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Abstract

Various nanophotonic structures are studied theoretically using the Fourier modal
method (FMM), including ridge waveguides, 2D photonic crystals and nanowires.

A FMM with open boundary conditions in Cartesian coordinates is developed,
implemented and tested. We find that an efficient sampling of the k-space leads
to faster convergence as compared to the standard equidistant sampling.

Using a Fourier-based Bloch mode expansion technique, a photonic crystal
waveguide side-coupled to a microcavity and embedded with a partially transmit-
ting element (PTE) is investigated. We demonstrate how the symmetry of the
Fano-shaped transmission spectrum is controlled by the PTE-cavity distance.

All-optical mapping of the position of single quantum dots embedded in tapered
nanowires is demonstrated. We show that the far-field patterns of the quantum
dots reveal their lateral position by comparison with simulations. We estimate
the positioning uncertainty to be on the order of 10-15 nm.

The optimal design for obtaining a high Purcell enhancement and source effi-
ciency of a truncated nanowire placed on a gold-silica mirror is determined using
a single-mode model and a model including all optical modes. In the design pro-
cess, we identify a breakdown of the single-mode model in computing both the
Purcell enhancement and the source efficiency. We provide simple physical expla-
nations of this breakdown, by analysing the influence of radiation and evanescent
modes.

Finally, a quantum dot placed in a Fabry-Perot cavity realised by embedding two
mirrors in a high-8 waveguide is considered. We develop a quantum mechanical
model, which correctly accounts for both the cavity and the waveguide effects.
Our model reveals a new design strategy for solid state single-photon sources,
where a quantum dot embedded in a long Fabry-Perot cavity in high-8 waveg-
uides are shown to emit photons with simultaneous high indistinguishability and
efficiency.






Resumeé

Diverse nanofotoniske strukturer bliver undersggt teoretisk ved brug af Fourier
modal metoden (FMM), herunder kantede bglgeledere, 2D fotoniske krystaller
og cylindriske nanotrade.

En FMM med abne graensebetingelser i kartesiske koordinater udvikles, imple-
menters og testes. Vi konkluderer, at en effektiv udvaelgelse af k-rummet fgrer til
hurtigere konvergens sammenlignet med en standard sekvidistant diskretisering.

Ved brug af en formalisme baseret pa en ekspansion pa Bloch-modes, undersgges
en fotonisk krystal bglgeleder sidekoblet til en mikrokavitet og indlejret med et
delvist transmitterende element (PTE). Vi demonstrerer, hvordan symmetrien af
det Fano-formede transmissionspektrum kontrolleres af afstanden mellem PTE
og kavitet.

En udelukkende optisk bestemmelse af individuelle kvantepunkters position,
som er indlejret i en tilspidset nanotrad, demonstreres. Vi viser, hvordan fjern-
feltsmgnsteret af kvantepunkterne afslgrer deres laterale position ved sammen-
ligning med simuleringer. Vi estimerer usikkerheden pé positionsbestemmelsen
til at veere i omegnen af 10-15 nm.

Det optimale design for at opna en hgj Purcell forsteerkning og kildeeffektivitet
af en trunkeret nanotrad placeret pa et guld-silica spejl bestemmes ved brug af
en enkelt-mode model og en model inkluderende alle optiske modes. I designpro-
cessen identificerede vi et sammenbrud af enkelt-mode modellen ved udregningen
af bade Purcell forsteerkningen og kildeeffektiviteten. Vi giver simple fysiske
forklaringer af dette sammenbrud ved at analysere indflydelsen af ikke-guidede
og uddgende optiske modes.

Til sidst undersgger vi en struktur, hvor et kvantepunkt er placeret i en hgj-3
bglgeleder med spejle indlejret pa hver side, som udger en Fabry-Perot kavitet.
Vi udvikler en kvantemekanisk model, som pa rette vis tager hgjde for bade
kavitets- og bolgeledereffekterne. Brugen af vores model fgrer til en ny design-
strategi for faststof-enkeltfotonkilder, hvor vi viser, at et kvantepunkt placeret i
en lang Fabry-Perot kavitet i hgj-38 bolgeledere udsender fotoner med simultant
haj uskelnelighed og effektivitet.
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Part 1

Background, theoretical
foundation and methodology






CHAPTER

Introduction

In 1865 James Clerk Maxwell published his famous Maxwell’s equations in the
article entitled A Dynamical Theory of the Electromagnetic Field’ [1], and in
1884-1885 these equations were reformulated to the differential form we know
today by Oliver Heaviside [2]. Maxwell’s equations implies that light propagates
as electromagnetic waves, and in 1905 Albert Einstein added that a beam of
light actually consists of a stream of individual wave packets [3] (these were
later named photons), which lead to the wave-particle duality that initiated the
development of quantum mechanics. Today a whole range of technologies exists,
which are build on the physical laws formulated by Maxwell and Einstein from
over a century ago. In the pursuit of making these technologies more efficient
and compact, the devices are structured on a decreasingly smaller scale.

Nanophotonic devices

Nanophotonic devices are a broad term covering numerous technologies, where
the structuring of the materials on the nanometer scale is important for the
performance of the device. Within classical applications these includes vertical-
cavity surface-emitting lasers (VCSEL) [4-6], photonic crystal (PhC) lasers [7-9],
signal-processing such as switching [10] and pulse carving [11], and the whole field
of integrated photonics.
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(a) (b) (c)

(d) (e) (f)

Figure 1.1: Illustration of different designs of single photon sources (SPS). Nanowire
with (a) a needle out-coupling taper and (b) a trumpet out-coupling taper, (¢) micropillar,
(d) planar dielectric antenna, (e) terminated PhC W1 waveguide and (f) PhC L3 cavity.
The illustrations are from Ref. [22] and the SEM images in (a-b) are from Ref. [23]

Due to the continuous improvement of the fabrication techniques, nanophotonic
devices are believed to be a key technology in the development of the optical
quantum computer [12-15], proposed by Knill, Laflamme and Millburn (KLM)
in 2001 [16]. Here they showed that quantum computing is possible using only
linear optical elements, such as beam splitters, phase shifters and mirrors, to-
gether with single-photon sources (SPSs) and photo-detectors. However, the
KLM scheme suffers from being probabilistic and several ways to improve the
scheme has been suggested, which are discussed in the review article Ref. [13].
The optical quantum computer is a technology for the future, however, quantum
cryptography is already on the market. One way to realize quantum cryptogra-
phy is to use quantum key distribution as suggested by Bennett and Brassard
in 1984 with their BB84 protocol [17]. Entangled photon pairs are central to
their scheme, and thus an efficient source producing these are needed [18-20].
Thus both the optical quantum computer and quantum cryptography relies on
efficient sources of quantum light, for which the performance is characterised by
the indistinguishability, purity and efficiency. Thus the development of efficient
quantum light sources are key for both the optical quantum computer, quantum
cryptography and for the quantum internet [21].

The indistinguishability of photons is a quantum mechanical property describ-
ing how well the wave-packets overlap in energy, space, time and polarization
[24]. The efficiency of quantum light sources is a measure of how many of the



emitted photons are collected by a lens or a waveguide, whereas the brightness
is defined as the number of photons collected per excitation pulse into the first
lens [25]. Single-photons are emitted by atoms and atomic like structures such as
molecules [26], semiconductor quantum dots (QDs) [25, 27-29] and NV-centres
[30], or are generated by non-linear processes such as spontaneous parametric
down-conversion (SPDC) [31]. Only the semiconductor QD micropillar struc-
tures have demonstrated simultaneous high indistinguishability, efficiency and
brightness [25, 29]. In order to enhance both the efficiency and indistinguisha-
bility of QD semiconductor structures, several design strategies have been inves-
tigated and some of these are illustrated in Fig. 1.1, where a quantum emitter
is embedded in different photonic structures such as nanowires in (a-b) [27, 32],
(c) micropillar cavities [25, 29], (d) planar dielectric antennas [26, 33], (e) PhC
waveguides [28] and (f) PhC L3 cavities [34]. Generally the best approach is not
known, and for both the classical and quantum nanophotonic devices, optimal
designs are not identified in the laboratory, since this would be both very ineffi-
cient and expensive. Instead numerical simulations and modelling of the devices
are necessary, and for that a range of different techniques exist.

Topics of thesis

In the Quantum and Laser Photonics group at DTU Fotonik !, we have a close
collaboration between our theoretical and experimental activities, where the the-
orists in general design and model nanophotonic devices. In my master and the
beginning of my Ph.D.-project, I investigated a photonic crystal Fano structure
(to be presented in Chapter 4), which for now has primarily classical applica-
tions within e.g. signal processing [11] and self-pulsing nanolasers [9, 35]. My
Ph.D. is part of the LOQIT-project?, where our aim is to develop high efficiency
single-photon and entangled photon pair sources for quantum cryptography and
quantum information processing. Specifically, we want to establish the physical
understanding needed for engineering sources with simultaneous high indistin-
guishability and near-unity efficiency. Thus I have moved from classical applica-
tions towards quantum applications during my studies, however without changing
the methodology, which remains classical. Initially, my primary tasks was to de-
velop on the Fourier model method, both in terms of the computational efficiency,
boundary conditions and expanding the range of structures it can handle. How-
ever, during my Ph.D., we got a lot of requests for calculations from experimental
groups outside DTU on specific nanophotonic devices with applications within
quantum information technology. This shifted our focus from method develop-
ment to more device specific calculations, since we find the interplay between
experiments and simulations/theory both very interesting and important. Thus

'Formerly, known as the Theory & Signal-Processing group. Our group is part of the
Nanophotonics section, which consists of four research groups.
2Linear optics for quantum information technology. Website: logit.fotonik.dtu.dk
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we only develop on the existing simulation tools in Chapter 3, whereas Chapters
4-7 are concerned with the physics and performance of specific devices.

My external stay at CEA in Grenoble with Julien Claudon is a result of our close
collaboration with their experimental activities, where we deliver the theory and
modelling of their devices. During my stay, I shared office with fellow Ph.D.-
student Romain Fons, who carried out the experiments presented in Chapter 5.
Sharing office with him was extremely fruitful, since we had very different views
on the same physical phenomena, which lead to interesting discussions on the
physics in the needle nanowires investigated in Chapter 5.

Commonly for all the chapters is that the workhorse is the Fourier modal method
(FMM), due to the physical insight inherently provided by the technique 3. The
method will be used on ridge waveguides (3D structure), 2D photonic crystals
(PhC, 2D structure) and on nanowires (rotationally symmetric structure), un-
derlining the diversity of problems the FMM is able to solve. The FMM also has
some drawbacks, including convergence difficulties for resolving large discontinu-
ities, and that tapers and PhC holes are described with a staircase approximation
reducing the computational efficiency. Furthermore, the FMM is not universal,
meaning that it will be very efficient for structures with rotational and /or transla-
tional symmetry, and very inefficient for more advanced structures, e.g. topology
optimized structures [36], and L5 and L9 PhC cavities as recently reported in
Ref. [37].

Overview

The present thesis, as stated above, contains both method development, which
adds to the functionality of the FMM, and applied nanophotonics engineering,
where specific structures are investigated using the FMM in different forms. The
thesis is therefore divided into two parts and eight chapters as listed below.

Part 1: Background, theoretical foundation and methodology In this
part we introduce nanophotonic engineering on a general basis and develop new
simulations tools. The part consists of the current chapter, and Chapters 2 and
3:

Chapter 2 We present the theoretical concepts central for the thesis. The
chapter starts at the true foundation of nanophotonic engineering by pre-
senting Maxwell’s equations and the Lorentz recriprocity theorem. There-
after we briefly review different techniques for solving Maxwell’s equations
followed by a section presenting the FMM in general terms. We provide
an overview of the different types of boundary conditions, which are im-
portant to consider for especially open systems. The p-factor and Purcell

3In Chapter 7 the FMM plays a minor role as compared to the other chapters.



enhancement is presented and the chapter ends with the near-field to far-
field transformation in cylindrical coordinates.

