIG. 4. (a) SEM overview of the ring resonator (top) and close up of the waveguide
interface (bottom; scale bar, 200 nm). (b)-(e) High power PL spectra for four differ-
ent excitation locations on the device, as labeled in (a). In each case, the collection
spot was fixed on the left hand side of the resonator [yellow circle labeled Col in
(a)]. (f) Spatially resolved, integrated PL intensity maps for four different band-
widths, as numbered and color-coded in (b)—(e). The zero of the linear color scale
is transparent. A SEM image of the device is positioned under each map, and the
interface is highlighted with a dashed green line. Scale bar, 2 um.

an excitation wavelength of 808 nm and focus the laser to a spot size of
~2um. High power excitation is used to generate broadband emission
from the QD ensemble. Mirrors in the collection path, with motorized
adjusters, enable the collection of PL emission from a location either
coincident with, or spatially distinct from, the excitation spot. We first
position the excitation laser spot on one side of the ring [region “b” in
Fig. 4(a)] and detect light emitted from a location on the opposite side
of the resonator [region “Col” in Fig. 4(a)]. This enables us to detect
light coupled to the interface, while rejecting PL that is emitted into
free-space modes. The PL spectrum for a ring resonator with a unit
cell perturbation of 5.5% is shown in Fig. 4(b). Resonator modes with
a period of ~7nm are observed, consistent with simulation. The
modes have Q factors in the range of 200-500, possibly limited by
dopant-related absorption in the GaAs membrane. The wavelength
range in which the modes are observed is slightly shorter than in sim-
ulation, an effect we attribute to larger fabricated hole sizes than
designed. The short wavelength edge of the bandgap therefore lies at
a wavelength outside the bandwidth of the QD emission such that
the bandwidth of the topological bandgap cannot be determined
precisely.

We next excite PL at several other positions on the resonator
interface while collecting from the same location as previously and
observe that the mode structure remains unchanged [see Figs. 4(c)
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and 4(d)]. However, when the excitation location is distinct from the
interface (for instance, at the very center of the resonator), the PL
spectrum is quite different, and the modes observed previously at the
interface are absent [Fig. 4(e)]. This is strong evidence that the modes
are confined to the interface. [A different peak is seen in Fig. 4(e).
We show below that this is distinct from the resonator modes.]

To visualize the modes more clearly, we raster scan the excitation
laser across the device, simultaneously acquiring PL spectra from the
same (fixed) collection spot used above. For each excitation position on
the device, we sum the measured PL intensity over three different band-
widths corresponding to different resonator modes seen in
Figs. 4(b)-4(d). The resulting PL intensity maps are shown in Fig. 4(f).
Several features are apparent in the data. Most significantly, PL emission
is observed from all positions along the resonator interface, with a clear
node in the center of the resonator, showing that light is guided along
the interface. A secondary feature is the bright region on the left of each
intensity map, which corresponds to the PL collection location. This is
the result of a fraction of the QD PL emission coupling to free-space
modes. Such emission is collected only when the excitation laser is posi-
tioned close to the collection spot. The PL maps also serve to highlight
the location of trenches used to aid fabrication of the device (for
instance, the two bright regions to the left of the collection location).
These were used to accurately position the device schematic under each
PL map. In Fig. 4(f), we also show an intensity map integrated over the
single peak seen in the PL spectrum from the center of the device. The
map is quite different to those for the resonator modes seen at the inter-
face, as this peak is not related to guided modes at the interface.

Finally, we investigate the effect of the unit cell perturbation on
the spatial confinement of the resonator modes. Figure 5(a) shows an
integrated PL intensity map for each of four different ring resonators,
with unit cell perturbation increasing from 2.5% to 5.5%. In each case,
the intensity map corresponds to a single resonator mode, centered at
~865nm. A clear trend is observed, with the mode confinement being
the strongest for the largest perturbation and weakening with decreas-
ing perturbation. For a perturbation of 5.5%, the mode decays over a
distance of 2.7 = 0.1 um, transverse to the propagation direction. This
value increases to 4.1=0.2um for a perturbation of only 2.5%.

FIG. 5. Dependence of waveguide mode transverse confinement on perturbation.
Upper panels: spatially resolved, integrated PL intensity maps for different unit cell
perturbations (as labeled). The integration is for a mode centered at ~865nm in
each case. The zero of the linear color scale is transparent. A SEM image of the
device is positioned under each map, and the interface is highlighted with a dashed
green line. Lower panels: Simulated spatially resolved electric field intensity (linear
scale) of a representative ring resonator mode, for devices with the same perturba-
tions as in the experiment. Scale bar, 2 um.

ARTICLE scitation.org/journal/apl

The change in confinement is consistent with FDTD simulations [see
Figs. 3 and 5(b)], which show that, as the perturbation is decreased,
the waveguide mode increasingly extends into the bulk PhC. From the
simulations, we estimate that the spatial extent of the mode normal to
the propagation direction increases from ~820 nm for a perturbation
of 55% to ~1640nm for a perturbation of 2.5%. (The discrepancy
between the experiment and simulation is due to the convolution of
the experimental data with a laser spot size of ~2um). This suggests a
robust method to tune the degree of evanescent coupling between the
ring resonator and an adjoining bus waveguide, for instance, in an
add-drop filter. The perturbation is dependent on the location of the
triangular apertures forming the PhC. This is simple to control litho-
graphically, unlike the case of devices that rely on fine tuning of the
resonator-waveguide spacing.

In conclusion, we have created a GaAs spin Hall topological pho-
tonic ring resonator and used embedded InGaAs QDs to probe the
mode structure of the device. Using spatially resolved PL measure-
ments, we demonstrated that the modes were confined to the PhC
interface. Furthermore, we showed that by controlling the perturbation
of the PhC unit cell, the spatial confinement of the modes could be
tuned. The resonator represents an important building block in the
development of integrated photonic devices using embedded quantum
emitters.

Data supporting this study are openly available from the
University of Sheffield repository.”®

This work was supported by EPSRC Grant No. EP/N031776/1.
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Topological photonic interfaces support topologically nontrivial optical modes with helical character. When combined
with an embedded quantum emitter that has a circularly polarized transition dipole moment, a chiral quantum optical
interface is formed due to spin-momentum locking. Here, we experimentally realize such an interface by integrating
semiconductor quantum dots into a valley-Hall topological photonic crystal waveguide. We harness the robust wave-
guide transport to create a ring resonator that supports helical modes. Chiral coupling of quantum dot transitions,
with directional contrast as high as 75%, is demonstrated. The interface also supports a topologically trivial mode,
comparison with which allows us to clearly demonstrate the protection afforded by topology to the nontrivial mode.
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1. INTRODUCTION

Nanophotonics concerns the confinement and manipulation of
light at the nanoscale. A significant consequence of transverse
optical confinement in waveguides at this scale is the presence
of an elliptically polarized electric field, which carries spin angu-
lar momentum [1]. When a quantum emitter with a circularly
polarized transition dipole moment is coupled to the waveguide,
a chiral quantum light—matter interface can be realized, in which
the photon spin and momentum are locked and photon—emitter
interactions become direction-dependent. Such an interface has
numerous potential applications, ranging from single-photon
routers [2,3] to optical circulators [4] and isolators [5]. Further
intriguing prospects include leveraging chirality in quantum spin
networks [6] or for entanglement generation [7].

The chiral quantum optical interface was first demonstrated
by coupling a semiconductor quantum dot (QD) to a dielectric
nanobeam waveguide [8,9]. Subsequent developments extended
capabilities to include atomic [10-12] and nanoparticle [13] quan-
tum emitters. More recently, focus has returned to the on-chip
nanophotonic platform, using single QDs coupled to dielectric
waveguides [14—18]. A notable strength of such an approach lies in
harnessing the tightly confined optical waveguide modes common
to such a platform. This has the potential to enable highly efficient
light—matter interactions at the single-photon level [19,20] and is
therefore of great interest for chiral quantum optics applications.

A concurrent development has been the rise of topologi-
cal photonics as a new paradigm in nanophotonics research

2334-2536/20/121690-07 Journal © 2020 Optical Society of America

[21-25]. Topological photonic interfaces are formed at the bound-
ary between topologically distinct photonic crystals (PhCs) and
support the transport of light in counterpropagating waveguide
modes that have helical character [26]. This naturally suggests the
possibility of a chiral topological photonic interface; the first such
device was recently demonstrated using a QD coupled to a spin-
Hall topological PhC waveguide [18]. A particularly appealing
property of topological waveguides is their predicted robustness
against tight bends and certain defects [21], which is attractive
for the formation of low-loss, compact photonic elements. As an
example, one could augment a chiral ring resonator [27,28] with
topological protection, an exciting prospect that would enable
chiral coupling with enhanced light—matter interaction strength in
atopologically protected system.

It is critical in nanophotonic design that waveguides restrict
radiative coupling to free-space modes, which is a notable limi-
tation of recently reported spin-Hall topological waveguides
interfaced with QDs [18,29,30]. This can be addressed by instead
considering the valley-Hall topological photonic interface, for
which the interface modes lie below the light line [31,32]. Here,
we realize a chiral quantum optical interface using semiconduc-
tor QDs embedded in a valley-Hall topological PhC waveguide.
Chiral coupling of single QDs to the nontrivial waveguide mode
is demonstrated, with a spin-dependent, averaged directional
contrast of up to 0.75 £ 0.02 measured. We investigate the propa-
gation of light around tight bends in the topological interface by
creating a compact ring resonator device. Q factors of up to 4000
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(125,000) are measured (simulated) for a resonator with a circum-
ference of less than 17 pm. Finally, we couple the resonator to a
bus waveguide, which enables us to demonstrate chiral coupling
of a QD located within the resonator. In addition to a topologi-
cally nontrivial mode, the interface also supports a trivial mode,
comparison with which enables a clear visualization of the power of
topological protection in the device.