Chapter 3 Open boundary conditions are the ideal choice for open systems,
and here we present our open-geometry Fourier modal method (oFMM) in
3D Cartesian coordinates. We show the importance of sampling the k-space
in a clever way for faster convergence, and demonstrate our technique by
calculating the emission rates and S-factor for a dipole embedded in a ridge
waveguide, as well as the reflectivity of a metallic mirror.

Part 2: Applied nanophotonics engineering Specific nanophotonics struc-
tures are modelled using the FMM, in order to obtain insight on the physics of
the devices.

Chapter 4 Using a Fourier-based Bloch mode expansion technique we
consider a photonic crystal waveguide structure coupled to a microcavity.
In the waveguide, we place a partly transmitting element (PTE) and we
show how the spectral symmetry (parity) of the resulting Fano resonance
depends on the distance between the PTE and the microcavity.

Chapter 5 InGaAs QDs embedded in GaAs nanowires are positioned ran-
domly in the lateral plane due to the growth method. In this chapter, we
present an all-optical mapping technique for determining the position of the
QDs from far-field measurements.

Chapter 6 The source efficiency and Purcell enhancement of a dipole em-
bedded in a truncated nanowire placed on a gold-silica mirror is investigated
using a single-mode model and a model including all modes. We identify
a breakdown of the single-mode model for computing both the Purcell en-
hancement and source efficiency, and provide simple physical explanations
for this.

Chapter 7 When computing the indistinguishability and efficiency of single-
photon sources (SPS), one needs to include the interaction with phonons,
which is only possible with a quantum mechanical description. We present a
model, which correctly accounts for the inherently high g-factor of nanowire
SPSs not included in the current models, and identify a new design strategy
for obtaining simultaneous high indistinguishability and efficiency.

The thesis ends with Chapter 8, where we will summarize the conclusions of the
thesis and provide an outlook.






CHAPTER

Theory of nanophotonics
engineering

In this chapter, the theoretical foundation for the rest of the thesis will be laid.
The purpose of the chapter is to introduce the general concepts, which the present
thesis is based upon, rather than deriving all equations from first principles.
In Section 2.1 Maxwell’s equations are presented, as they form the basis of all
photonics engineering. In the same section the Lorentz reciprocity theorem is
presented, since it is the starting point for calculating the coupling of a dipole
emitter to the surrounding photonic environment. Numerical techniques are often
needed for solving Maxwell’s equations and a brief review of the most common
methods are found in Section 2.2. The workhorse for all the optical simulations
presented throughout the thesis is the modal method in different formats. Thus
we present an overview of the modal method in Section 2.3. Section 2.4 presents
different types of boundary conditions as these are essential for the convergence of
optical simulations. In Section 2.5 the spontaneous emission rate and the S-factor
will be introduced in general terms, and the chapter ends with Section 2.6, where
the near-field to far-field transformation is presented in cylindrical coordinates.
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2.1 Maxwell’s equations

Most of the work presented in the present thesis relies on solving Maxwell’s
equations in different nanophotonic structures. Maxwell’s equations in the basic
differential form are [38, 39]

VX E(,t)=-0,B(r,t), (2.1a)
V xH(r,t)=0D(r,t) +J(r,1), (2.1b)
V-D(r,t)=p(r,t), (2.1c)
V- -B(r,t) =0, (2.1d)

where E, B, H and D are the electric field, the magnetic induction, the magnetic
field and the electric displacement, respectively, while J and p are the free current
density and free charge, respectively. Using the harmonic time dependence

F (r,t) = F (r) exp (—iwt), (2.2)

for all fields and functions in Eqgs. (2.1), Maxwell’s equations in the frequency
domain are obtained

VxE(r)=iwB(r), (2.3a)
VxH(r)=—iwD(r)+ J(r), (2.3b)
V:-D(r)=p(r), (2.3¢)
V:-B(r)=0 (2.3d)

For now the spatial dependence of the fields and functions in Egs. (2.3) is
suppressed in the interest of a leaner notation. The constitutive relations for
non-magnetic and non-dispersive media relates the electric field with the electric
displacement, and the magnetic field with the magnetic induction as

D = ¢ycE, (2.4a)
B = uoH, (2.4b)

where g9 and pg are the vacuum permittivity and permeability, and ¢ is the
relative permittivity (also known as the dielectric function), which in general
is a function of both space and frequency. However, in this thesis the frequency
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dependence of the dielectric function is generally neglected unless otherwise spec-
ified. Inserting Eqgs. (2.4) into Egs. (2.3) leads to the following form of Maxwell’s
equations

V x E =iwuoH,
V x H = —iwepeE + J,
eoV - eE = p, (2.5¢
V-H=0. (2.5d

For all structures considered in this thesis there are no free charges i.e. p =
0. The energy flux density (energy per unit area per unit time) carried by an
electromagnetic field is given by the Poynting vector [40]

S=ExH. (2.6)

In general, we are often more interested in the time-averaged Poynting vector
describing the average power per unit area given as [41]

(S) = %Re (B x HY). (2.7)

Lorentz reciprocity theorem

Lorentz’ reciprocity theorem follows from Maxwell’s equations and reads as fol-
lows [39]

/(El XHQ—EQXHl)'ﬁdS:/ (Jl'EQ—JQ'El)dV, (28)
S \%

where the electromagnetic fields [E1(2), Hl(g)] are produced by the current source
Ji(2) at frequency w. This theorem is used for determining the dipole excitation of
eigenmodes in photonic structures. It will be used for the Fourier modal method
in both Cartesian and cylindrical coordinates.

2.2 Modelling techniques

There are numerous numerical methods for solving Maxwell’s equations (2.1) in
nanophotonic structures. Depending on which properties one wish to compute
each method has its advantages and disadvantages. In the present thesis we are
especially interested in the following very specific properties of the nanophotonic
structures: the scattering coefficients, the spontaneous emission rate into both
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guided and radiation modes, and the spatial distribution of the guided modes.
Below the ability of the most common numerical techniques to compute these
properties will be reviewed, which will serve as the motivation for using the
Fourier modal method (FMM) throughout the present thesis.

The finite-difference time-domain (FDTD) technique [42] is the most commonly
used method for simulating nanophotonic structures®. It is often being described
as a brute force method, since it directly solves Maxwell’s equations with no
further approximations. It is only the differential operators that are approximated
as finite-differences. FDTD has the advantage of being available in commercial
software packages such as Lumerical, however, this has the downside of often
being a black bor, where you risk loosing physical insight. To my knowledge it
is quite difficult to get modal information using FDTD, meaning that scattering
coefficients, modal spontaneous emission rates and modal spatial distributions
are not easily accessible using FDTD.

Another commonly used technique is the finite element method (FEM) 2 [43].
In contrast to FDTD the differential operators of Maxwell’s equations are intact.
Instead the solution space is approximated as consisting of small patches on which
3 are provided for approximating the solution. The
patches with the local basis functions are called finite elements. These patches
are pieced together assuring the continuity of the tangential components of the
electric and magnetic fields. As for FDTD, commercial software packages based
on FEM like COMSOL and JCMwave are available, which is a huge advantage
of this technique. Using FEM it is possible to obtain the spatial distributions of
optical modes and thus also model knowledge of the spontaneous emission rates.
However, scattering coefficients are not straightforwardly extracted using FEM.
Both FDTD and FEM rely on discretizing the solution space, which makes them
quite memory demanding for 3D problems, especially for open systems where
a region outside the structure needs to be included with absorbing boundary
conditions.

a number of basis functions

The Green’s function integral equation method (GFIEM) is also a commonly
used technique, however to my knowledge no commercial software exists for this
method. GFIEM is especially useful for scattering problems, where the field at
all positions can be described as a sum of a field incident on the scatterer and a
scattered field [44, 45]. The scattered field is described as a sum of fields emitted
by a continuum of point sources located either inside or on the surface of the
scatterer, where the strength of each source is determined by the fields at that
position. By construction the GFIEM has open boundaries, meaning that it is
an ideal method for open systems. Whether you can extract modal information

!This is at least the impression I get at conferences.
2This assumption is again based on my conference participations.
3E.g. polynomials.
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regarding the spontaneous emission rates and scattering coefficients probably
depend on how you describe the Green’s function of the scatterer.

The last class of methods to be summarised here are the modal methods (MM),
where the structure is divided into uniform layers in a chosen propagation direc-
tion [46]. In each of these layers the electric and magnetic fields are described
as a superposition of eigenmodes, which can be determined semi-analytically *
or numerically by expanding these on a set of basis functions, which leads to an
eigenvalue problem easily solvable in Matlab. The electromagnetic field in each
layer is then coupled together via the scattering matrix formalism. One of the
big advantages of using a MM is the direct access to each individual mode and
all the scattering coefficients associated with each mode. This enables easy cal-
culation of the Purcell enhancement and S-factor in nanophotonic structures. In
the following section we will provide a bit more details on the modal method.

2.3 The modal method

Throughout the present thesis, we will use the Fourier modal method (FMM)
in Cartesian coordinates for 3D (Chapter 3) and 2D systems (Chapter 4), and
in cylindrical coordinates for rotationally symmetric structures (Chapter 5 and
6). In Chapter 7 the modal method will be used in general terms, thus it will
not be specific to one coordinate system. Here we will not go into the details of
the FMM for each coordinate system with each type of boundary condition (see
Section 2.4), however, regardless of these the FMM is build on the same basis,
which we will provide here.

The basic assumption of the modal methods, is that the total electromagnetic
field can be described in a z-invariant section of the structure as a superposition
of forward and backward propagating eigenmodes [46]

F(r,w) = Z ajf;r(r, w)exp (18;2) + b;f; (r,w) exp (—iB;2) , (2.9)
j

where F is either the electric (E) or magnetic (H) field, f; is the j'th eigenmode,
a;(b;) is the modal expansion coefficient of the j’th forward (backward) prop-
agating eigenmode and (3; is the propagation constant for the j'th eigenmode.
The superscript +(—) indicate the propagation direction of the eigenmode.

In order to determine the field in Eq. (2.9) the eigenmodes and the modal
expansion coefficients needs to be determined. The first step is to divide the
optical structure into uniform layers in the propagation direction, meaning that
the refractive index does not change along that direction [46, 47], as illustrated in
Fig. 2.1. The eigenmodes are expanded on a set of basis functions, and insertion

1At least for 2D and rotationally symmetric structures
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"1

=N W ke Ot O

n2

Figure 2.1: Division of a photonic structure into six layers of uniform refractive index
along the z-direction. The grey (white) area has refractive index ng(ny).

of this expansion into Maxwell’s Egs. (2.5a) and (2.5b) assuming no free currents
(J = 0), leads to an eigenvalue problem, whose solutions gives the eigenmodes
and their propagation constants.

Having determined the eigenmodes, the modal expansion coefficients needs to be
found. These are found in 2 steps. First the reflection and transmission matrices
between adjacent layers are found by matching the electromagnetic field at the
interface. Here we require that the tangential electric and magnetic fields are
continuous across the interface [46]. This condition leads to a transmission and
a reflection matrix that couples the eigenmodes in the adjacent layers across the
interface.

The next step is to take the scattering at all interfaces into account. For sim-
plicity, we consider the structure in Fig. 2.1 and illuminate it from the bottom
with the fundamental mode of the first layer (i.e. @ = 61;). At the first interface
between layer 1 and 2, it will be partly reflected and partly transmitted. The
transmitted part will reach the second interface between layer 2 and 3, where it
is again partly transmitted and reflected. The reflected part travels backwards
towards the interface between layer 1 and 2, where it is partly reflected and trans-
mitted. The result is that in each layer we have in principle an infinite number
of roundtrips of light that is partly transmitted and reflected at the interfaces.
In order to describe this correctly we use the scattering matrix formalism [46],
which is a cyclic procedure for computing the reflection and transmission matri-
ces relating layer ¢ and ¢/. We start by finding the scattering matrices for layer
1 and 2, then for layer 1 and 3, layer 1 and 4, and so on, until we have repeated
the procedure for all interfaces. This gives us access to all the modal excitation
coefficients through the structure, and thus also the coupling between all modes.
As will be shown throughout the present thesis, this feature is advantageous for
obtaining a physical intuition and understanding of the observed phenomena.