2. TOPOLOGICAL WAVEGUIDE DESIGN

Our valley-Hall topological PhC is formed from a honeycomb
lattice of circular holes in a dielectric membrane, with the rhom-
bic unit cell of the PhC comprising a pair of holes [see Fig. 1(a)].
Considering first the case of equivalent diameter holes, we plot
in Fig. 1(b) the band structure of the PhC for TE polarization,
revealing a Dirac cone at the K point (and equivalently at the K’
point, not shown). The band structure was calculated using the
freely available MPB software package [33]. Next, we shrink one
hole and expand the other, and show that the resulting PhC sup-
ports a bandgap for TE-polarized light [dashed lines in Fig. 1(b)].
A key feature of the band structure is the opposite sign of the
Berry curvature at the K and K’ points, as demonstrated in
Ref. [32]. At an interface created by an inversion of the rhombic
unit cells on one side of the PhC, the difference in Berry curvature

leads to the confinement at the interface of counterpropagating
edge states with opposing helicity [32]. The band structure of
such a waveguide, formed with a bearded interface, is shown in
Fig. 1(c). The interface supports two modes, labeled T and NT,
and is single mode between ~925 nm — 986 nm (region T) and
~1008 nm — 1028 nm (region NT). In the multimode region in
which the two modes overlap (~986 nm — 1008 nm), the bands
flatten and slow light is predicted [34]. Using the approach of Ref.
[35], we gradually increase the size of the small holes on one side
of the interface, transforming the bearded interface into a zigzag
interface, consisting of two large holes facing one another. During
this transformation, we find that mode NT is always present in the
bandgap, whereas mode T disappears (see Supplement 1). We also
observe in simulations that mode N'T propagates smoothly around
corners, while mode T is prone to backscatter [see Figs. 1(f)-1(g)
and Figs. 3(c)-3(d). We therefore conclude that mode NT (T) is
topologically nontrivial (trivial).

Using finite-difference time-domain (FDTD) simulations
[36] we show in Fig. 1(d) that the normalized transmission for
a 10-pm-long section of the waveguide is approximately unity
across the full spectral window covered by modes T'and N'T. A clear
difference is observed, however, when waveguide bends are intro-
duced. In Figs. 1(e)-1(g), we show the simulated transmission
of light through a waveguide containing four 120-deg bends.
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(a) Schematic of a (left) unperturbed and (right) perturbed honeycomb lattice, formed from air holes in a thin dielectric membrane. The rhom-

bic unit cell, comprising two holes, is outlined below in each case. (b) Band diagram for a honeycomb PhC formed using an unperturbed (solid lines) or
perturbed (dashed lines) unit cell of the type shown in (a), in a 170 nm-thick membrane (dielectric constant € = 11.6). The inset shows the first Brillouin
zone of the PhC. Hole diameters are = 97 nm, d; = 56 nm, and &, = 125 nm. The pitch of the PhC in each case is # = 266 nm. (c) Projected band dia-
gram for the interface between topologically distinct perturbed PhCs (see schematic in inset, with the interface denoted by a dashed line); hole sizes are the
same as in (b). The interface supports two modes, labeled T (topologically trivial; see text) and NT (nontrivial). (d) FDTD-simulated normalized trans-
mission coefficient (Norm. Trans.) for a 10 um length of the interface. (¢) Schematic of a waveguide containing four 120-deg bends. Regions of opposite
unit cell orientation are shaded light and dark, respectively. (f) Simulated time-averaged electric field intensity in the plane of the waveguide for mode NT
(A =1020 nm), when light is injected from the left; (g) normalized transmission through the waveguide in (f), color-coded by spectral window [c.f. (c)].
The abscissa break corresponds to the multimode region of the waveguide dispersion (~986 nm — 1008 nm), which is not considered here. (h) Position-
dependence of the normalized Stokes S3 parameter at the interface, evaluated for mode NT at A = 1020 nm [red circle in (c)]. Circles represent the holes
of the PhC. Those with green fill show the position of the holes at the interface. Note that the waveguide is rotated 90 deg compared to the schematic in
(¢). (i) Time-averaged electric field intensity resulting from a (left) o * or (right) o~ circularly polarized dipole (A = 1020 nm) placed at a chiral point of the
waveguide corresponding to (left) S ~ 1 or (right) S5 ~ —1.
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Transmission of the topologically protected nontrivial mode is near
unity within region NT. In contrast, transmission within region
T is both significantly less than unity and wavelength-dependent,
due to backscatter of the trivial mode at each corner. This pro-
vides direct evidence of the topological protection afforded
tomode NT.

Next, we demonstrate the potential of mode NT to form a chiral
quantum optical interface. We evaluate the Stokes S5 parameter
(degree of circular polarization) in the vicinity of the interface
using FDTD simulations, revealing large areas in which |S3] — 1
[see Fig. 1(h)]. Then, we position a circularly polarized dipole
source at a point of maximum chirality (]S3| ~ 1) and monitor
the waveguide transmission [Fig. 1(i)]. Unidirectional emission
with a direction dependent on the dipole polarization is clearly
predicted. Note that the same holds true for the trivial mode, in
that case due to the breaking of mirror symmetry in the waveguide
(see Supplement 1).

3. EXPERIMENTAL RESULTS
A. Waveguide Operation and Chiral Coupling

Topological PhC devices are fabricated in a nominally 170-
nm-thick GaAs p—i—n membrane, which contains a layer of
embedded InGaAs QDs. A scanning electron microscope (SEM)
image of a representative topological waveguide is shown in
Fig. 2(a). The waveguide is coupled at cither end to nanobeam
waveguides, which are terminated with grating outcouplers (OCs)
to enable coupling of light to and from free space. Simulations
show that the nanobeam—topological waveguide interface is effi-
cient in region T (>87% transmission) but limited to an average
of 31% transmission in region NT (see Supplement 1), likely
due to spatial mismatch between mode NT and the fundamental
nanobeam TE mode. This is sufficient for optical readout of mode
NT in the present experiment. It remains an outstanding challenge
to create a highly efficient interface between trivial and topo-
logical waveguides, but encouraging progress has been reported
elsewhere [32].

To demonstrate confinement of the optical mode at the topo-
logical interface, we collect photoluminescence (PL) from one
OC while rastering the excitation laser across the device. After
integrating the PL intensity spectrally over region NT, we show
the signal as a function of excitation position in Fig. 2(b), revealing
that transmission of QD PL only occurs when the QD is in close
proximity to the interface. Furthermore, we subsequently show
(see Supplement 1) that QDs at the interface emit single photons
and can be electrically Stark-tuned to control the wavelength
of individual QD transitions. The latter is of particular interest
for extending recent demonstrations of few-QD interactions in
waveguide quantum electrodynamics [37,38] to the chiral regime
supported by topological interfaces.

Next, we probe the helicity intrinsic to the topologically non-
trivial mode by investigating chiral coupling of QDs located at the
interface. We first spectrally locate region NT of the waveguide
under investigation (see Supplement 1). QDs emitting spectrally
within this region are then optically excited in the presence of a
magnetic field, which is applied in the Faraday geometry (normal
to the sample plane). At the same time, PL is collected from both
OCs. The magnetic field lifts the degeneracy of QD transitions via
the Zeeman effect, allowing PL emission from states with opposite
circular polarization to be spectrally resolved [see Fig. 2(c), for the

Vol. 7, No. 12 / December 2020 / Optica

Collect
Excitation Right
oc

(c)

—
)

X° energy levels

}

Zeeman

splittin:

ot %f plitting
< (o
Wi~

1 L 1 1 " 1
19) 920 921 920 921
Wavelength (nm)

Normalized counts

Fig.2. (a) SEM image of a topological waveguide. A higher magnifica-
tion image of the interface is shown in the inset (scale bar 500 nm). (b) PL
intensity collected from one OC and integrated spectrally over region NT
as a function of the excitation position on the waveguide. The resulting
map is overlaid on an SEM image of the device (scale bar 2 um). The
spatial resolution is limited by that of our optical microscope (~2 pum).
(c) Energy levels for the X, (neutral) exciton under nonzero magnetic
field; (d) normalized PL spectraat B, =5 T for a QD coupled chirally to
mode NT, with a chiral contrast of 0.92 + 0.02 (0.57 £ 0.03) measured
from the left (right) OC, respectively. Solid lines are the result of Gaussian
fitting to the data (points).

case of a neutral exciton]. The chiral contrast (C) is then evaluated
independently for emission from either OC using the expression
[14] C = (I;+ — I,-)/(Uy+ + I,-), where I,+ and I,- refer to
the PL intensity for 6 and o~ polarized emission, respectively.
By considering each OC separately, any variance in collection
efficiency is negated [17].

The resulting PL spectra for the emission from a single rep-
resentative QD, for a magnetic field of B = 5 T, are shown in
Fig. 2(d). Two Zeeman-split states are observed, with asymmetric
intensity for the 0+ and o~ polarized transitions. The asymmetry
in the intensities is seen to reverse when PL is collected from the
other OC. The emission is therefore directional, with the inten-
sity dependent on the handedness of the circular polarization of
the emitter (i.e., chiral coupling). The chiral contrast is as high
as 0.92 4 0.02 measured from the left OC. The contrast mea-
sured at the right OC is 0.57 £ 0.03, giving an average contrast of
0.75 % 0.02. Asymmetry in the contrast measured in either direc-
tion is commonly observed in experiments such as this, an effect
which as yet is not fully understood. Due to spatial symmetry-
breaking, chiral coupling is also observed for QDs coupled to
trivial mode T (see Supplement 1).