In Chapter 3 the Fourier modal method in 3D Cartesian coordinates and with
open boundary conditions will be derived, implemented and tested. Chapter 4
uses a Fourier-based Bloch mode expansion technique in order to exploit the
periodicity of the photonic crystal structure under investigation. This technique
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Figure 2.2: The dielectric profile of a waveguide in a geometry with (a) closed boundary
conditions, (b) periodic boundary conditions, (¢) absorbing boundary conditions and (d)
open boundary conditions.

is well established, and a good description of the details is found in Ref. [46].
For Chapters 5 and 6 we use the Fourier modal method in cylindrical coordinates
and with open boundary conditions, which was recently developed in Ref. [48],
where the derivation of the formalism and the eigenvalue problem is found.

2.4 Boundary conditions

In computational photonics it is very important to consider the right choice
of boundary conditions for the computational domain. In this section a small
overview of the different types of boundary conditions will be provided. Exten-
sive details on the implementation of open boundary conditions in the Fourier
modal method using Cartesian coordinates will be given in Chapter 3.

Closed boundary conditions

Closed boundary conditions is probably the simplest boundary condition, where
it is required that the electric (magnetic) field is zero at the boundary of the
computational domain. The structure of interest is placed in a box of length L,
with walls being a perfect electric (magnetic) conductor such that [39]

E(H), (0) = E(H); (L) = 0. (2.10)

Fig. 2.2(a) illustrates the closed geometry for a slab waveguide. Care should
be taken when using closed boundary conditions since these leads to artificial
reflections from the boundary of the computational domain.

Periodic boundary conditions

Periodic boundary conditions is normally used in the Fourier modal method,
where the eigenmodes are expanded on Fourier series [46]. For a periodic structure
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the Bloch theorem is employed, which requires that the field after one period
reproduces itself multiplied with a phase term as [39, 49]

E(z+ L) = E(x)exp (i), (2.11)

where « can be freely chosen from the outset [46]. Fig. 2.2(b) illustrates a
periodic geometry. Again if you are to perform computations on an open system,
care should be taken when using periodic boundary conditions, since you will have
interference between the neighbouring structures in your computational domain.

Absorbing boundary conditions

Implementing an absorbing boundary condition is a way to reduce the artificial
reflections from the computational boundaries inherent for periodic and closed
boundary conditions in open systems [50]. The mostly used absorbing boundary
are the perfectly matched layer (PML) [42], which was proposed in Ref. [51]
in 1994 for the finite-difference time-domain technique. For eigenmode expan-
sion techniques PMLs are still the standard boundary condition for open systems
[47, 52-54]. In short, PMLs are absorbing boundary regions surrounding the
computational domain in which out-going electromagnetic energy is dissipated.
The PMLs are perfectly matched to the computational domain in order to reduce
reflections at the interface between the PML domain and the computational do-
main. However, it should be noted that PMLs are an artificial boundary and con-
vergence issues has been reported for a FMM implementation [50]. For correctly
implemented PMLs these converge towards the true open boundary conditions.
Fig. 2.2(c) sketches a PML for a waveguide geometry.

Open boundary conditions

Open boundary conditions allows outgoing waves to propagate to infinity with
no artificial reflection, as illustrated in Fig. 2.2(d). For simulation techniques
relying on a spatial discretization such as FEM and FDTD, open boundaries are
not possible. However, for the FMM, where the fields are expanded on Fourier
series it is possible to expand these on Fourier integrals instead, which in principle
gives the exact description of the fields. Extensive details on the implementation
of open boundaries in the FMM for 3D Cartesian coordinates will be given in
Chapter 3, which is based on the same ideas of an efficient discretization of k-
space for the Fourier integrals as was first proposed in Ref. [48].
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2.5 Spontaneous emission rate and S-factor

Until Purcell’s analysis in 1946 [55] spontaneous emission by a quantum emitter
was considered an intrinsic property independent of the surrounding photonic
environment [56]. He discovered that the spontaneous emission rate, 7, of an
emitter in a resonant cavity is enhanced by a factor proportional to the ratio
between the quality factor @ and the mode volume V of the cavity as compared
to the emission rate in a bulk medium, ~y. This factor is the well-known Purcell
factor and is given as

vy 3 AC)P’Q
Fp=_ = 2 (2} X 2.12
P - 47[_2 (TL V7 ( )

where A, is the resonant wavelength of the cavity and n is the refractive index of
the cavity medium. However, Eq. (2.12) only holds at the cavity resonance and
for an emitter located exactly at the field maximum [57].

A general expression for the spontaneous emission rate is given by Fermi’s golden
rule [56, 58] in the dipole approximation

2| )] 6 (i — wy). (2.13)

=52l

where |i) denotes the initial state of the emitter with emission frequency w; and
|f) any possible final state with frequency wy. Hj is the interaction Hamiltonian
between the initial and final state of the emitter and is in the dipole approximation
given as [56, 59

Hi =—-p-E, (2.14)

where p and E are the dipole moment and electric field operators respectively.
In the present thesis, however, all calculations are done classically by use of the
dipole approximation, as the structures considered will be in the weak coupling
regime, where classical theory and quantum electrodynamics have shown to agree
on the effects of a cavity on the spontaneous emission rate [56, 60]. An exception
is made in Chapter 7, where we will use a quantum mechanical model to calculate
the indistinguishability and efficiency of a nanowire single-photon source, since
a classical model is not adequate in this case. In the dipole approximation, the
quantum emitter is treated as a classical dipole, and the light-matter coupling is
only dependent on the electric field strength at the emitter position. The spon-
taneous emission rate cannot be computed directly using the FMM, instead the
equality between the spontaneous emission rate and radiated power normalized
to their bulk values is used [56]
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v P

— = —, 2.15

B (2.15)
where vy(P) is the spontaneous emission rate (radiated power) in a bulk medium.
The radiated power by a harmonically oscillating dipole in bulk is given analyti-

cally as [56]

p* nPw!
= — 2.16
07 Urege 363 (2.16)
and the emitted power by a dipole in any linear medium is given by [56]
w *
P= §Im [p* - E(rg)]. (2.17)

Using a modal expansion technique Eq. (2.17) can be modified to provide the
power emitted into a specific optical mode (eigenmode) m by only evaluating the
electric field strength of the specific mode at the dipole position [48]

w

P
2

Im [p* - E,,(r9)] - (2.18)

The access to all modes provided by the FMM is a very strong feature, since
we can easily compute the power emitted into each mode. This is especially
advantageous for computing the [S-factor, which is defined as the ratio of the
total emission going into the fundamental mode of a waveguide structure

P Tot '

g (2.19)

The p-factor is an important parameter for the performance of a whole range of
nanophotonic devices e.g. lasers and SPSs, and therefore precise computations
of this is very important.

2.6 Near-field to far-field transformation

The FMM is usually used within nanophotonics to compute scattering coeffi-
cients, optical modes and near-fields of dipoles embedded in optical structures.
However, for nanowire structures with an out-coupling taper [27, 32, 61, 62] the
far-field is often of interest, since the shape and size of the far-field defines the
collection efficiency [23, 62, 63]. In Chapters 5 and 6 the far-field is investigated
for a needle nanowire and a truncated nanowire (denoted a nanopost). This sec-
tion provides the basic formulas for the near-field to far-field transformation in a
cylindrical coordinate system supported by derivations in Appendix A.
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In a spherical coordinate system the radial components of the far-field from a
point source are negligible [56, 64], such that F, ~ H, ~ 0. The remaining
components of the far-field in free space are [64]

ko exp (—ikor)

7y o RO (1 vy, (2200)
iko exp (—ikor)
By~ ————=(Lg —noN. 2.20b
¢ yp (Lo —noNy) , (2.20b)
iko exp (—iko?’) < L9>
Hy~ ——F (N, — — 2.20
o 47r ")’ (2:20)
ik —ik L
H, ~ —Foexp (Zikor) (Ne N ¢) , (2.20d)
dmr o

where 79 = 1/ pogg Lis the free space wave impedance. The functions Ny, Ny, Lg
and Ly are given by the equivalent currents on a surface S, which in a cylindrical
coordinate system are related as [64]

Ny = /S [J; cosOcos (¢ — ¢') + JycosOsin (¢ — ¢') — J. sinb)]

(2.21a)
exp (—ikor' sinf cos (¢ — ¢')) ds’,
Ny = /S [—Jrsin (¢ — ¢') + Jycos (¢ — ¢')] (2.211)
exp (—ikor' sinf cos (¢ — ¢')) ds’,
Ly = /S (M, cosBcos (¢ — ¢') + Mycosfsin (¢ — ¢') — M, sin 6] (2.210)
2lc
exp (—ikor'sinf cos (¢ — ¢')) ds’,

Ly = /S [~ M, sin (¢ — ') + My cos (¢ — ¢')] o1

exp (—ikor' sinf cos (¢ — ¢')) ds’.

Here the observation point in the far-field is at (7,6, ¢) in spherical coordinates
and the source point on the surface S is given by the coordinates (77, ¢’) in cylin-
drical coordinates. The equivalent currents J,., J4, M, and My are all functions
of (r',¢') and are related to the electric and magnetic field by the relations [64]

J=ixH, M= -nxE, (2.22)

where 11 is the unit vector normal to the surface S. Eqgs. (2.21) are simplified by
assuming a cosine/sine angular dependence of the equivalent currents such that
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Jr (7', ¢") = Jp (r') cos (ng') Js (7', ¢") = Jy (') sin (ng') , (2.23a)
M, (r',¢') = M, (r")sin (n¢'), My (r',¢") = My (') cos (n¢') . (2.23Db)

Using this assumption and assuming that the surface is plane i.e. J, = M, =0,
Egs. (2.21) are simplified to

Ny = — /cos@cos (ng) [Hp(r") Jn—1 (—kor' sin6) +

(2.24a)

Hy, (1) T (—kor' sin 0) Ji"~Lar'dr
Ny = / sin (n@) [H(r') Jn—1 (=korsin 0) — (2.24b)

Hy (1) Jngr (—kor' sin @) Ji*~ o' dr,

Ly = —/cosGsin (n9) [Em(r")Jn—1 (—kor’ sin 0) + (2.24¢)

E, (') Jut1 (—kor' sin 0) |i"Lar’dr’,
Ly = /cos (n®) [ = En(r')Jp—1 (=kor'sin ) + (2.24d)

Ey (r') Jpg1 (—kor’ sin6) " 1mr'dr’,
where

H(E)w = H(E), — H(E)g,  H(E), = H(E), + H(E)p.  (2:25)

In Appendix A the derivation of Egs. (2.24) is found as well as the similar
expressions (Egs. (A.7)) for the reverted cosine/sine dependence in Egs. (2.23),
which has to be used for TE polarized light. More details on this matter will be
given in Chapter 5, where the far-field of a needle nanowire is used to determine
the approximate position of the emitting quantum dot. The far-field power is
computed using the time-averaged Poynting vector in Eq. (2.7).



CHAPTER

Modelling open nanophotonic
systems using the Fourier modal
method: Generalization to 3D
Cartesian coordinates

A lot of nanophotonic devices such as microcavity resonators [25, 29, 65], slow-
light waveguides [66—68] and single-photon sources [14, 22, 23] are open systems
with properties strongly dependent on their leakage of light into the surroundings,
which in principle extend to infinity. As mentioned in Section 2.2 only the Green’s
function integral equation approach has open boundaries [45], whereas the finite-
difference time-domain (FDTD) [42, 69] and the finite element method (FEM)
[43] inherently rely on a limited computational domain with efficient absorbing
boundary conditions (BCs) for treating open systems. Thereby, the widely used
FDTD and FEM techniques cannot fully account for the openness of a system,
and thereby correctly model radiative losses. Thus, careful treatment of the
computational domain boundaries is needed for simulations of open systems, in
order to avoid artificial reflections from the domain wall [51, 53, 54, 70].