B. Chiral Topological Ring Resonator

The combination of chiral coupling and an enhanced light-matter
interaction strength is appealing for quantum optical device
applications [27,28,39]. With this in mind, we now leverage the
topological protection of mode NT against scattering at tight
bends to create a compact photonic ring resonator and demon-
strate chiral coupling of a QD embedded within the device. The
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Fig.3. (a) False-color SEM images of a topological resonator, the center of which is shaded orange. (b) Simulated longitudinal mode spectraas a function
of resonator side length (spectra offset for clarity and labeled with the number of unit cells per side). The trace in red (21 unit cell side length) corresponds to
the resonator size shown in (a). The abscissa break covers the multimode region of the waveguide dispersion. (c) Electric field intensity spatial profile in the
corner of a resonator for (left) region T (975 nm) and (right) region NT (1018 nm).

resonator takes the form of a triangle with three 120-deg corners
[see Fig. 3(a)] and is created by embedding a triangular array of
rhombic unit cells inside a larger array of inverted unit cells.

We first investigate the optical characteristics of the resonator
using FDTD simulations. Longitudinal mode spectra as a func-
tion of the resonator side length are shown in Fig. 3(b). A clear
distinction is seen in the resonator behavior within the topologi-
cally nontrivial region NT and the trivial region T. In the latter,
the longitudinal modes are split into multiple closely spaced reso-
nances, which furthermore are strongly suppressed in the middle
of the spectral range. These effects can both be understood as
originating from backscattering of the trivial mode at the resonator
corners. Simulation of a single 120-deg corner reveals a transmis-
sion minimum (i.e., strong backscatter) at ~950 nm, resulting
in the suppression of the resonator modes (see Supplement 1).
The simulated resonator mode quality factors (Q factors) for
region T are limited by backscatter, with a maximum value less
than 10,000 obtained for a device with a side length of ~5.5 um
(21 unit cells).

The spectrum corresponding to the nontrivial region NT stands
in stark contrast. Here, the single corner transmission approaches
unity across the full bandwidth. This finding is supported by a
simulation of the mode profile in region NT, in which the cor-
ner is seen to be smoothly navigated, unlike the case in region
T [see Fig. 3(c)]. The mode spacing in region NT reduces with
increasing resonator size, characteristic of a ring-type resonator.
For the device with a side length of 21 unit cells, the Q factor is
as high as 125,000, an order of magnitude improvement on the
trivial case. (Note that a simulated Q factor of greater than one
million is obtained for a resonator with a side length of 111 unit
cells.) This is direct evidence of the topological protection granted
tomode NT.

Experimentally, we consider a resonator with a side length of 21
unit cells. We nonresonantly excite the ensemble of QDs on one
side of the resonator at high power, creating a broadband internal
light source, and collect PL emitted from the same location. A rep-
resentative PL spectrum is shown in Fig. 4(a). The discrete modes

of the resonator can be clearly resolved in both regions T and NT.
The modes are observed ata shorter wavelength than that predicted
by simulation, most likely due to an increase in fabricated hole sizes
compared with design. Q factors up to ~2700 (~4000) are mea-
sured in region T (NT). Higher Q factors in region NT compared
to those in region T are consistent with topological protection of
the former. The measured Q factors are considerably lower than
those determined using simulations. This is commonly observed
for GaAs devices operating in the 900-950 nm wavelength range
and is likely due in part to surface-state-related absorption losses
against which there is no topological protection. Surface passiva-
tion approaches have been shown to help mitigate this effect in
GaAs PhC devices [40].

We demonstrate confinement of the modes at the resonator
interface by collecting PL emission from one corner of the res-
onator, while rastering the excitation laser across the device. At
each excitation position, the PL spectrum is integrated over two
different bandwidths corresponding to single longitudinal modes
in regions T and NTT, respectively. The resulting spatially resolved
PL maps are shown in Fig. 4(b), accompanied by simulated mode
profiles. Correspondence between experiment and simulation
is most easily seen by examining the corners of the resonator. In
region T, strong scattering is predicted by simulation at the res-
onator corners, and the resulting experimental PL map reveals
the distinct triangular shape of the full waveguide. In contrast,
simulation shows that in region NT, scattering is suppressed at
the resonator corners (see Supplement 1). This effect can be seen
clearly in the corresponding PL map, in which scattering at the
resonator corners is very weak. To show that the mode spectra are
consistent across the device, we plot in Fig. 4(c) the PL spectrum
acquired at the midpoint of each side of the resonator in region N'T.
The similarity in the spectra confirms that the mode is distributed
along the interface.

Finally, we couple the topological resonator to an adjacent
bus waveguide [see Fig. 5(a)l. This enables us to demonstrate
chiral coupling of a QD located within the resonator. (Similar
coupling to a bus waveguide has been reported recently by Barik
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Fig.4. (a) PL spectrum measured from above the resonator, with lon-
gitudinal modes visible (indicated in regions T and N'T by filled circles).
The different regions of the interface mode structure (T, T/NT, and NT)
are labeled. (b) (Upper panels) Spatially resolved, integrated PL for two
different modes of the same resonator, for wavelengths corresponding to
regions T and NT, respectively [color-coded in (a)]. PL was collected from
the top left corner of the resonator (green dashed circle in the left-hand
panel). The excitation spot size was ~2 pm. (Lower panels) Simulated
electric field intensity spatial profiles for modes in the same regions of the
band structure considered in experiment. (c) PL spectra for a single longi-
tudinal mode of the resonator in region NT, acquired at the midpoint of
each of the three sides of the resonator, respectively [as labeled in (b)]. The
background has been removed from each of the spectra, which are offset
for clarity.

et al. [41].) We first use FDTD simulations to demonstrate the
principle of operation of the device. A circularly polarized dipole is
positioned at a highly chiral point on the resonator interface, such
that it emits unidirectionally. The optical field in the resonator
subsequently couples evanescently to the bus waveguide. In the
case of a wavelength within region NT, the direction of emission
into the waveguide is seen to depend on the handedness of the
dipole polarization [Fig. 5(b)], therefore enabling readout of the
chiral contrast. For the trivial mode T, this technique is hindered
by backscatter at the resonator corners, and the maximum chiral
contrast that can be measured is therefore reduced [Fig. 5(c)]. We
also find the chirality in this case to be sensitive to the position of
the dipole along the interface (even when still positioned at one
of the many highly chiral positions), unlike for the topologically
protected mode NT. Experimentally, we excite QDs located at
the resonator interface at low power and measure the PL signal
from the OCs at either end of the bus waveguide. Chiral coupling
is shown in Fig. 5(d) for a QD transition at a wavelength corre-
sponding to mode NT of the waveguide dispersion. The transition
exhibits an average chiral contrast of 0.74 £ 0.06, demonstrating
promising chiral characteristics for a topologically protected ring
resonator mode.

Normalized counts

888.5 889.5
Wavelength (nm)

Fig. 5. (a) False-color SEM image of a representative ring resonator
(RR) coupled to a bus waveguide (WG), with nanobeam waveguides
at either end. The inset shows a schematic of the RR-WG interface
(dashed blue region in the SEM image). (b) FDTD simulated electric
field intensity in the plane of the device for a (i) o~ and (ii) o polarized
dipole source, located at a chiral point on the ring resonator interface
(dashed green circle). The dipole emission wavelength corresponds to
region NT of the waveguide dispersion. The color scale is saturated to
increase the visibility of the waveguide-coupled emission. (c) Same as in
(b), but for an emission wavelength corresponding to mode T; (d) low
power, normalized PL spectra as a function of applied magnetic field when
the resonator is excited from above and PL is collected independently
from both OCs. A single chirally coupled transition can be seen, with
chiral contrast of 0.93 £ 0.07 (0.54 % 0.06) from the left (right) OC. The
emission wavelength corresponds to region NT. The shorter wavelength
compared with elsewhere in the paper is due to larger hole sizes in this
device.

4. CONCLUSION

We have demonstrated a chiral quantum optical interface using
semiconductor QDs embedded in a valley-Hall topological wave-
guide. An average chiral contrast of up to 0.75 was measured for
a QD coupled to a topologically nontrivial mode confined to the
interface. Propagation of light around tight bends in the waveguide
was subsequently demonstrated by fabrication of a topological
photonic ring resonator, the modes of which have simulated Q
factors up to 125,000 (experimental values up to 4000). Coupling
of the structure to a bus waveguide enabled the observation of
chiral coupling of a QD within the resonator. Comparison with
a topologically trivial mode in the same waveguide enabled us to
clearly highlight the benefits of the topological protection that is
afforded to the nontrivial mode.

The topological nanophotonic platform demonstrated here
has significant potential to form the basis of scalable chiral quan-
tum optical circuits protected against backscatter. Combining
our approach with either QD registration [14,42—44] or site-
controlled growth [45,46] techniques would enable deterministic
positioning of QDs at highly chiral points in the waveguide,
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addressing the scalability challenge. Furthermore, the chiral nature
of the interface allows for the realization of separation-independent
QD-QD interactions [1,7], in contrast to the nonchiral case.
Exciting future prospects include the realization of superradiant
many-body states [38,47] and the formation of large-scale chi-
ral spin networks [6] using a topologically protected photonic
platform.