The Fourier modal method (FMM) has until recently also relied on selecting
proper artificial absorbing BCs [50], and to circumvent this problem a new com-

21
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bination of an open BC and an efficient discretization scheme was developed in
Ref. [48] for the FMM, called open-geometry FMM (oFMM) in the following. In
Ref. [48] the formalism presented was limited to rotationally symmetric struc-
tures, and in this chapter we expand this formalism to model 3D structures in
Cartesian coordinates. For now the formalism is limited to handle structures with
layers surrounded by a bulk material, and the reason for this will be discussed
later in Section 3.4 and in Appendix B.5. As discussed in Sections 2.2 and 2.3
modal methods have some advantages regarding physical insight in nanophotonic
structures, and thus a modal method with open boundaries is a very powerful
tool, since you in principle can obtain a precise and correct description of all
modes in the structure.

Usually the basis functions in the FMM are plane waves expanded in a Fourier
series [71-73], which inherently assumes periodic BCs. Instead the open boundary
of the computational domain is obtained by using basis functions (plane waves
in Cartesian coordinates) that expand the whole infinite space and by using
the Fourier transform. This gives an exact description in the limit of continu-
ous k-space sampling, however the numerical implementation requires a discrete
sampling. In contrary to using Fourier series, we are free to choose the k-space
discretization, which enables a more efficient mode sampling. Using integrals
instead of series is not a novel approach, and has been used for both 2D [74]
and rotationally symmetric 3D structures [75-77], but without applying efficient
k-space discretization schemes. In [48] the oFMM approach based on open BCs
and a Chebyshev grid [78, 79] was developed for rotationally symmetric struc-
tures, a formalism we will expand to 3D Cartesian structures (3D oFMM) in this
chapter.

Due to the discretization of the k-space, Li’s factorization rules [71-73] should
ideally be applied in our 3D oFMM formalism. It turns out that in contrast to the
rotationally symmetric case, where Li’s factorization rules are straightforwardly
applied for any k-space discretization [48, 75], the inverse factorization rule can
only be applied for the conventional equidistant discretization scheme in our 3D
approach. However, we will show that an efficient sampling of the k-space and
using the direct factorization rule still leads to faster convergence compared to
traditional schemes using the correct factorization rules.

The present chapter has been published in Ref. [80] (J3), and thus any citations
should be directed to the journal publication. The author have contributed to
developing, implementing and testing the formalism and to writing the article.
The chapter is thus a slightly modified version of Ref. [80] in order to fit it into
the present thesis.

The chapter is organized as follows. Section 3.1 outlines the theory of the oFMM
approach. The details of the new discretization scheme are discussed in Section
3.2. The method is tested by calculating the dipole emission in a waveguide
and the reflection of the fundamental mode from a waveguide-metal interface in
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Section 3.3. After a discussion of advantages and limitations of the method in
Section 3.4, conclusions are drawn in Section 3.5, and detailed derivations of our
theory are provided in Appendix B.

3.1 3D open-geometry Fourier modal method

In this section, we follow the approach of Ref. [48] and generalize the results
for the 3D Cartesian coordinate system. We outline the derivation of the open
BC formalism and introduce the theoretical concepts required to understand
the results of the following sections. As important examples, we show how the
oFMM approach is applied to calculate the emission from a dipole placed inside
a waveguide and to compute the reflection from a waveguide-metal interface. In
Appendix B, we give the detailed derivations of the open geometry formalism,
discuss the applicability of Li’s factorization rules and show why our formalism is
currently limited to treating structures laterally surrounded by a bulk material.

Open boundary condition formalism

We use a complete vectorial description of Maxwell’s equations based on Fourier
expansion and open BCs to describe the electromagnetic (EM) fields in a z-
invariant material layer. The z dependence is treated in the standard way by
combining z-invariant layers using the scattering matrix formalism [46, 81]. It
is only the calculation of the lateral electric and magnetic field components of
the eigenmodes in each layer that is altered by the new oFMM formalism. The
eigenmodes then form the expansion basis for the EM field.

In the conventional FMM [46], the eigenmodes are computed by expanding its
field components as well as the permittivity profile in Fourier series in the lateral
coordinates (z,y) on a finite-sized computational domain, implying that these
functions vary periodically in these coordinates. In the open boundary formalism,
we instead consider an infinite-sized computational domain and employ expan-
sions in Fourier integrals. We use a plane-wave expansion as basis functions. In
the following, we describe the general steps and equations required to expand the
field components and to solve for the expansion coefficients and the propagation
constant. The specific equations and derivations are given in Appendix B and
are referred to throughout this section.

We start by considering a z-invariant part of the space where the lateral struc-
ture is defined by the relative permittivity e(z,y) and impermittivity n(z,y) =
1/e(z,y). For simplicity, we consider a non-magnetic material having vacuum
permeability pg and with no current sources and assume a harmonic time depen-
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dence on the fields. In such a region of space, Maxwell’s equations (2.5a) and
(2.5b) are written as

V x E(z,y, z) =iwpoH(z, y, 2), (3.1a)
V x H(z,y, 2) = — iwepe(z, y)E(z,y, 2), (3.1b)

where w is the angular frequency and E and H are the vectorial electric and
magnetic fields respectively. We then write the fields in a component-wise rep-
resentation and introduce a z dependence of the form exp (i8z), where 8 is the
propagation constant of a particular eigenmode

OyE, —ipE, = iwpuoH,, (3.2)
ifE; — 0, E, = iwpoH,, (3.3)
OBy — OyEy = iwpoH, (3.4)
OyH, —iBH, = —iweoeEy, (3.5)
ifH, — 0, H, = —iwepe By, (3.6)
O, Hy — 0yH, = —iwepe L, (3.7)

The individual field components and the permittivity and impermittivity func-
tions are then expanded on basis functions g(ks, ky,z,y) = expli(kzx + kyy)]
(corresponding to a plane wave expansion basis for harmonic time dependence)
as

Fa) = [ eglhestighe by, y)dked,
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where the basis function g(ks, ky, z, y) satisfy the following orthogonality condi-
tion

/ 9(ke, by, 2, y)g" (K, Ky, y)dady = (2m)26 (ke — K,)S(ky — K,).  (3.9)

—00

The expansion coefficients in Eq. (3.8) are obtained by multiplying with ¢* (k;, &,
integrating over the transverse plane and using the orthogonality relation Eq.
(3.9) leading to

1 [o.¢] oo
cy(ks, ky) = (27T)2/—oo /_Oo f(x,y)g" (ks, ky, z,y)dady. (3.10)
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In the last row of Eq. (3.8) the integral expansions are discretized using a Rie-
mann sum on a (k*, ké) grid for numerical calculations. The double summation
over the indices m and [ in Eq. (3.8) is valid for the conventional separable dis-
cretization scheme, where the discretization grid coordinates along the k, and k,
axes in k-space are defined independently of each other. However, when using a
non-separable representation as we will do in the following, the Riemann sum is

instead written as

f(z,y) ~ Zcf(k§c7kg)g(k§c7k§’$’y)Ak§? (3.11)
3

where a single index £ is used to describe the discretization points in the 2D
k-space and Ak is the discretization area for the £’th k point. In the particular
case of the separable discretization in Eq. (3.8), we have Ak = Ak;f‘Ak:ly. This
discretization area Ak¢ will generally vary as function of §. Furthermore, as will
be discussed in detail in Section 3.2, the selection of the wave number values
kg and kf/ defines the Fourier expansion basis. The computational efficiency of
our approach depends crucially on the choice of this expansion basis, as will be
apparent from the convergence analysis in Section 3.3.

The material properties of the structure are described by the permittivity and
impermittivity functions, which are written as a sum of a constant background
value and a position dependent deviation from the background value, as

e(x,y) =ep + Ace(x,y), (3.12)

n(w,y) = E(; ;) " + An(z,y), (3.13)

where Ae(z,y) and An(z,y) are functions with compact support, such that
Ae = An = 0 outside a finite domain. This description of the permittivity
and impermittivity functions can only be used for homogeneous backgrounds. If
the background consists of a substrate and air, this formalism breaks down as
discussed in Appendix B.5.

The expansion coefficients of the Fourier transform of the permittivity function
can then be written as

ce(kigs ky) = ep0(k)0(ky) + cac(ka, ky), (3.14)

where

1 o oo "
cne(ksz, ky) = (27")2/— /_ Ae(z,y)g" (kg, ky, x, y)dady. (3.15)



26 Modelling open nanophotonic systems using the Fourier modal method

The Fourier transforms of the position dependent deviations, Ae and An, are
thus obtained by calculating finite integrals, whereas the constant ep and np
contributions are handled analytically using Dirac delta functions.!

In order to factorize Egs. (3.2)-(3.7) by insertion of the expansion in Eq. (3.8),
Li’s factorization rules [71, 73, 81] should be considered. Egs. (3.2)-(3.4) and
Eq. (3.7) do not contain any products between two functions with concurrent
jumps (discontinuities) and therefore the direct rule applies in these equations.
Considering a rectangular waveguide in free space the product eE, , in Eq. (3.5)
and (3.6) will be discontinuous when the field is parallel to an interface and
continuous for the direction perpendicular to an interface. In the latter case both
e(z,y) and E, y(z,y) have concurrent jumps and the inverse rule should - ideally
- be used.

When expanding the field components using the separable discretization, we
treat the product of the permittivity function and the electric field components
in Eq. (3.1b) using Li’s factorization rules [71, 73, 81]. However, as discussed in
Appendix B.1 and B.2, this is not possible when using a non-separable discretiza-
tion. The details of the expansions are given in Egs. (B.1)-(B.3), (B.7)-(B.8) and
(B.12)-(B.18).

After inserting the expansions into Maxwell’s equations and eliminating the z-
components of the EM fields, we arrive at two sets of equations coupling the
lateral field components (Egs. (B.11) and (B.21) in Appendix B.1 and B.2)

Koernky  —keeqoks + K3I| [hy| e,
lkyei}tky—kal i B | byl PR il B CRT)
—k.k, k:%_k‘(%Ey e| h,

[k%em—ki S bl O] ol R CR L

where e, e,, h, and h, are the vectors of the expansion coefficients of E,, E,,
H,, and Hy, respectively, and k, and k, are diagonal matrices of the discretized
kg and kg values. Furthermore, e,y = AeAk + el with Ae being the Toeplitz
matrix defined below Eq. (B.9) in Appendix B.1, I is the identity operator and
Ak is the diagonal matrix containing the elements Ak;. When using a separable
discretization grid, e, and e, are given by Egs. (B.17) and (B.18) in Appendix
B.2 respectively, and for a non-separable discretization grid €, = €, = e1ut.

Combining Egs. (3.16) and (3.17) allows us to compute, for example, the lateral
electric field components E ;(z,y) and Ey ;(x,y) of the eigenmode j and its prop-
agation constant (;, after which the lateral magnetic field components H ;(z,y)
and H,, j(x,y) and the longitudinal field components E, ;(z,y) and H, ;(x,y) can
be derived using Egs. (B.4) and (B.6). In Appendix B.1 and B.2, we show how

!Note that cac(kz, ky) does not have the same physical dimensions as €p.
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Li’s factorization rules are correctly used with the oFMM based on equidistant
discretization. However, our non-separable "dartboard" discretization introduced
in Section 3.2 is not compatible with the inverse factorization rule, and for this
reason we employ only the direct factorization rule, which means that we use
€z = Ey = ETot-

Field emitted by a point dipole

In the modal expansion method, the emission from a point dipole placed in a
photonic structure can be described [46] as an expansion of eigenmodes with ex-
pansion coefficients proportional to the electric field strength of the corresponding
eigenmode obtained from Eqgs. (3.16)-(3.17) at the emitter position. The total
field emitted by a point dipole p placed at r,q inside a z-invariant structure is

E(.TU, Y, Z) = Z CLj(rpda p)Ej (.CI?, Y, Z)

J
=33 " a;(rpa, P)cjeg(kS, K, z,y) AkeeliF20a) (3.18)
j £

where a;(rpq, p) is the dipole coupling coefficient to mode j given in Eq. (B.33)
in Appendix B.4, where it is derived using the Lorentz reciprocity theorem (Eq.
(2.8)) as in Ref. [46]. The coupling coefficient depends on the dipole position
rpq and dipole moment p through a dot product p - Ej(rpq). For the sake of
notational clarity, we omit these dependencies in the following. Furthermore, c; ¢
are the expansion coefficients for mode j, and g(ks, k‘g,ajp, yp) are the vectorial
plane wave basis functions.

The emitted field (3.18) consists of three contributions [82]: guided modes,
radiating modes, and evanescent modes. For a waveguide surrounded by air
each mode is classified based on their propagation constant j3; as

k2 < /BJZ <n2kd, Guided mode, (3.19a)
0< 6]2» < k2, Radiation mode, (3.19Db)
ﬂJQ- < 0, Evanescent mode, (3.19¢)

where n,, is the refractive index of the waveguide. We will apply this classification
in Section 3.3 when we investigate the performance of the discretization schemes,
and in Chapters 5 and 6 for modes in rotationally symmetric structures.

Using Egs. (2.15), (2.16), (2.18) and (3.18) the normalized power emitted by a
dipole to a selected mode j can be expressed as [56]
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P wIm{p* - a;E;(rpa)}

= 2
Py 2 Py (3.20)
2 Py ’ ’

where P, is the emitted power in a bulk medium of refractive index np and is
given in Eq. (2.16). The normalized power is equal to the normalized spontaneous
emission rate [56] as stated in Eq. (2.15) v;/v0 = P;/Po, where v; and 7 are the
spontaneous emission rates to the mode j and to a bulk material, respectively.
In the following and throughout the thesis we will mainly use the normalized
unitless quantity I'; = 7;/70 for the emission rates.

Reflection at an interface

While the theory above holds for a structure with uniformity along the z-axis,
most geometries of interest consist of several z-invariant sections. The full struc-
ture can be described by combining the solutions of Eqgs. (3.16)-(3.17) using a
scattering matrix approach [46, 72]. Since our oFMM is based on expanding the
fields in each layer using the same basis function, the reflections and transmission
of the eigenmodes can be calculated conveniently using the expansion coefficients
as described in the following.

Let CZE and CZ»H , where ¢ = 1,2 is the layer index, be matrices whose columns
contain the vector expansion coefficients for the lateral electric and magnetic
fields respectively computed using (3.16) and (3.17). Then, at the interface of
material layers 1 and 2, the transmission and reflection matrices are given as [46]

Ti» — 2[(Cf)lc§+(0f)lc§f}_l, (3.22)
Ry, = % (C{f)_lcf—(c{f)_lcﬂ T1,. (3.23)

3.2 Discretization scheme

We have now, via the modal representation in Eq. (3.11), developed a formalism
capable of using a non-uniform k-space discretization, which is a generalization
of the uniform k-space discretization traditionally used in the Fourier modal
method. In this section, we describe the important point of how to efficiently
sample the k-space, before proceeding to example calculations.



3.2 Discretization scheme 29

k:l:/k()

Figure 3.1: Examples of the discrete mode distributions k; used with 3D oFMM. The
blue crosses show the conventional equidistant discretization which may have different
discretization step size for x and y directions, i.e. Ak, # Ak,. The red dots represent
the dartboard discretization used with the open BC formalism. The solid line shows a
unit circle |k |/ko = 1. In this simple example, we have used keut—ofi/ko = 3 and 64
modes for both discretization schemes so that N, = N, = 8, and Ny = 8, N, = 5 and
Aktail/ko = 04

The lateral expansion basis function g(kz, ky, z,y) = exp[i(kzx + kyy)| are plane
waves defined entirely by the discretized values of the lateral wavenumbers k, and
ky. To discretize the transverse expansion basis efficiently in a general 3D ap-
proach, we generalize the non-uniform strategy used in the rotational symmetric
case [48].

First, in the conventional equidistant mode discretization approach, the spatial
grid in k-space is given by

(k;n7 ké) = (_kcutfoff,w +mAk,, _kcutfoff,y + lAk;y), (324)

where Aky = 2keut—oft,a/(No — 1) and m,l = 0,...,(Ny — 1), with kcyt—off,a
being the cut-off value of the wavenumber and N, the number of modes along
the a = x, y-axis, see Fig. 3.1. In the following, when we apply the equidistant
discretization scheme, we will use identical cut-off values kcyt—oft,e = Keut—oft,y
and modes N, = N, along the k; and k, axes.

Now, the proposed non-uniform circular non-separable discretization approach,
which we in the following refer to as the "dartboard" scheme, is defined as fol-
lows. We consider the in-plane wavevector in polar coordinates and set N, rays on
equidistantly placed angles, cf. Fig. 3.1. Along each of the rays, the wavenumber
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values are sampled so that we use dense sampling in the interval [0, 2kg] symmet-
rically placed around ko, and in the interval [2kg, keut—oft] @ fixed step-size Akgay
is used. The symmetric dense mode sampling is defined using a Chebyshev grid
[78, 79] as

km = kosin(6,,), 1 <m < Ng/2
km = ko2 —sin(0,,)], Ns/2+1<m < N,

where 0, = 7 and N; is the number of modes in the interval [0,2ko]. Thus,
in the dartboard discretization approach we have four parameters Ny, Ny, Ak,
and kcut—off- The motivation of using symmetric dense sampling around kg is to
accurately account for the radiating modes as discussed in detail in [48], and the
sampling is further motivated by plotting the contribution to the total emitted
field by each wavenumber, similar to Fig. 2 in [48]. Such a plot for an z-oriented
dipole embedded in a square waveguide with w = 1.15\/n,, is seen in Fig. 3.2
(see the inset in Fig. 3.3 for a sketch of the structure), where it should be noted
that the wavenumbers contributing the most to the emitted field are located on
a ring with radius kg, which motivates the dense sampling of k-values around the
free space wavenumber.

(3.25)

Figure 3.2: The contribution of the wavenumbers to the total emitted field from a point
dipole embedded in a square waveguide with side length w = 1.15\/n,,. The white ring
has a radius of 1, corresponding to the free space wave number. The figure was made
using the standard equidistant grid.

In the next section, we show that the dartboard discretization approach outper-
forms the conventional equidistant mode sampling. As pointed out in [48], the
dartboard mode sampling approach described here is not necessarily the univer-
sally optimal, and geometry specific variations may be adopted instead. However,
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with the proposed approach significant improvement is achieved in terms of the
required number of modes and thus of the required computational power. For
any geometry a similar plot as in Fig. 3.2 can be made in order to see where a
dense sampling of k-values is needed.

3.3 3D oFMM simulations

Now that we have introduced the principles of the oFMM formalism and the
non-uniform mode sampling scheme, we will test the performance of our method
for two cases: 1) for light emission by a dipole in a square waveguide and 2) the
reflection of the fundamental guided mode at a waveguide-metal interface. Both
examples are interesting in a nanophotonic engineering perspective, since opti-
mizing the S-factor and the mirror reflection coefficients are important tasks for
realising an efficient single-photon source. Furthermore, both examples depend
critically on a correct and accurate implementation of the open BCs. We will com-
pare the performance of the dartboard discretization scheme with the equidistant
discretization used with Li’s factorization rules, and our results will demonstrate
that even without the inverse factorization rule the dartboard discretization out-
performs the equidistant discretization implemented using Li’s factorization rules.
As already mentioned, in Appendix B we show how Li’s factorization rules are
correctly used with the oFMM based on equidistant discretization, whereas the
equations implementing the non-separable dartboard discretization used in this
chapter are not compatible with the inverse factorization rule.

Dipole emission in a square waveguide

We first investigate light emission in a square waveguide by calculating the emis-
sion rates to the guided modes and to the radiation modes. Additionally, we
compute the spontaneous emission factor § (not to be confused with the propaga-
tion constant ;) describing the ratio of emitted light coupled to the fundamental
guided mode. While typical nanophotonic waveguides support only a few guided
modes, the total emission rate and thus the 3 factor depend on the emission into
the continuum of radiation modes leaking out of the waveguide. The strength
of the oFMM method becomes apparent when determining the light emission to
the radiation modes.

Similar to the investigations presented in [83], we consider a dipole emitter
oriented along the x-axis placed on the axis of an infinitely long square waveguide
with varying edge length w, = w, and refractive index n,, = 3.5 surrounded by
air. Figure 3.3(a) presents the  factor and the emission rates to the guided
modes and to the radiation modes as functions of the waveguide size calculated
using the dartboard discretization. The rates are normalized to the bulk emission
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Figure 3.3: Emission from a point dipole placed on-axis of an infinitely long square
waveguide having widths w, = wy, = w. The dipole is oriented along the z-axis. (a)
The normalized emission to the radiation modes, to the guided modes, and the g fac-
tor calculated using the dartboard discretization scheme with Ny = 14, N, = 180,
kcut—oft/ko = 15, and Akgain/ko = 0.06. (b) The corresponding data calculated using
conventional square sampling and applying both the direct and Li’s inverse factorization
rules with N = N, = 80 and kcut—o/ko = 15. The wavelength used in the calculations
is A = 1 pm. The total number of modes are (a) 5558, and (b) 6400.

rate (see Section 2.5). Figure 3.3(b) shows the same properties of the waveguide
calculated using an equidistant square sampling using either the direct or the
inverse factorization rules. The emission rate to the guided modes calculated with
the three approaches agree well, however, a clear difference is seen in the emission
rate to the radiation modes and therefore also in the 8 factor. In particular, the
coupling to the radiation modes exhibit a spike around a normalized width of
1.15 with the square sampling, which gives an unphysical kink in the g factor.
The discretization parameters used in Fig. 3.3 are given in the figure caption
and were selected as a result of the convergence investigations presented in the
following.

To further investigate the performances of the three approaches we fix the waveg-
uide geometry by setting the width to w = 1.15\/n,, and vary the cut-off value of
the transverse wavenumber as well as the number of modes. This waveguide size
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is selected for the convergence investigations since a clear difference of the results
is seen for this diameter in Fig. 3.3. Figures 3.4(a) and (b) show the convergence
investigations of the total emission rate as a function of the cut-off value with
several different mode numbers for the equidistant and dartboard discretization
respectively, while Fig. 3.4(c) shows the convergence of the total emission rate
as a function of the number of modes N; in the interval [0, 2ko] for the dartboard
discretization scheme. The dartboard approach shows clear convergence around
a cut-off of =~ 15kg. In contrast, the equidistant discretization scheme does not
guarantee convergence even with cut-off value of 30kg. We have set a soft limit
on the memory requirement to 30 gigabyte (Gb) in order for our simulations to
start fairly quickly on our HPC cluster. The maximum number of modes used
in the calculation of Fig. 3.4(a,b,c) roughly correspond to this limit, however, in
Figs. 3.4(b,c) the convergence is obtained before the maximum number of modes
is used.

When using the equidistant discretization, numerical artifacts in the form of
large oscillations are observed at particular values of the number of modes and
cut-off as displayed in Figs. 3.3(b) and 3.4(a) (as well as in Figs. 3.5(b) and
3.6(a)). As discussed in Appendix B.3, the oFMM together with the equidistant
square discretization scheme mathematically corresponds to having periodic BCs
and to using a Fourier series expansion, where the periodic lengths of the com-
putational domain are inversely proportional to Ak, and Ak,?. For geometries
with periodic BCs, destructive or constructive interference due to light emission
in the neighboring periodic elements may occur leading to the observed large
oscillations of the emission rates, that thus are an inherent consequence of the
equidistant discretization scheme.

A common approach to circumvent these artifacts due to periodic BCs is to
use artificial absorbing BCs, often in the form of the so-called perfectly matched
layers (PMLs) [51, 53]. However, for the modal method with a PML BC, the
convergence of the emission properties with the PML parameters towards the
open geometry limit [54, 70] is not well-established with errors in some cases as
high as ~ 20 % [50]. In contrast, the oFMM with the efficient discretization
scheme relies on a truly open computational domain, and therefore avoids using
artificial or periodic BCs leading to improved accuracy and convergence towards
the true open geometry limit.