Data supporting this publication can be freely downloaded
from the University of Sheffield Research Data Repository at [48]
under the terms of the Creative Commons Attribution (CC-BY)
license.
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1. DETERMINATION OF THE TOPOLOGICALLY TRIVIAL OR NON-TRIVIAL
CHARACTER OF MODES T AND NT.
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Fig. S1. Projected band structures (bottom) as the topological waveguide interface is changed
continuously from (i) bearded type with small circles at the interface to (iv) zigzag type with
large circles at the interface (see schematics at top). Blue and grey highlighted regions represent
modes in the bulk and above the light cone, respectively. The lattice pitch is given by a and

c is the speed of light. The radius r of one row of holes (coloured red) varies as (i) r=0.21a (ii)
r=0.29a (iii) r=0.38a (iv) r=0.47a, to enable a smooth transition between the two interfaces. The
radii of the other holes remain unchanged at r=0.21a and r=0.47a for the small and large holes,
respectively. As the bulk photonic crystal remains unchanged during the transition from (i)

to (iv), we expect that a single topologically non-trivial mode should be seen in both cases (i)
and (iv). A single mode (orange solid line) is indeed always observed at the interface, and we
therefore conclude that this is the topologically non-trivial mode [1]. A second mode (green
dashed line) is seen to disappear as the interface is changed from (i) to (iv), which we ascribe to
a topologically trivial mode. The assignment of trivial or non-trivial character is supported by
the behaviour of the respective modes at sharp corners (see Fig. 1lef and Fig. 3c,d of the main
text). The orange mode (mode NT) traverses corners smoothly, as expected for a non-trivial
mode protected against back scatter. In sharp contrast, the green mode (mode T) experiences
significant back scatter.

Chapter 4 Mahmoud Jalalimehrabad 91



Integrated Topological Quantum Optics

2. TRANSMISSION FROM THE NANOBEAM WAVEGUIDE INTO THE TOPOLOGICAL
WAVEGUIDE.
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Fig. S2. (Left) Simplified schematic of the 3D FDTD simulation used to evaluate the transmis-
sion coefficient for the nanobeam-topological waveguide interface. A mode source is injected
into the nanobeam waveguide on the left, and the transmission is monitored within the topo-
logical waveguide (white dotted line). (Right) Transmission from the nanobeam waveguide
into the topological photonic crystal waveguide. The transmission is normalised to the power
injected into the right-travelling mode of the nanobeam waveguide by the mode source. Green
circles (orange diamonds) correspond to wavelengths within region T (NT). The blue squares
correspond to wavelengths which lie outside the topological bandgap. The break in the ab-
scissa corresponds to the slow light region of the topological waveguide band dispersion (see
Fig. 1 of the main text). The average transmission is 92% (31%) for region T (NT).
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3. SIMULATED CHIRAL MAP AND UNIDIRECTIONAL EMISSION FOR THE
TOPOLOGICALLY TRIVIAL MODE T.

mode T (A=965nm)

el 06 2o C 1

500nm

Fig. S3. Simulated chiral coupling of a dipole emitter to the topologically trivial mode T. (a)
Normalised Stokes S3 parameter as a function of position near the topological interface for a
wavelength of 965nm (within the bandwidth of mode T). The holes at the interface are shown
as green filled circles. The S3 parameter was evaluated using FDTD simulations by injecting
light into the waveguide and monitoring the resulting (complex-valued) electric fields as a
function of position. (b) FDTD-simulated electric field intensity maps showing unidirectional
emission from (left) ot and (right) ¢~ circularly polarised dipoles located at a position where
|S3] — 1. Note that the waveguide is rotated by 90 degrees compared to the S3 map in (a).
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4. CHIRAL COUPLING OF A QD TO MODE T OF THE TOPOLOGICAL WAVEGUIDE.

Normalised counts

896.5 897
Wavelength (nm)

Fig. S4. Chiral emission from a QD coupled to mode T of a topological waveguide. A magnetic
field in the Faraday geometry is used to lift the degeneracy of the two spin states of one of the
QD’s optical transitions. The emission is then measured independently from the left and right
outcouplers (OC). At non-zero field the emission is clearly seen to be directional, with emission
direction dependent on the handedness of the circular polarisation of the transition. The chiral
behaviour is like that seen in topologically trivial glide plane photonic crystal waveguides [2]

and arises from symmetry breaking of the photonic crystal lattice.
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5. QD CHARACTERISATION: SINGLE PHOTON EMISSION AND DC STARK TUNING.
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Fig. S5. (a) Hanbury Brown and Twiss (HBT) measurement on a single spectrally filtered QD
emission line. The QD is located at the topological waveguide interface. The clear dip below
g2 (0) = 0.5 (¢@(0) = 0.09 = 0.08, after deconvolution of the instrument response function)
indicates that the QD is a single photon emitter. The QD spectrum prior to spectral filtering
is shown to the right. The inset shows the detection experimental setup. SF — spectral filter;
BS — beamsplitter; SNSPD — superconducting nanowire singe photon detector; TCSPD — time
correlated single photon counter. (b) PL intensity map as a function of wavelength and bias,
demonstrating Stark tuning of several QD transitions as the bias across the sample is varied.
The QD(s) in question are located at the topological waveguide interface.
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6. IDENTIFICATION OF THE SPECTRAL WINDOW FOR REGION NT IN A LINEAR
WAVEGUIDE.

Region T : Multimode : Region NT : Outside bandgap

Collection Excitation
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900 950
Wavelength (nm)

Fig. S6. (Left) PL spectra collected from one outcoupler under high power excitation of either
the topological waveguide interface (lower blue trace) or the bulk photonic crystal (upper
orange trace) for the waveguide considered in Figure 2b,d of the main text. The spectra are
offset for clarity. The schematic to the right shows the excitation and collection locations. In
the case of excitation of the bulk crystal, PL is only detected at wavelengths outside of the
bandgap, seen on the long wavelength side with a cutoff at ~ 940nm. By comparison with the
photonic crystal bandstructure in Fig. 1c of the main text, the longer wavelength limit of region
NT is therefore also ~ 940nm. On the other hand, the slow light multimode window for the
topological interface can be seen in the enhanced PL signal between ~ 895nm and 915nm when
exciting at the interface. This corresponds to a bandwidth of 20nm, which is in good agreement
with that obtained from simulation. The short wavelength cutoff for single mode operation

of mode NT is therefore ~ 915nm, giving a region NT bandwidth of ~ 25nm, also in good
agreement with simulation. The chiral QD we investigate in Fig. 2d of the main paper has a
transition at ~ 921.5nm (indicated by the black arrow) and we therefore conclude that it is
coupled to region NT of the topological waveguide.

96 Chapter 4 Mahmoud Jalalimehrabad



Integrated Topological Quantum Optics

7. SIMULATION OF A SINGLE 120-DEGREE TOPOLOGICAL WAVEGUIDE BEND.
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Fig. S7. (a) Simplified schematics of the 3D FDTD simulations used to evaluate (upper) the
transmission coefficient of the nanobeam-topological waveguide interface and (lower) the
transmission coefficient for a single 120-degree waveguide bend, as well as the vertical scat-
ter caused by such a bend. (b) Normalised transmission for light injected into the nanobeam
waveguide fundamental optical mode and subsequently coupled into the topological photonic
crystal waveguide. The transmission is measured either without (filled symbols) or after (open
symbols) a bend in the latter waveguide (see schematics to the right). (c) Normalised scatter
measured (cumulatively) above and below the bend in the topological waveguide. Square
monitors with side length of 3um were placed above and below the bend, as shown in the
schematic at the lower right (not to scale). The scattered power was normalised to the power
which entered an equivalent topological waveguide in the absence of a waveguide bend. In
(a-b), green circles (orange diamonds) correspond to wavelengths within region T (NT). The
blue squares correspond to wavelengths which lie outside the topological bandgap. The break
in the abscissa corresponds to the slow light region of the topological waveguide band disper-
sion (see Fig. 1 of the main text). In (b), the waveguide bend is seen to have no effect in region
NT, whilst the transmission is strongly reduced in region T, demonstrating that the former is
topologically protected. In (c), scattering out of plane is also seen to be strongly suppressed in
region NT, in contrast to region T.
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A chiral topological add-drop filter for integrated quantum photonic circuits
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The integration of quantum emitters within topological nano-photonic devices opens up new
avenues for the control of light-matter interactions at the single photon level. Here, we realise a spin-
dependent, chiral light-matter interface using individual semiconductor quantum dots embedded in
a topological add-drop filter. The filter is imprinted within a valley-Hall photonic crystal (PhC)
membrane and comprises a resonator evanescently coupled to a pair of access waveguides. We show
that the longitudinal modes of the resonator enable the filter to perform wavelength-selective routing
of light, protected by the underlying topology. Furthermore, we demonstrate that for a quantum
dot located at a chiral point in the resonator, selective coupling occurs between well-defined spin
states and specific output ports of the topological device. This behaviour is fundamental to the
operation of chiral devices such as a quantum optical circulator. Our device therefore represents a
topologically-protected building block with potential to play an enabling role in the development of
chiral integrated quantum photonic circuits.

I. INTRODUCTION

Photonic crystals (PhCs) are a well-established component in nano-photonic circuitry, their sub-wavelength features
supporting low-loss routing of light on-chip within a compact device footprint. Recently, the translation of concepts
from the field of topological insulators to the photonic domain has provided new mechanisms for nanoscale control
and manipulation of light within PhCs. Notably, photonic analogues of the spin-Hall [1] and valley-Hall [2] effects
have been developed; significant advantages of these approaches include robust transport of light around tight bends,
intrinsic backscatter immunity, and the potential to form chiral light-matter interfaces in combination with embedded
quantum emitters. Devices containing topological photonic interfaces have been demonstrated experimentally using
both spin- and valley-Hall PhCs, predominantly in the silicon [3, 4] and GaAs [5-10] material platforms. In particular,
we note that bend robustness has been well established [3-5, 9, 11-13] and leveraged to form PhC topological ring
resonators [6-8, 14].

Due to their preservation of time-reversal symmetry, both spin- and valley-Hall photonic analogues support de-
generate counter-propagating interface modes, unlike their electronic counterparts. Nevertheless, the modes can be
rendered unidirectional by spin selection. At locations known as chiral points, the counter-propagating modes of a
topological waveguide have orthogonal circular polarisation. A circularly polarised emitter placed at such a point
interacts uniquely with the mode with equivalent handedness, and therefore orthogonal circularly polarised dipoles
emit in opposite directions; this is the basis of a chiral light-matter interface [15]. Semiconductor quantum dots (QDs),
which have sub-nanosecond radiative lifetimes and have been shown to emit single photons with near-transform lim-
ited linewidths [16, 17], are a leading ‘matter’ candidate in this regard; chiral interfaces have been demonstrated using
QDs coupled to both spin-Hall [5] and valley-Hall [6, 8] PhC waveguides. These works built upon substantial prior
achievements in topologically trivial chiral systems, for instance those using atoms coupled to microresonators [18, 19]
and QDs embedded in nanobeam [20, 21] or glide plane PhC [22] waveguides.

The field of on-chip topological quantum photonics is seeing rapid progress; for example, manipulation of quantum
states of light has been demonstrated using relatively large topological photonic waveguide devices [23—-26], while
at the nanoscale a passive topological PhC devices was recently used as the basis for a simple quantum photonic
circuit [27]. In contrast, the development of topological photonic devices with integrated quantum emitters is still
very much in its infancy. Here, we combine the compactness and chirality afforded by topology to demonstrate chiral
emission from a QD embedded in a valley-Hall PhC add-drop filter (ADF) comprising a resonator and pair of access
waveguides. We first demonstrate that the device supports wavelength-dependent routing of light. Then, we observe
chiral emission from a QD coupled spatially and spectrally to a resonator mode. In the latter measurement, photons
emitted after recombination of a specific QD spin state are coupled into two of the four output modes of the device;
the chiral nature of the light-matter interface results in the orthogonal spin state coupling to the other two output
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modes. Such a device has potential applications in on-chip routing of light at the single photon level, for instance as
a quantum optical circulator [28].

II. VALLEY-HALL RESONATOR DESIGN

Our integrated nano-photonic device is configured within a two-dimensional PhC which has valley-Hall-type topol-
ogy. The rhombic unit cell of the PhC comprises two equilateral triangular apertures, which are formed within a
thin, free-standing dielectric membrane. We evaluate the transverse electric (TE) band structure of the PhC using
the freely available MPB software package [29]. When the apertures are of equal size, the TE band structure exhibits
a Dirac cone at the K point (see Fig. 1a). Expanding one aperture while shrinking the other, however, leads to the
opening of a topological bandgap at the K point, also shown in Fig. 1la. We can then take advantage of the topological
bulk-edge correspondence to realise within the PhC a waveguide which supports a topologically non-trivial optical
mode. To achieve this, we break the inversion symmetry of the PhC by inverting the unit cells in one half of the
PhC, creating a zigzag interface at the boundary between the two regions comprising inverted (labelled VPC1) and
uninverted (VPC2) unit cells, respectively. Two possible zigzag interfaces can be formed in this way, characterised
by the proximity of either the large or small triangular apertures at the boundary of VPC1 and VPC2 unit cells. We
refer to these as type A and type B interfaces, respectively, as shown in Fig. 1b. The associated dispersion diagram
shows that both interfaces support a single guided TE mode, which extends across 100% (~ 84%) of the bandgap for
the type A (B) interface.

Two defining characteristics of valley-Hall topologically non-trivial optical modes are (i) their broadband ability
to navigate sharp corners without experiencing backscatter (due to the suppression of inter-valley scattering) and
(ii) the helical nature of the modes. These properties are critical to the operation of the photonic device reported
here. To demonstrate the backscatter protection afforded by topology to the waveguide mode, we use finite-difference
time-domain (FDTD) simulations [30] to probe the optical properties of a rhombus-shaped ring resonator, formed by
embedding VPC2 unit cells inside a larger VPC1 unit cell matrix, as shown in Fig. lc. In this structure, a bend with
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FIG. 1. (a) Band diagram for a triangular lattice PhC formed using either unperturbed (dashed line) or perturbed (solid line)
rhombic unit cells. Insets show (left) the first Brillouin zone and (right) schematics of the unit cells, with equilateral triangles
representing air holes in a dielectric membrane. The triangle side lengths are (r,71,7r2) = (0.5a,0.4a,0.6a), where a is the
lattice constant. The membrane has a thickness of h = 0.64a and refractive index n = 3.4. (b) TE dispersion diagram for two
possible zigzag interfaces formed by inverting the unit cells in one half of the PhC. These are labelled type A and type B in
the accompanying schematics. (¢) Simulated mode spectrum for a rhombic ring resonator formed using the topological zigzag
interface. The resonator has a side length of 7" = 20 unit cells and lattice period a = 266nm. A schematic of the resonator
is shown in the inset. (d) Simulated, spatially resolved electric field intensity when a resonator mode is excited by a dipole
positioned at a chiral point on the interface. The dipole is either (left) ¢~ or (right) ¢* polarised. The electric field intensities
are averaged over the first 200fs of simulation time. Arrows indicate the direction of light propagation in each case. Scale bars
4pm.
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60 (120) degree internal angle connects interfaces of differing (the same) type, giving a maximum resonator spectral
bandwidth of ~ 84% of the bandgap, following from the discussion above. The device parameters used in Fig. 1c
are chosen to enable operation in the near infra-red (NIR), compatible with the highest quality QDs and the spectral
region in which our later experiments are conducted.

The resulting mode spectrum reveals clear longitudinal modes lying within the topological bandgap (~ 920—980nm),
with Q factors of the order of 10° for a resonator side length of T=20 unit cells. Significantly, the predicted device
performance is broadband in nature, indicating that topological protection overcomes the wavelength dependence
commonly observed in light transmission through topologically trivial PhC waveguide bends. Further evidence of
topological protection can be found in Fig. 1d, in which we excite the resonator using a circularly polarised dipole
source. By suitable positioning of the dipole at a chiral point (see Supplementary Information section S1) a single
unidirectional mode is excited, which travels either clockwise (CW) or counter-clockwise (CCW) around the ring,
depending on the handedness of the source polarisation. The mode is seen to navigate the resonator corners smoothly
and without backscattering. This simulation also serves to highlight the second key element of our device: the
potential to realise a unidirectional light-matter interaction between a resonator mode and an embedded quantum
emitter, which ultimately enables spin-dependent routing of light on-chip.

III. TOPOLOGICAL ADD-DROP FILTER

To enable integration of the resonator within scalable nanophotonic circuits, we introduce parallel ‘bus’ and ‘drop’
waveguides in close proximity to opposing sides of the rhombus-shaped resonator, forming an ADF. The filter is
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FIG. 2. (a) Schematic of the topological ADF, with PhC unit cells colour coded as in Fig. 1b by orientation (inverted (VPC1)
or uninverted (VPC2)). (b) Simulated transmission in the through (lower right) and drop (upper left) directions for an ADF
with T=16, S=6 and L=12 unit cells, respectively. The data is normalised to the maximum through transmission. Losses in
the simulation stem predominantly from the incomplete optimisation of the nanobeam-photonic crystal interfaces. (c) Time-
averaged electric field intensity for light input on resonance with the longitudinal mode at 955nm. (d) Time-averaged electric
field intensity when the input is off resonance (969nm). Scale bars in (c,d) are 4um.
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shown schematically in Fig. 2a. Evanescent coupling between waveguides and resonator in this geometry enables
light to enter (exit) the resonator from (into) the waveguides. Geometrically, the coupling strength is dependent on
the waveguide-resonator coupling length L and separation S. In our structure, bends in each waveguide allow these
parameters to be decoupled, providing increased flexibility in device design. The effect of changing S is investigated
in Supplementary Information section S2.

The optical properties of the device are demonstrated using an FDTD simulation in which broadband light is
injected into the bus waveguide, and the power subsequently transmitted through the bus waveguide or coupled into
the drop waveguide is monitored. The simulation results are summarised in Fig. 2b-d. In the through direction,
the transmission envelope represents the bandwidth in which the type A and B interface modes overlap spectrally.
Within this bandwidth clear dips in transmission are observed at wavelengths which correspond to the longitudinal
modes of the resonator. The dips occur due to destructive interference between the mode in the bus waveguide and
light coupled back into this waveguide from the resonator. Corresponding peaks are seen in the drop channel signal,
showing that light is transferred from the input waveguide to the drop waveguide when resonant with the ring modes.
The degree to which the input light is dropped on resonance depends on the waveguide-resonator coupling strength,
with critical coupling occurring for S ~ 4 — 6 unit cells (mode dependent). For the device simulated here, the loaded
Q factors lie in the range 400-1600. Off-resonance, the dropped signal is strongly suppressed. Note that the dropped
signal propagates in the opposite direction to the input signal due to a combination of valley momentum conservation
and the use of both type A and B interfaces in the device. This is examined in detail in Supplementary Information
section S3.