Reflection from a dielectric waveguide-metal interface

As a second example, we investigate convergence of the method for a struc-
ture consisting of an infinite waveguide standing on top of a metallic mirror by
computing the reflection coefficient of the fundamental guided mode from the

2You could argue that our open boundary conditions are actually periodic for the equidistant
grid.
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Figure 3.4: Convergence comparison of the total emission rate using the three ap-
proaches for a waveguide w/(A/n,) = 1.15. (a) The total emission rate for the equidis-
tant discretization as a function of the cut-off value computed with the number of modes
shown in the legend using the direct factorization rule (solid line) and the inverse fac-
torization rule (dashed line). (b) The emission rate as a function of the cut-off value
computed using the dartboard mode sampling and the number of angles shown in the
legend with Ny = 140 modes on the symmetric radial part with Akgan/ko = 0.2. (¢) The
emission rate as function of the number of modes N, in the symmetric sampling part
computed using the dartboard mode sampling with a fixed number of angles N, = 16
and cut-off value keys—ofr /Ko = 13.

waveguide-metal interface. The refractive indices of the waveguide and metal are
ny = 3.5 and nag = /—41 + 2.5i at the wavelength A = 1 pm.

Figure 3.5 shows the calculated reflection coefficient as a function of the waveg-
uide size w, = w, using (a) the dartboard sampling and (b) the equidistant
discretization employing the direct and inverse factorization rules with several
different number of discretization modes. The cut-off in all cases is kcut—ofr/ko =
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14. Furthermore, for the dartboard discretization fixed values of Ny = 14 and
Akyai1/ko = 0.2 were used and only Ng was varied. These parameters were chosen
to achieve convergence according to the investigations discussed in the next para-
graph. In narrow waveguides, the reflection coefficients are essentially determined
by the air-metal reflection (Rai—ag ~ 0.98) since in this limit the fundamental
mode is mainly localized in the air surrounding the waveguide. In contrast, in
the limit of large waveguides the fundamental mode is primarily confined in the
GaAs waveguide (Rgaas—Ag ~ 0.95). A dramatic difference in the results is
seen in the region around w/(A\/n,) =~ 0.6, where the reflectivity drops due to a
surface-plasmon mediated coupling predominantly to radiation modes [84]. When
a substantial amount of light is propagating in the z-y plane, the performance of
the open boundary conditions becomes critical, and comparison of Figs. 3.5(a)
and 3.5(b) clearly demonstrates that this scattering is better resolved using the
dartboard discretization.
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Figure 3.5: The reflection of the fundamental waveguide mode from a metal mirror
calculated using (a) the darboard discretization and (b) the equidistant discretization.
The cut-off in both cases is keut—oft/ko = 14, and for the dartboard discretization fixed
values of N, = 14 and Akgai/ko = 0.2 were used. The legends show the total number of
modes used.

Whereas the reflection coefficients in Figs. 3.5(a) and (b) are obtained for a fixed
cut-off value, we now fix the geometry and study the effect of the cut-off value of
k. We select a waveguide width of w, = w, = 0.63\/n,,, since Fig. 3.5(b) re-
veals this to be a challenging computational point. The convergence investigation
is shown in Fig. 3.6. The dartboard discretization (Figs. 3.6(b,c) again leads to
convergence with respect to all of the four discretization parameters. In contrast,
no clear convergence is seen when using the equidistant discretization, while we
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also in this case approach the performance limit of our HPC cluster computer. As
discussed in the previous section, the peaks observed in Figs. 3.5(b) and 3.6(a)
are a consequence of the periodicity of the computational domain when using the
equidistant discretization scheme.
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Figure 3.6: Convergence of the reflection of the fundamental waveguide mode from a
metal mirror. (a) The reflection as function of the cut-off value with number of modes
shown in the legend using the direct factorization rule (solid line) and the inverse factor-
ization rule (dashed line). (b) The reflection as function of the number of modes in the
symmetric sampling part using the dartboard mode sampling with fixed Ny = 14 and
Akian/ko = 0.2, and cut-off value shown in the legend. (c) The reflection as function
of the number of angles using the dartboard mode sampling with fixed keut—ofr/ko = 14
and Ny = 100, and Aktan/ko shown in the legend. Note the different scaling between (a)
and (b-c).
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3.4 Discussion

The convergence checks in the selected waveguide examples presented in Figs.
3.4 and 3.6 show that our method converges for the investigated waveguide sizes
and structures. The non-separable nature of our discretization scheme prevents
the use of Li’s factorization rules, but even when using the standard direct factor-
ization, a clear improvement in the performance is obtained using the proposed
dartboard discretization scheme compared to the conventional equidistant dis-
cretization of the basis functions. Although these examples do not guarantee the
convergence of our method for all imaginable waveguide sizes and geometries, we
generally expect our method to deliver improved performance for various types
of waveguides, possibly with additional geometry specific modifications to the
discretization scheme.

In high-index-contrast structures as the examples presented here, the FMM, due
to the difficulty of resolving large discontinuities using a plane wave expansion,
generally requires a significant amount of modes to achieve convergence. Whereas
this may not be a computational difficulty in a rotational symmetric case which
in the lateral plane reduces to a 1D problem, the size of the eigenvalue problem
in the general planar 2D case rapidly explodes when the number of modes are
increased [50]. Thus, we expect that a further improvement in terms of compu-
tational efficiency could be obtained by combining the dartboard discretization
scheme with an adaptive spatial coordinate scheme [85] or by introducing a semi-
analytical approach for defining the eigenmodes. In the rotationally symmetric
case, exact analytical descriptions of the eigenmodes exist [82], while in the rect-
angular case approximate solutions [86] could be used.

Additionally the formalism as presented in this chapter is limited to handle
ridge waveguides surrounded by a bulk material. As shown in Appendix B.5
the formalism cannot correctly handle a ridge waveguide on a substrate, which
experimentally is a very interesting structure, due to its very low transmission
losses [87] and potentially large S-factor [88]. This limits the applications of our
formalism in its current form, however we have an ongoing project on how to
develop our formalism to handle substrate supported structures.

3.5 Conclusion

We have generalized the recently reported open geometry Fourier modal method
formalism relying on open boundary conditions and a non-uniform circular "dart-
board" k-space sampling for general 3D systems with a uniform background
material, allowing e.g. the modeling of rectangular waveguides. By applying
open boundary conditions, we avoid using the artificial absorbing BCs. We have
demonstrated the efficiency of the approach by investigating dipole emission in
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a square waveguide structure and by studying the reflection coefficient of the
fundamental waveguide mode for a waveguide-metal mirror interface, that both
are problems of fundamental interest when designing nanophotonic devices. We
expect that our new method will prove useful in accurate modeling of a variety
of nanophotonic structures, for which correct treatment of an open boundary is
crucial.



Part 11

Applied nanophotonics
engineering

39






CHAPTER

Spectral symmetry of Fano
resonances in a waveguide
coupled to a microcavity

In the previous chapter, we considered a ridge waveguide surrounded by air in
order to develop an open-geometry Fourier modal method for the 3D Cartesian
coordinate system. However, in this chapter we consider a photonic crystal (PhC)
membrane structure consisting of a waveguide-coupled microcavity blocked by a
partly transmitting element (PTE) (see Fig. 4.1) using a 2D Fourier modal
method with periodic BCs [46].

This structure represent an attractive platform for applications that can ex-
ploit the strong sensitivity of the transmission to the resonance frequency of the
cavity. Due to the large ratio of quality factor to mode volume of PhC cavi-
ties [89], even small refractive index perturbations within the volume occupied
by the cavity mode lead to significant transmission changes. This fact has been
used to demonstrate ultra-low energy all-optical signal processing [90] as well
as chemical- and biological sensing [91]. It was shown in 2002 [92] how a Fano
resonance [93] can be achieved in PhC structures, which further improves the
wavelength sensitivity, due to the asymmetric lineshape (see. Fig. 4.2) of the
transmission/reflection spectrum. The interference between a discrete and con-
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Figure 4.1: Left: PhC structure and field plot (|H,|) at the minimum transmission
frequency for the PhC Fano structure with hole radius r = 0.30a, PTE radius rprg =
0.80r, Fabry-Perot length d = 5a, refractive index of background material ny, = 3.1 and
refractive index of air holes ny, = 1. The supercell for the first section is illustrated by the
dotted white line, and the section interfaces are indicated with the dashed white lines.
Right: Schematic of the structure with transmission, reflection and propagation matrices
indicated, where the full PhC structure is divided into five sections.

tinuum of states, which leads to Fano resonances, was implemented with a low-
and high-Q cavity structure for switching purposes [94]. Recently a simpler ge-
ometry [95] was proposed, and it was demonstrated that the shape and amplitude
of the transmission can be controlled [10]. Furthermore, carving-out short pulses
from long duration input pulses has been demonstrated in PhC Fano structures
as reported in Ref. [11], without the use of any control signal.

In this chapter, we expand on these results by showing how both the parity and
shape may be manipulated in a way that is easily controlled experimentally. We
define the parity to denote whether the minimum of the transmission spectrum
is red or blue shifted relative to the maximum, as illustrated in Fig. 4.2. It is
generally not well understood what determines the parity of a Fano resonance, so
in this chapter we determine the decisive parameter for a specific case. The case
is the situation where the PTE and microcavity form a Fabry-Perot resonator,
where we demonstrate that the roundtrip phase determines the parity. This
conclusion arises from treating the structure with a single-mode model. However,
as we will show, the single-mode description breaks down, when the PTE is moved
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Figure 4.2: Transmission spectra for d = Oa (red parity), d = 6.07a (blue parity) and
for the microcavity only, where the geometry of the PhC structure is seen in Fig. 4.1.
The point with maximum slope on each side of the transmission minimum are indicated
with solid markers for the two Fano spectra. The linewidth of the Lorentzian spectrum
is 2.

close to the microcavity due to the influence of evanescent modes. In that case,
a simple model for determining the parity of the Fano resonance is currently not
available.

The results presented in the following chapter have been published in Ref. [96]
(J1), and thus all citations of the chapter should be directed towards the journal
article. In the work presented the author implemented the 2D Fourier modal
method in Matlab, conducted all simulations, and wrote the first draft of the
manuscript. The work is a continuation of the author’s M.Sc. thesis [97], where
the modal method was implemented in Matlab and the first initial results were
produced. However, all figures and results presented in Ref. [96] and in this
chapter have been produced during the author’s Ph.D. studies and are thus not
found in the M.Sc. thesis [97].

The chapter is organized as follows. In Section 4.1 we briefly introduce the
Fourier-based Bloch mode expansion technique used for computing the transmis-
sion spectra of the structure. Section 4.2 compares the results obtained by using
the numerically exact multi-mode (full) model with the approximative single-
mode model. We pinpoint what controls the parity (symmetry) of the Fano
transmission spectra in Section 4.3 and end the chapter with a conclusion.
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4.1 Computational framework

As stated above, we define the parity to denote whether the minimum of the
transmission from the input to the output waveguide is red or blue shifted relative
to the maximum, as demonstrated in Fig. 4.2. Different physical mechanisms
cause the cavity resonance shift to be either positive or negative. In optical
signal processing, it is essential whether the resonance shift causes an increase or
decrease in transmission, depending on the preferred modulation format. Since
this is determined by the parity of the resonance, our investigated structure is
easily transferred between applications, where different signs of the resonance
shift are demanded.

Figure 4.1 shows the investigated structure consisting of a microcavity adjacent
to a waveguide containing a partially transmitting element (PTE), which was
also a key element in previous proposals [10, 92, 95]. By shifting the position of
the PTE, both the parity and shape of the transmission spectrum can be con-
trolled. The PTE is realized by a hole placed in the center of the waveguide
and the microcavity is here realized as a simple point defect, i.e., a missing hole
1. The distance between the microcavity and the PTE is d, and a is the PhC
lattice constant. In [92] a different structure consisting of a microcavity placed
in the center of a Fabry-Perot cavity composed of two PTEs was investigated
with a single-mode transfer matrix formalism. It was concluded that whether the
transmission spectrum is asymmetric (Fano-shaped) or symmetric (Lorentzian-
shaped) depends on the spectral position of the microcavity resonance frequency
relative to the Fabry-Perot background. In this chapter, we consider a different
structure without a Fabry-Perot background. We describe the shape of the trans-
mission spectrum as a function of the distance d using a full multi-mode model,
and we show that the single-mode transfer matrix model in [92] breaks down in
the short distance limit.