Experimentally, we fabricate the topological ADF within a nominally 170nm-thin, p-i-n diode GaAs membrane,
which contains a single layer of InAs QDs within the diode’s intrinsic region. A 1.15um-thick AlGaAs sacrificial layer
beneath the membrane is removed to create a free-standing structure. Details of the fabrication procedure can be
found in the Methods. A scanning electron microscope (SEM) image of a representative device is shown in Fig. 3a.
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FIG. 3. (a) SEM image of a topological ADF, with waveguide-resonator separation S=6 unit cells. The topological interfaces
forming the waveguides and resonator are highlighted by dashed white lines. (b) Higher magnification SEM image of a type A
interface (red dashed line). Unit cells on either side of the interface are outlined. Scale bar 500nm. (c) PL spectrum acquired
by exciting the QD ensemble at the resonator interface and collecting emission from the lower right OC (open white circle in
(a)). (d-f) PL spectra acquired by exciting the QD ensemble in the lower right OC and collecting emission independently from
the other three OCs. The collection position in each case is given in (a). (g,h) Integrated PL intensity as a function of collection
position, overlaid on an SEM image of the device. The excitation is fixed above the lower right OC. The integration is taken
over (g) 939.3nm to 939.5nm and (h) 943nm to 944nm, respectively. The waveguide and resonator interfaces are identified
using white dashed lines, while arrows provide a guide to the the direction of light transmission. Data from above the excitation
location (lower right corner) has been omitted, and the zero of the colour scale has been made transparent to aid visualisation
of the device. Scale bars in (a,g,h) are 4pm.
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Note that each output of the ADF is coupled to a nanobeam waveguide, which is terminated using a grating outcoupler
(OC) for efficient coupling of light into free space optics. A higher magnification SEM image of a type A interface is
shown in Fig. 3b.

To demonstrate the basic operation of the ADF, we inject broadband light into one waveguide via high-power
non-resonant excitation of the QD ensemble, and monitor the transmission from the other OCs. We also evaluate the
mode spectrum of the resonator itself in a separate measurement, by generating ensemble photoluminescence (PL)
from a fixed position along the resonator interface. The resulting spectra are shown in Fig. 3(c-f). We first note that
the resonator longitudinal modes are broadened due to evanescent coupling into the two waveguides. Quality (Q)
factors of 1100 and 440 obtained for the modes at 939nm and 947nm, respectively, in good agreement with the range
of values obtained from simulation.

Considering now the signal transmitted through the bus waveguide (Fig. 3d), we observe several strong dips in
transmission which are resonant with the longitudinal modes of the resonator. Indeed, for three of the four modes
the transmission is almost completely inhibited. (Note that the spectral envelope in the transmission measurement
is governed by the emission from many different QDs, explaining the off-resonant, wavelength-dependent intensity.)
In the drop direction (Fig. 3e), corresponding peaks are observed for the modes at 939nm and 947nm, showing that
at these wavelengths, light is coupled from bus to drop waveguide via the resonator. Importantly, we see only very
weak emission from the other end of the drop waveguide (Fig. 3f), demonstrating suppression of backscatter in the
topological resonator.

Next, we focus our attention on the mode centered at ~ 939nm, resonant with which the transmission of the
bus waveguide approaches zero (suggestive of critical coupling). We step the collection spot in an x-y grid across
the device while keeping the excitation laser fixed above the lower right OC, and acquire a PL spectrum at each
collection position. The resulting data is spectrally filtered such that it corresponds to either on or off resonance
with the longitudinal mode at ~ 939nm. Spatial maps giving the integrated PL signal are shown in Fig. 3(g,h).
On resonance, light is detected predominantly from the drop (top right) OC, showing that it is coupled through the
resonator. Conversely, when off resonant the largest signal is from the left hand OC of the bus waveguide, bypassing
the resonator. Scattering is also observed at the nanobeam-topological waveguide interfaces, which were not optimised
in this device. More significantly, minimal scattering is observed from above the bends in the topological interface,
testifying to their quality. A complementary measurement in which the excitation location was scanned whilst PL
emission was collected from a single fixed OC is presented in Supplementary Information section S4.

Having demonstrated the basic function of the device, we now consider a second operational paradigm, in which
we utilise single QDs embedded at the resonator interface. We first perform a Hanbury-Brown and Twiss (HBT)
measurement on photons emitted from a QD which is coupled spectrally and spatially to a resonator mode. In so
doing, we collect light into separate optical fibers from either end of one bus waveguide, therefore performing the
HBT beam-splitting operation on-chip (see Supplementary Information section S5). We obtain a ¢(®)(0) of 0.14 after
correcting for background emission from other QDs coupled to the same resonator mode, demonstrating the single
photon nature of the QD emission.

Next, we investigate the chiral behaviour of a single QD in a similar device. A schematic of the structure and the
measured resonator spectrum are shown in Fig. 4a and Fig. 4b, respectively. The QD is excited non-resonantly and
PL emission is subsequently detected from all four ports of the ADF. The resulting spectra as a function of magnetic
field are shown in Fig. 4c-f. Clear routing of light dependent on the spin state of the QD transition is observed. First,
we consider the spectra obtained at B, = 0T, for which the two spin states of the QD transition are degenerate, and
note that a single PL emission line is observed from all output ports. Due to the statistical emission from both spin
states of the QD, the source in this case is effectively unpolarised and therefore excites both CW and CCW resonator
modes, which subsequently decay equally into the four output ports.

However, upon application of a magnetic field in the Faraday geometry, the Zeeman effect leads to spin splitting,
giving rise to two non-degenerate, orthogonal, circularly polarised QD transitions. For a suitably positioned emitter,
spin-momentum locking at the topological interface ensures that the direction of emission from the QD is dependent
on the spin state. One of the spin states therefore couples to the CW resonator mode, while the other spin state
couples to the CCW mode. The modes subsequently decay directionally into the two waveguides. Valley-momentum
conservation results in a single resonator mode coupling to diagonally opposing ports of the ADF, and therefore a
single QD spin state also couples in the same manner in our device. For instance, at a magnetic field of 3T the
dominant emission line measured from the top left and lower right OCs is at longer wavelength, while the opposite is
true for the other two OCs. When the sign of the magnetic field is flipped, the situation is reversed, with the shorter
wavelength peak becoming dominant in the top left and lower right data. Thus, the device acts as a bidirectional
chiral router for each spin state of the QD. FDTD simulations for o+ and o~ dipoles placed at the resonator interface
support the experimental observation (see Fig. 4(g,h)). Additional experimental data is shown in Supplementary
Information section S6 for a second QD coupled to a different mode of the same device, demonstrating the broadband
potential of the structure.
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FIG. 4. (a) Schematic of the ADF, with a QD embedded at the resonator interface. Each of the four nanobeam waveguides is
terminated with a grating outcoupler (OC), not shown. (b) PL spectrum acquired from an OC under high-power excitation of
the resonator interface. The longitudinal resonator modes are marked by filled circles. The device parameters are (T,S,L) =
(16,10,11) unit cells, respectively. (c-f) Low power PL spectra for a single QD located at the resonator interface and with an
optical transition near-resonant with a longitudinal mode (see arrow in (b)). The spectra are acquired from the OCs in the (c)
top left, (d) lower left, (e) top right and (f) lower right of the device, respectively. Data is shown for three different magnetic
field strengths, B, = —3T, 0T and 3T, respectively. Dashed and dotted lines indicate the approximate wavelengths of the two
QD transitions under non-zero magnetic field. (g-h) Simulated, time-averaged electric field intensity in the plane of the device,
for a (g) ot or (h) o~ polarised dipole placed at a chiral point at the resonator interface (approximate location given by the
dashed arrow). Solid arrows indicate the dominant coupling directions from of the resonator in each case. Scale bars 4um.

IV. DISCUSSION

We have demonstrated an integrated topological add-drop filter operating in the optical domain. The filter consists
of a compact resonator coupled to a pair of access waveguides, defined within a valley-Hall topological PhC. Charac-
terisation of the device using broadband emission from the QD ensemble indicates that near-critical coupling between
the waveguides and resonator is achieved, allied with suppressed scatter, both in and out of plane. Chiral emission
from a QD embedded within the resonator is also demonstrated. One spin state of a QD transition is shown to couple
into two of the four output ports of the device, with the orthogonal spin state coupling to the other two output ports.

In future, optimisation of the device to increase the intrinsic (unloaded) resonator Q factor could enable broadband
Purcell enhancement [31] of the chiral light-matter interaction. This might be achieved, for instance, by passivation of
the semiconductor surface to suppress surface-related losses [31-33]. Scale up could then be envisioned; for example,
cascaded chiral resonators could be used for the transport of entangled states on-chip [34]. Addressing the QD
resonantly in the coherent scattering regime [35, 36] could ultimately allow for the realisation of a topologically
protected quantum optical circulator [28].

V. METHODS
A. Device fabrication

The device layers were grown on a semi-insulating (100) GaAs substrate using molecular beam epitaxy. They are:
1um Alp 6Gag 4As, 30nm n-GaAs, 50nm Aly 3Gag.7As, bnm i-GaAs, InAs QDs, 5nm i-GaAs, 30nm Al 3Gag.7As and
50nm p-GaAs.

Nanophotonic devices were fabricated using standard lithography and wet/dry etching techniques. A 120nm-thick
SiOy hardmask was deposited on the wafer using plasma enhanced chemical vapour deposition. This was followed by
spinning of an electron-beam-sensitive resist (CSAR). The devices were subsequently patterned using 50kV electron
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beam lithography (Raith Voyager) and then etched into the hardmask and epitaxial layers using reactive ion etching
(RIE) and inductively coupled plasma RIE, respectively. The hardmask and AlGaAs sacrificial layer were removed
using a hydrofluoric acid wet etch.

B. Experimental methods

The sample was mounted in a superconducting magnet cryostat (Cryo Industries of America) operating at 4.2K. PL
measurements were undertaken using non-resonant laser excitation at 770nm (M Squared SolsTiS). For the creation
of spatial PL maps, the excitation or collection spot was rastered across the sample using a motorized mirror in the
microscope excitation or collection path, respectively. The use of a relay lens pair ensured that the laser and collection
spots remained well-focused across the full scanning range during this process.

For autocorrelation (HBT) measurements, the sample was excited using an 808nm diode laser (Thorlabs CPS808).
The signal was collected independently from either end of one bus waveguide, and coupled into separate optical
fibers. Two 0.75m monochromators (Princeton Instruments SP-2750) were used to filter the output (filter bandwidth
~ 0.1nm) which was then detected using two avalanche photodiodes (Excelitas SPCM) with a convolved instrument
response time of ~ 700ps. Photon arrival times were recorded and time-correlated using two channels of a time tagger
(Swabian Instruments TimeTagger Ultra).
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S1. MODE PROFILES AND CHIRAL SPATIAL MAPS FOR THE TOPOLOGICAL INTERFACE.

Fig. S1 shows the electric field intensity distribution of the guided mode for the type A and type B valley-Hall
zigzag topological interfaces, as introduced in Fig. 1 of the main text. Also shown in each case is the normalised
Stokes S3 parameter (degree of circularity) for the same cross-section of the waveguide. This is otherwise known as
a chiral map, with regions of |S3| — 1 suppporting chiral coupling of an embedded emitter with circularly polarised
transition dipole moment. Using the fields obtained from finite-difference time-domain (FDTD) simulations, the S3
parameter was obtained from the expression
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FIG. S1. Mode profiles and chiral maps for (a) type A and (b) type B valley-Hall zigzag topological interfaces, respectively.
In each case (i) shows a schematic of the interface, (ii) gives the electric field intensity spatial map of the guided mode and
(iii) shows the (normalised) S5 Stokes parameter, giving the degree of circular polarisation of the mode as a function of (z,y)
position. Scale bars in (b,c) are 200nm.
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S2. CONTROL OF ADF COUPLING STRENGTH USING WAVEGUIDE-RESONATOR SEPARATION.

Here, we demonstrate control of the the add-drop filter (ADF) coupling strength at the design stage. To do so, we
vary the waveguide-resonator separation S while keeping the parameters T' and L constant (see Fig. S2a). By setting
S = 10,6 or 2 unit cells, the ring resonator and the bus and drop waveguides can be weakly, critically or over coupled,
respectively. This is demonstrated in Fig. S2b, in which FDTD simulations are used to evaluate the time-averaged
electric field intensity when light, resonant with the same longitudinal mode in each case, is injected into the drop
waveguide of the ADF.

Next, we experimentally investigate structures with these same parameters using integrated photoluminescence
(PL) intensity raster scans; the results are shown in Fig. S2d. For each of the three devices, we position the collection
spot above the lower left outcoupler (OC) and raster scan the excitation laser across the device, as shown in Fig. S2¢
(this is the reverse of the collection raster scan used in the main text). By virtue of the spatially distributed nature
of the QD ensemble, this approach effectively provides a user-positioned broadband light source with which to probe
the optical response of the device. We integrate the measured PL intensity over a bandwidth corresponding to the
same resonator mode in each case.

For S = 10, light from the drop waveguide weakly couples to the ring, and we see emission which originates from
both waveguides, and from within the resonator. For the S = 6 case, in which the the mode is near-critically coupled,
light is seen to couple through the resonator from the drop (upper) waveguide, while light from the other ends of the
drop or through waveguides is not detected. This light is instead coupled via the resonator to the OC on the right
hand side of the bus waveguide, in a mirror image of the data shown here. Finally, when S = 2, the resonator is
overly coupled to the waveguides. In this scenario, the light coupled from the drop waveguide to the ring subsequently
couples quickly to the bus waveguide.

Note that the approaches used to obtain the simulation data in Fig. S2b and experimental data in Fig. S2d are not
directly equivalent; nevertheless, in combination they clearly demonstrate how changing the parameter S changes the
resonator-waveguide coupling strength.
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FIG. S2. Control of ADF coupling strength by changing the waveguide-resonator separation. (a) Schematic of the ADF. (b)
Time-averaged electric field intensity spatial maps for three ADFs with different waveguide-resonator separation (from left to
right, S=10, 6 and 2 unit cells, respectively). In each case, light which is resonant with a single longitudinal mode of the
resonator is injected into the bottom left waveguide. (c¢) SEM of an ADF. Ex. - excitation spot location. (d) Integrated PL
intensity spatial maps for devices with (left to right) S=10, 6 and 2 unit cells. PL is collected from the OC terminating the
lower left output port, while the excitation laser spot is rastered across the device (indicated by the red arrow in (c)). In each
case, the integration is taken over a single longitudinal mode at ~ 1000nm. Solid blue lines give the positions of the waveguides
and resonator. White and black arrows indicate the dominant direction of power flow. Scale bars in (b,c) are 4pm.
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S3. VALLEY MOMENTUM CONSERVATION IN THE ADF.

The direction in which light propagates in the ADF depends on the interface type (A or B) and is dictated by valley
momentum conservation [1]. This can be understood by considering the phase winding of the H, field at the K and
K’ points in the Brillouin zone, and the dependence of the winding direction on the orientation of the PhC unit cell
(and therefore the interface type). In Fig. S3a we plot the phase of the H, field for the lowest frequency TE mode
at the K and K’ points, for both VPC1 and VPC2 PhCs. (The phase was obtained using the freely available MIT
Photonic Bands (MPB) software package [2].) For a PhC formed using VPC1 unit cells, the phase at the K point
winds by 27 in the clockwise (CW) direction about the centre point. When the unit cells are inverted (i.e. the PhC
becomes VPC2-type) the phase rotates in the counter-clockwise (CCW) direction. Conversely, at the K’ point the
opposite behaviour is observed.

A type A interface is now formed by positioning a VPC1 PhC above a VPC2 PhC (i.e. separated in the y direction),
with the resulting waveguide oriented along the x direction (see schematic 1 in Fig. S3b). At the K’ point, the field
vortices indicate that the interface mode will propagate in the positive x direction. Conversely, for a type B interface
the VPC2 PhC is positioned above the VPC1 PhC, and the field vortices are therefore reversed. The K’ interface
mode in this case propagates in the negative x direction (see schematic 4 in Fig. S3b).

Within the ADF, there are six different combinations of interface type (A or B) and direction (inclined at 0, 60 or
120 degrees to the x axis). However, these can all be traced back to one of the two scenarios outlined above, by a
suitable rotation of the waveguide. For instance, the interfaces in schematics 1, 2 and 3 in Fig. S3b are equivalent

VPC1 VPC2 (c) K' mode propagation (d) K mode propagation
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FIG. S3. (a) Phase vortices for the H, field at the K and K’ points of the lowest frequency TE band, for PhCs formed using
either inverted (VPC1) or uninverted (VPC2) unit cells. (b) Schematic showing the direction of light propagation within the K’
mode for the six possible combinations of interface type and waveguide orientation in the topological PhC. The phase vortices
for the VPC1 and VPC2 unit cells are given by white and black circular arrows, respectively. Straight arrows for the type A and
B interface propagation directions are coloured purple and green, respectively. Waveguides 1, 2 and 3 are equivalent, differing
only by rotation; the same is true for waveguides 4, 5 and 6. All arrows are inverted for propagation in the K direction. (c,d)
Schematic showing the direction of light propagation within the (c) K’ or (d) K mode of an ADF.
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other than by a rotation. The same is true for the interfaces labelled 4, 5 and 6. Using this basis, we indicate on
a schematic of the ADF in Fig. S3c the direction of propagation for the K’ mode. If light is injected into the right
travelling mode in the bus (lower) waveguide, a CW resonator mode is subsequently excited; this decays into the left
travelling mode in the drop (upper) waveguide. The reversed situation for the K mode is shown in Fig. S3d.

Using the above considerations, if light is injected into the K mode in the bus waveguide (i.e. propagating from right
to left), transmission into the left travelling K’ mode in the drop waveguide should be inhibited, as this necessitates
flipping of the k-vector. In Fig. 3f of the main text, this suppression of coupling into the ‘wrong’ mode of the
experimental drop waveguide is clearly seen.

Note also that topological protection should result in suppression of reflection by the ADF, as this also necessitates
flipping of the k-vector. An observation along these lines has been made recently in an elastic wave spin-Hall system
[3], in which topological protection prohibits quasi-spin flips.
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S4. EXCITATION PL SPATIAL MAPPING.

In addition to the collection raster scans shown in in Fig. 3 of the main text, we have performed excitation raster
scans on the same device. In this complementary measurement, we position the collection above the bottom right
OC and raster scan the excitation laser across the device (the reverse of the collection raster scan shown in the main
text). When the PL emission is spectrally filtered such that the emission energy is off-resonance with the mode, the
(integrated) PL is seen to originate only from the through waveguide (Fig. S4c). In this scenario, the resonator and
waveguide modes are decoupled. On resonance, however, light is detected which originates either from one end of
the drop waveguide (i.e. coupled through the resonator), or from within the resonator itself (Fig. S4b). As the mode
is near-critically coupled, light from the other ends of the drop or through waveguides is not detected. This light is
instead coupled via the resonator to the OCs on the left hand side of the device, in a mirror image of the data shown
here.