The structure investigated here is two-dimensional (2D) (invariant along y),
and we use a Fourier-based Bloch mode expansion technique for simulating the
transmission [46, 50, 98, 99]. Though convergence issues for this technique was
recently reported in Ref. [37] for calculating Q-factors and resonance wavelengths
of L5 and L9 PhC cavities, we can safely use the technique for our 2D structure,
since we only need to resolve refractive index discontinuities in one dimension?.
The structure is divided into periodic sections as shown in the right part of Fig.
4.1, each with a distinct supercell and set of Bloch modes, and the expansions
are coupled together with a Bloch mode S-matrix algorithm [46]. Thus, we have

direct access to the individual Bloch modes and their reflection and transmission

!The microcavity can be realized in different ways. For example by displacing the PhC holes
or by reducing the size of one hole.

2As opposed to the previous chapter, where we had to resolve the discontinuities in both
the z- and y-direction.
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coefficients, which plays a key role in the analysis to be presented here. The Bloch
modes are determined in each section as in [46, 99] and the electromagnetic field
is expanded on these Bloch modes as

Fo(r) = > (Guwm @l (r1,2) + bum @l (r1,2)) (4.1)
m
where F,(r) is either the electric (E, (7)) or magnetic (Hy (7)) field in the wth
section and @y, [buwm] is the amplitude of the mth forward (42) [backward (—z)]
propagating Bloch mode, \115;;[_] (r;,z). The Bloch modes are expanded on
backward and forward travelling eigenmodes at position 2’ [46, 50] as

N
whE Z [cfwf(;; exp [iB; (z — 2')] + diij_j exp [—i8j (z — z’)]} , (4.2)
J

where ¢ is the layer index within section w and ¢y,;(dy,;) are the expansion co-

efficients for the j’th forward (backward) travelling eigenmode (f;;(_)). This
equation holds for z-values within the ¢’th layer. In order to get the full Bloch
mode for all z-values we refer to [46, 50], where the method is discussed in more
detail. The eigenmodes in Eq. (4.2) are expanded as Fourier series, which inher-
ently leads to periodic boundary conditions in contrast to the method developed
in Chapter 3 and the method used in Chapters 5 and 6, where open boundary
conditions are used. However, for a PhC waveguide periodic boundary conditions
in the z-direction are sufficient due to the photonic bandgap. This ensures that
the field has decayed before reaching the computational boundary, thereby mini-
mizing the influence of the boundary on the computational results. Furthermore,
since the computations presented in this chapter is for a 2D PhC we do not have
any boundaries in the y-direction.

The transmission and reflection of the microcavity (PTE) section are computed
by considering sections 1-3 (3-5), and using the scattering matrix formalism on
this reduced geometry. This effectively reduces the full five-section geometry to a
three-section geometry consisting of three waveguide sections (1, 3 and 5) coupled
through the transmission and reflection matrices of the microcavity (T., R¢) and
PTE (Tp, Rp) sections. Thereby, the total transmission from input to output in
Fig. 4.1 is given as [46]

T =TpP* (I-RT) ' T, (4.3)
RT = R.P RpP™, (4.4)
where the matrices P™ and P~ represent propagation in section 3 by the length

of an integer number of supercells in the forward and backward direction, respec-
tively. From Eq. (4.3) it is clear that the structure in Fig. 4.1 can be thought
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of as a Fabry-Perot cavity, where the microcavity constitutes a highly disper-
sive mirror, and this interpretation was previously used to propose an ultra-high
speed laser structure [35, 100] and recently the self-pulsing of a photonic crystal
Fano laser was demonstrated experimentally [9] and explained theoretically in
[101]. When the mirror distance, d, is small enough for the PTE to lie inside
the neighbouring supercell of the microcavity, the Fabry-Perot interpretation no
longer makes sense, since this interpretation requires a waveguide supercell to
be in-between the supercells of the PTE and the microcavity. In this case the
structure will instead be divided into 3 or 4 sections (see Fig. 4.1) and the total
transmission matrix takes a different form.

The transmission spectra for different cavity-PTE distances, d, are computed
using Eq. (4.3) and a measure of the degree of parity, DoP, is defined as the
difference between the numerical maximum slope of the transmission spectrum
before and after the transmission minimum (see the solid markers on the spectra

2mc oT

in Fig. 4.2):
DOP = 7 lmax (‘&u w<wmin> — max (‘ZZ}_’ w>wmin>‘| . (45)

With this definition, a positive (negative) DoP corresponds to blue (red) parity,
and in Fig. 4.3, the DoP is plotted for different cavity-PTE distances, where the
points are color-coded according to the parity. It is apparent that the parity and
shape of the transmission spectrum can be engineered by the position of the PTE
relative to the microcavity, and very large slopes are achievable. An example of
this is seen in Fig. 4.2 with d = 6.07a, where the spectral distance between the
maximum and minimum is seen to not be limited by the microcavity linewidth,
27, as is the case for previously proposed structures with d = 0 [10, 95]. A shorter
spectral distance between the maximum and minimum can be obtained, but not
while requiring max(|T'|?) = 1 for our investigated structure.

4.2 Single- versus multi-mode model

The relative position of the transmission maximum and minimum results from
the interference between many Bloch modes bouncing back and forth between
the mirrors, as described by Eq. (4.3). Generally, it is not obvious how to
determine the parity by direct inspection of this matrix equation. However, for
sufficiently large d, the coefficients in P* corresponding to evanescent modes
are exponentially damped. For single-mode PhC waveguides, which we restrict
the following analysis to, only one element from the propagation matrices has a
significant contribution and therefore all other elements can be neglected. This
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Figure 4.3: The degree of parity, DoP, (defined in Eq. (4.5)) as function of the cavity-
PTE distance, d. The data points are color-coded according to the parity and the black
curve connecting the points serves as a guide to the eye. The arrow indicates the DoP
for the transmission spectrum with d = 6.07a in Fig. 4.2.

reduces the transmission Eqs. (4.3) and (4.4) to scalar equations:

T =TpP*(1-RI)'T,, (4.6)
RT = R.P™RpP™, (4.7)

where the (1,1) matrix elements are taken from the full matrices in Egs. (2) and
(3), since these couple and propagate the guided mode in the three waveguide

sections 2.

In Fig. 4.4, the transmission spectra found from Eqs. (4.3) - (4.4) (full model)
and from Egs. (4.6) - (4.7) (single-mode) are compared for four different cavity-
PTE distances. At the smallest distances (top panel), the single-mode model
predicts the correct parity, but otherwise deviates visibly from the numerically
preciser spectra, e.g. with a clear offset of the spectral position of the trans-
mission minimum. As the distance is increased to d = 4a (bottom panel, blue
curves), the agreement between the numerically exact and the single-mode model
becomes substantially better, and at the largest distance considered here, d = 5a,
(bottom panel, magenta curves) the agreement is almost perfect. The mismatch
between the full and the single-mode model is due to the influence of evanes-
cent Bloch modes in the Fabry-Perot region. A similar behavior was observed in
[102] in describing transmission between a ridge waveguide and a slow light PhC
waveguide, and in [103] in analyzing PhC Ln cavities. In Chapter 6 we show
the breakdown of a single-mode model in describing the Purcell enhancement of

3The same enumeration of the modes as in [46] has been used.
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Figure 4.4: Transmission spectra for cavity-PTE distances d = 2, 3,4 and 5a using Eq.
(4.3) (full model, solid curves) and Eq. (4.6) (single-mode, dash-dotted curves).

a dipole emitter placed in a truncated nanowire (nanopost) standing on a gold-
silica mirror, and for that system we find that the breakdown is due to coupling
to both radiation modes? and evanescent modes.

The minimum transmission frequency is shifted for d = 2a and d = 3a compared
to d = 4a and d = ba in Fig. 4.4, which does not seem intuitive, since the
transmission of the guided Bloch mode through the microcavity section is zero
at the resonance frequency of the microcavity for all d > 2a. However, the
scattering of the guided Bloch mode at the microcavity section will populate
evanescent Bloch modes in the Fabry-Perot section. For large Fabry-Perot lengths
the population of the evanescent Bloch modes will vanish before reaching the
PTE and no scattering will occur. But for small distances there will be a finite
population of the evanescent Bloch modes at the PTE, where they will scatter
and populate the guided Bloch mode in section 5, resulting in a finite overall
transmission of the guided Bloch mode from section 1 to 5 at the resonance
frequency of the microcavity. This effect causes the shift of the transmission
minimum for structures with small cavity-PTE distances.

To render Egs. (4.6) - (4.7) more easily interpretable, we write the propagation
constants and T- and R-coefficients as follows:

P (w) = P~ (w) = exp (ik(w)L), (4.8)
Tp(w) = tp(w) exp (igr,p(w)) , (4.9)
Rp(w) = rp(w) exp (ip,p(w)), (4.10)
Ro(8) = —" T exp (ire(6)), (4.11)

6+ 212

“We do not have any radiation modes in our 2D PhC structure.
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=y -0
TR T
where L is the distance between the microcavity and PTE sections, k(w) is the
dispersion of the guided Bloch mode in the PhC waveguide, ¢, p are the phases
related to transmission and reflection at the PTE, tp = |Tp| and rp = |Rp|
are the transmission and reflection amplitudes for the PTE, and 0 = w — wmin
is the detuning. Finally ~ is half the linewidth of the transmission spectrum
of the microcavity (see Fig. 4.2), which equals the coupling rate between the

microcavity and the waveguide. The microcavity reflection phase is derived from
Eq. (4.11) and the result is ¢, . = arctan (§/). Using this and Eq. (4.6) we find:

Te(5)

exp (idrc(9)) (4.12)

|T|2 _ ‘TP’2|TC’2
1+ [Rp[?*Re|? — 2| Rp|| Re| cos (2kL + ¢rp + ¢r.c)
tH6”
_ P
62+ (L+1%)72 — 2rpy/42 + 62 cos (Ppy)’

where the frequency dependence of all parameters has been suppressed, and
Orr = 2K0L + 2k(wmin)L + ¢rp + arctan (6/7) is the phase of the roundtrip
as a function of detuning for a waveguide with linear dispersion, where 1/K is
the group velocity

(4.13)

1 Ow 1)
=—==_—=—. 4.14
YUK T ok Ak (4.14)
In the single-mode limit, the transmission vanishes exactly at the resonance
frequency of the microcavity, i.e. at zero detuning 6 = 0, which is evident from
Egs. (4.12) and (4.13).

4.3 Parity of Fano resonances

Figure 4.5 shows the phase of the roundtrip element RT in Eq. (4.7) at the
frequency of minimum transmission, wmyin, as a function of d. The blue (red) dots
(crosses) correspond to the structure having blue (red) parity, where the parity is
found from the full computation using Eq. (4.3). From our definition of parity in
Eq. (4.5) it follows that the transition between blue and red parity occurs when
the transmission spectrum is an even function of the detuning, §. Eq. (4.13)
shows that this can only be achieved, if cos (®rp(d)) is also even, which occurs
when ®r7(9) is odd, corresponding to ®rr(wmin) = 0 + pm,p € Z. Since the
transition only happens at these values, the parity must have the same sign in
the intervals ®rp €]0; 7 and |—m;0[, which Fig. 4.5 confirms. The parity of the
transmission spectrum is therefore completely determined by the roundtrip phase
at the transmission minimum.
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Figure 4.5: Phase of the roundtrip matrix element given in Eq. (4.7) for different
cavity-PTE distances. Each point has been color coded according to the parity of the
numerically exact transmission spectrum (obtained from Eqs. (4.3-4.4)), such that red
parity structures are marked by red crosses and blue parity structures are marked with
blue dots. The black circle indicates the chosen cavity-PTE distance used for Fig. 4.6.