On resonance Off resonance

O Max
Counts (arb. units)

FIG. S4. (a) SEM of an ADF. Ex. - excitation spot location, which is rastered across the device. (b, ¢) Integrated PL intensity
as a function of excitation position, for the device shown in Figure 3 of the main text. PL is collected from the OC terminating
the lower right OC (white circle in (a)), while the excitation laser spot is rastered across the device. The integration is taken
over (b) 939.3nm to 939.5nm or (c¢) 943nm to 944nm. Dashed white lines give the positions of the waveguides and resonator.
The area shown in the maps corresponds to the dotted white box in (a). Scale bars in (a-c) are 4um.
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S5. ADF AS A SINGLE PHOTON BEAMSPLITTER FOR AUTOCORRELATION MEASUREMENTS.

Second order autocorrelation measurements (or Hanbury-Brown and Twiss (HBT) measurements) are a standard
technique to demonstrate single photon emission from a quantum emitter such as a QD. Typically, one collects photons
emitted by the QD and directs them to a pair of single photon detectors via a 50:50 beamsplitter. For a perfect single
photon source, correlations between arrival times of the photons show complete suppression at zero time delay. Here,
we use the add-drop filter itself as an on-chip beamsplitter. An SEM of the device is shown in Fig Sba. First, we
identify the spectral position of resonator modes which are coupled to the bus waveguides. We probe the transmission
of the lower bus waveguide by exciting ensemble PL from within the bottom right hand OC, detecting the signal from
the bottom left hand OC. The resulting transmission spectrum is shown in Fig S5b, with several clear dips observed
due to waveguide-resonator coupling.

Next, we identify a QD located within the resonator and coupled to the mode at ~ 952nm. Using low power
non-resonant excitation (Ajaser = 808nm), we collect PL simultaneously from both ends of the lower bus waveguide, as
indicated in the schematic in Fig S5¢. The QD couples to both CW and CCW resonator modes with similar efficiency,
and the modes subsequently decay in either direction along the bus waveguide, thereby realising an approximately
50:50 beamsplitting operation. We filter the signal collected by both fibers using separate monochromators with
~ 100pm filter bandwidth, with the signals prior to filtering shown in Fig S5d. Note that due to the relatively high
density of QDs in the sample, the filtered signal still contains a contribution from QDs other than the target QD
transition. We then correlate the arrival times of photons from either collection fiber using a pair of APDs and time
tagging electronics. The result of the HBT measurement is shown in Fig S5e, with ¢(®(0) = 0.53 after deconvolution
of the instrument response. If we then account for the signal to background ratio obtained from the filtered PL
spectra, we obtain a corrected value of g(?(0) = 0.14, clearly demonstrating the single photon nature of the emission.
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FIG. S5. (a) SEM of an ADF. Scale bar 4um. (b) Transmitted PL spectrum acquired from the bottom left OC (red circle
in (a)) after excitation of the QD ensemble in the bottom right OC. (¢) Schematic of the HBT experimental setup. APD
- avalanche photo diode; TCSPC - time correlated single photon counter. (d) PL spectra obtained from the left and right
OCs of the waveguide in (c), respectively, when exciting a QD positioned at the resonator interface. The spectra are shown
prior to spectral filtering. The QD transition is resonant with a cavity mode (arrow in (b)). (e) Second order auto-correlation
measurement for the QD transition in (d). The red dashed line shows a convolved fit to the data, while the blue line shows the
deconvolved fit, with ¢‘® (0) = 0.53. The bin width is 100ps.
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S6. BROADBAND NATURE OF CHIRAL COUPLING IN THE ADF.

Fig. S6 shows chiral coupling of a second QD to the device considered in Fig. 4 of the main text. Most importantly,
note that the QD is coupled to a different mode of the resonator in this case. The QD is excited non-resonantly and
PL emission is subsequently detected from the two ports on the right hand side of the ADF. The resulting spectra as
a function of magnetic field are shown, clearly demonstrating routing of light dependent on the spin state of the QD
transition.
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FIG. S6. SEM image of a representative ADF, with waveguide-resonator separation S=6 unit cells. Note that the measured
device has S=10 unit cells. Dotted lines outline the waveguide and the resonator interfaces. Each nanobeam waveguide is
terminated with an OC (not shown). Scale bar 4um. (b) PL spectrum acquired from an OC under high-power excitation of the
resonator interface. (¢) Low power PL spectra for a single QD located at the resonator interface and with an optical transition
near-resonant with a longitudinal mode (see arrow in (b)). The spectra are acquired from the OCs at the top right (orange line)
and bottom right (blue line) of the device, respectively. Data is shown for three different magnetic field strengths, B, = —3T,
0T and 3T, respectively.
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Chapter 6

Conclusion

The emerging field of topological photonics with embedded quantum dots offers a
bridge between quantum optics and topology. This thesis presented the develop-
ment of a number of novel topological nano-photonic devices, which were designed
and studied to harness the intrinsic unidirectionality and robust propagation of
topological states of light. Several key components of optical circuits, such as
uncoupled and waveguide-coupled optical ring resonators were studied in details.
Semiconductor QDs were then integrated in these devices to form a platform for
on-chip generation and manipulation of single photons. The integrated topolo-
gical quantum optics platform discussed in this thesis may serve as a stepping
stone towards realization of topological effects and chiral quantum optics at the
single photon regime with promising applications in quantum information science
and technologies.

Leading on from the studies in this thesis, one can consider a number of pos-
sible directions and further investigations. One direction may be efficacy improve-
ment of mode conversion between topological and non-topological (conventional)
nano-photonic optical components. Another direction can be improvement of
the ring resonator quality factors for investigation of non-linear optical effects.
Chiral coupling of multiple quantum emitters in these systems can lead to the
possibility of studying optical super/sub-radiance effects. Additionally, coupling
between multiple ring resonators for optical filtering, QD-coupled slow-light to-
pological waveguides and ring resonators for Purcell-enhanced chiral effects can
be studied.
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Appendix A

Electrical and Optical Properties
of III-V Semiconductor QDs

A.1 Supplementary information

This section provides supplementary information on optical and electrical char-
acteristics and relevant properties of SAQDs used for the work presented in this
thesis.
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Figure A.1: Schematic band structure of a typical bulk ITI-V semiconductor. The
bandgap (Eg) separates the single conduction band (blue curve) from the valence
band (red), which consists of a heavy hole (HH), light hole (LH) and split-off (SO)
band, respectively. Spin-Orbit splitting splits the SO band from the other valence
bands by (delta). At k = 0 (Gamma point), LH and HH bands are degenerate,
but they split as detuning from k = 0 is increased.
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Figure A.2: Tllustration of the level structure of a SAQD. Carriers have filled
the s, p and shells. Shells may contain one, two or three pairs of Carriers (either
electrons or heavy holes with opposite spins), respectively. The bright exciton
states, which are highlighted in red, have opposite electron/hole spins.
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Figure A.3: Schematic diagram of the energy levels for a neutral exciton state in

a InAs SAQD.
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Figure A.4: Schematic illustration of electronic band structure of a SAQD in the
(left) flat-band condition (no electric field) and (right) presence of electric field
in the structure. An applied electric field results in a reduction of the energy
difference between the states of the electron and hole.
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Appendix B

Notes on the Papers Presented in
Chapter Three and Four

B.1 Supplementary information

This section provides supplementary information and further discussions on the
papers presented in this thesis.
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B.1.1 Chapter Three: Experimental Quality Factors of
the Ring Resonator

The GaAs wafer used in the paper presented in chapter three is a suspended,
nominally 170nm thick p-i-n membrane with embedded InAs QDs, which is used
for formation of the topological ring resonator. In such membranes, there can be
several potential surface-related effects leading to lower experimentally measured
Q factors than the simulations. Due to the thin, suspended nature of the struc-
tures, the surfaces have potentially much more effect than in a bulk microcavity.

These effects might include surface scattering due to surface roughness, im-
perfection in the verticality of side-walls of the PhC holes which can lead to
out-of-plane scattering due to TM-TE coupling, in-plane absorption due to the
high density of QDs embedded in the membrane, dopant related absorption and
surface-related absorption due to oxidation. Passivation of the surface of such
nanophotonic devices can strongly suppress the surface absorption and improve
the Q factors. It is shown in [73, 74] how techniques such as surface passivtion
and lifetime enhancement of free carriers can be used to significantly improve the
experimental Q factors.

B.1.2 Chapter Four: Spin Vortices in the Ring Resonator

Vortices are phenomena with spin-texture which can arise in topological systems
due to coherent superposition of counter propagating modes, leading to formation
of quantised angular momenta (OAM) entities. They can be characterised by
phase winding of an integer multiple of 27 around a core. A potential platform
for realisation of vortices can be topological photonic systems, as shown recently
in a photonic quantum Hall system [75].

The eigenstates of the valley-Hall topological ring resonators presented in
chapter four can be discussed in terms of half-vortices or spin-vortices. The
photonic quantum valley-Hall effect gives rise to in-plane propagation of photons
coupled to counter-propagating modes confined to a two-dimensional membrane
due to total internal reflection. Using the chiral modes of the topological ring
resonator, one can introduce compact and integrated optical vortices formed from
counter-propagating photons in the ring with opposite circular polarization.

The coherent superposition of the two chiral valley-Hall modes present in
the ring resonator with anti-rotating OAM and opposite photon pseudo-spin may
lead to new types of these topological entities, usually referred to as vector vortex
beams in photonics [76]. These vortices are characterized by quantized polarisa-
tion winding instead of pure phase winding [77, 76].

The topological photonic ring resonators based on the quantum valley-Hall
effect may enable the direct and integrated generation of such vortices from
light travelling at the interface between two topologically dissimilar photonic
structures. This could be a potential further investigation of the ring resonators
presented in this thesis.
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