However, the above explanation assumes that the transmission and reflection
coefficients for the PTE, t,(w) and r,(w), are independent of frequency, which is
generally not the case. This frequency dependence contributes to the asymmetry
of the transmission spectra, but as seen in Fig. 4.5 the effect is very small, since
the roundtrip phase at wpin predicts the right parity for all simulations with
d > 5a. Furthermore, the above explanation assumes a linear dispersion, and
thus a frequency independent group velocity. If, in turn, the structure is operated
closer to the band edge of the waveguide, where the group velocity depends
strongly on frequency, this would also affect the symmetry and could potentially
be used as an additional parameter to engineer the shape of the transmission

spectrum.

Since the parity depends on the roundtrip phase, it is possible to flip the sign of
the DoP by changing ® g7 (wmin), which can be done by applying a pump pulse
to the waveguide region in the Fabry-Perot cavity as in [104]. This is shown in
Fig. 4.6, where the transmission computed from Eq. (4.13) is plotted using the
parameters for d = 6.08a for ®pr(wmin) = 0 and +7/4. For this to be possible
in an efficient way, the spectral distance between the maximum and minimum
transmission points should be as small as possible. The investigated structure
is not optimal, since it requires a total phase shift of ~ 7/2 for switching the
DoP and maintain max(|T|?) = 1. Reducing the linewidth, 2y would increase
the slope and thus reduce the required phase shift for flipping the DoP, while

maintaining max(|T|?) = 1.
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Figure 4.6: Transmission spectrum for ® gr(wmin) = 7/4 (blue solid), ® gy (Wmin) = 0
(black dot-dashed) and ® gy (wmin) = —7/4 (red dashed), where all other parameters are
those for d = 6.08a.

4.4 Conclusion

We have analyzed the transmission spectrum of a photonic crystal microcavity
coupled to a partially-blocked waveguide using a 2D Fourier-based Bloch mode
expansion technique. We showed that the structure displays Fano resonances and
that the symmetry of these can be controlled by varying the distance between
the microcavity and the partially transmitting element. For sufficiently large
distances, a single-mode description accurately describes the shape of the trans-
mission spectrum, and in this limit it was shown that the phase of the roundtrip
within the Fabry-Perot cavity determines the parity of the Fano resonance. This
limit was identified to be at d ~ 5a for the investigated structure. The break-
down of the single-mode description for d < 5a is due to the increasing influence of
evanescent Bloch modes for smaller Fabry-Perot cavities. The possibility of fully
tailoring the Fano resonance in photonic crystal microcavity-waveguide structures
might find applications in, for example, optical signal processing and sensing.

Our results suggest that the shape of the transmission can be made extremely
sensitive to changes in the roundtrip phase. It is therefore interesting to in-
vestigate whether the structure is more susceptible to refractive index changes
in the waveguide, rather than in the microcavity, which is conventionally used
[10, 90, 92, 94, 95].






CHAPTER

All-optical mapping of the
position of single quantum dots
embedded in a nanowire antenna

Up to this point in the present thesis, we have considered structures with Carte-
sian geometry. In this chapter we turn our attention to rotationally symmetric
structures. Thus neither the 3D oFMM developed in Chapter 3 or the 2D Fourier-
Based Bloch mode expansion technique used in Chapter 4 is suitable. Therefore
we will use the oFMM method for cylindrical structures developed in Ref. [48]
as the work horse for the numerical simulations in the present chapter.

As briefly touched upon in the introduction to the present thesis (Chapter 1),
quantum emitters, such as semiconductor quantum dots (QDs), embedded into
photonic nanostructures form the basis of modern solid-state quantum optics [12].
Semiconductor QDs embedded into tapered nanowires has been demonstrated as
a promising platform for obtaining bright quantum light emission, due to its
efficient out-coupling into a directive Gaussian shaped free-space beam [27, 32,
105-107]. As opposed to cavity based single-photon sources (SPS), this waveguide
approach offers a broad operation bandwidth enabling widely strain-tunable SPS
[105, 108], as well as bright sources of entangled photon pairs [18, 109]. The
Gaussian shaped output beam delivered by tapered single-mode nanowires [61, 62]

93
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Figure 5.1: SEM image of the needle structure under study in this chapter. The needle
is not perfectly rotational symmetric, however we model it as being so. It will be apparent
later in the chapter, that even with this approximation a good agreement between our
simulations and experimental results is obtained.

enables efficient coupling to a single-mode fiber, either using free-space optics [62]
or through direct "butt’ coupling [110].

The emitter position in a photonic nanowire has a huge impact on the device
performance. Besides governing the strength of the light-matter interaction it
affects the coherence properties of the emitter as well. Recently, a strong de-
pendence of the optical linewidth of QD emission on thermal vibrations of the
nanowire was demonstrated [111]. In particular, the coupling to flexural modes
features a steep spatial dependence, which was used for position mapping of QDs
in trumpet nanowires in [112]. Furthermore, the potential impact of surface
states is still to be explored for nanowire structures, and this likely depends on
the distance between the QD and the sidewall. Thus, precise mapping of the
QD position is crucial for further understanding and optimization of this light-
matter interface. Conventional optics is not applicable here since the dimensions
of the structure are below the diffraction limit, and thus other methods such as
the one presented in [112] should be considered. The QD mapping technique
in [112] relies on the coupling of QDs to flexural modes, however this technique
will strongly rely on the specific mechanical properties of the nanowire structure,
and is probably not as precise for nanowires with needle out-coupling tapers as
compared to nanowires with trumpet out-coupling tapers.

In this chapter, we present a novel all-optical technique to precisely map the
position of individual self-assembled InAs QDs embedded in a needle nanowire (a
SEM image of the structure under investigation is seen in Fig. 5.1). Our approach
is non-destructive and exploits interferences associated with the simultaneous ex-
citation of two guided modes' having different transverse field profiles. Through

1One mode is actually a semi-guided radiation mode.
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spectrally-resolved Fourier microscopy, we resolve this interference in the far-field
angular profile for individual QDs. Comparing the experimental data with nu-
merical simulations based on an approximative model geometry yields the emitter
position with uncertainties of 8-15 nm on the distance to the nanowire axis and 9-
14 nm for the azimuthal position of the QDs under investigation. These numbers
are way below the diffraction limit.

The present chapter is a product of my external stay at CEA Grenoble with
Julien Claudon. All experimental results presented in the chapter is a result of the
hard work by Romain Fons, Joél Bleuse and Julien Claudon at CEA, whereas all
simulations and the comparison between the simulated and experimental results
has been carried out by the author. A joint publication is currently in review at
Nano Letters (J5).

The chapter is organized as follows. In Section 5.1, we briefly present the open-
geometry Fourier modal method (0FMM) in cylindrical coordinates [48], which
is the workhorse for all simulations presented in this chapter. Furthermore, we
present the basic physics of the nanowire. Section 5.2 presents our near-field
to far-field transformation implementation in the oFMM formalism, as well as a
discussion on how to treat the far-field from different excitonic complexes in a
QD. The experimental setup used for the far-field measurements is presented in
Section 5.3, and in Section 5.4, we outline the simulation procedure followed by a
numerical comparison between the simulated and measured far-fields. Based on
this, we conclude on the position of the QDs. The chapter ends with an overall
conclusion of the work presented.

5.1 Nanowire physics

A nanowire is in this thesis generally defined as a cylindrical semiconductor wire
supporting up to a few guided modes. The number of guided modes in a nanowire
is determined by the diameter, the refractive index contrast to the environment
and the wavelength [113].

Open-geometry Fourier modal method for cylindrical geometries

We model cylindrical structures using the open-geometry Fourier modal method
(o0FMM) in cylindrical coordinates presented in Ref. [48], where the electromag-
netic field is expanded on a set of eigenmodes. This method is ideal for treating
nanowires, since each angular momentum is treated separately giving access to all
modes of the nanowire. An emitter placed in the nanowire will through emission
produce a field, which is a superposition of the eigenmodes in the nanowire. In
the oFMM the emitted field is written as
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N
Z Z anj(rpp)fnj(r) exp (ing) exp (iB,;2) , (5.1)
—N

where F is either the total electric (E) or magnetic (H) field, n is the order of the
angular momentum, j is the mode index, a,; is the dipole coupling coefficient of
each mode, f,;(r) is the electric (e,;(r)) or magnetic (h,;(r)) field for the j’th
eigenmode with angular momentum n and rpp is the position of the point dipole
(emitter). The dipole coupling coefficient is calculated as in [48] by using the
Lorentz reciprocity theorem [46] and is for orthonormal eigenmodes given as

iwp - en;(TPD)

2 )
where p is the dipole moment. Here it should be noted that the dipole cou-
pling coefficient is dimensionless, and thus a unit of watts has been thrown away
through normalization.? The eigenmodes in each z-invariant layer are expanded
on a Bessel function basis as [48, 75]

anj(rep) = (5.2)

frmg(r) =1 Z i A [0 Tt (i) = € Tt ()], (5.3a)
M
f(b,n] Z kmAk njm‘]n‘f‘l(kmr) + Cijmjn%(kmr)]v (53b)
m=1
where b(c )n]m are the eigenmode expansion coefficients and .J;, is the n’th order

Bessel function of the first kind. The eigenmode mode expansion coefficients are
computed for each z-invariant layer using the technique outlined in [48] and [75],
which is similar to the Cartesian case presented in Chapter 3. The normalized
spontaneous emission (SE) rate of the dipole emitter is computed using Eq. (3.20)
with the dipole coupling coefficients in Eq. (5.2) and the eigenmodes in Egs. (5.3).
For a structure varying along the propagation direction (i.e. the z-direction) the
eigenmodes in each z-invariant layer are coupled through the scattering matrix
formalism [46], and the reflection and transmission matrices between adjacent
layers are found by matching the boundary conditions as in Chapter 3 [46].

Modes of the nanowire

Three classes of modes exist in the nanowire, which are classified by their prop-
agation constant as listed in Eq. (3.19). There is always a discrete number
of guided modes, however there is a continuous set of radiation and evanescent

2If you go through the derivation in Ref. [46], you will see that the units are lost through
evaluation of integrals of delta functions.
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Figure 5.2: The normalized spontaneous emission rate into the guided and radiating
modes of a tangential (top) and radial (bottom) oriented dipole in a GaAs nanowire
with ngaas = 3.46 as function of the diameter normalized to the emission wavelength.
The dipole is placed 0.6 R off axis, where R = D/2, as indicated in the inset. The black
dashed line indicate D/A = 0.22, which is roughly the ratio of the QDs embedded in the
needle nanowire in Fig. 5.1.

modes. One way to characterize the nanowire is to embed a point dipole and
calculate the SE rate into each mode of the nanowire. From Eqs. (5.1-5.3) it is
seen that a dipole placed on-axis (i.e. rpp = 0) will only couple to modes with
angular momentum n = +12, whereas an off-axis dipole will couple to all modes
with all angular momenta and thus provide a good overview of which modes
are confined in the nanowire. The spontaneous emission (SE) rate for a dipole
emitter at rpp = 0.6 Rnw as function of the diameter-wavelength ratio D/ of a
GaAs nanowire with ngaas = 3.46 is seen in Fig. 5.2, where Ryw is the radius
of the nanowire.

An important thing to notice in Fig. 5.2 is that the SE rate into radiation modes
rises just before the next guided mode is supported by the nanowire and quickly
drops again after the guided mode has been dragged into the nanowire. This
feature was also seen in Chapter 3 in Fig. 3.3 and in Refs. [48, 80, 114] and is an
important aspect, when computing the far-field emission pattern of single-mode
tapered nanowires, since the radiation modes are not always emitting directly

3This is realized by setting r = 0 in Eqgs. (5.3), and use that only Bessel functions of order
n = +1 is non-zero, when evaluated at r = 0: J,(0) =1 for n = +1 and J,(0) = 0 for n # +1.
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Figure 5.3: The normalized SE rate for a dipole emitter at 910 nm in a nanowire with
a diameter of 200 nm as function of the radial position of the dipole. The SE rate is
plotted for radially and tangentially oriented dipole moments.

to the sides of the nanowire, but can also be semi-guided by the nanowire and
thus contribute significantly in the far-field. The same feature has been observed
experimentally in Ref. [115] for ZnO needle nanowires, where the total radiation
intensity was found to oscillate with increasing diameter of the nanowire.

In this study we are investigating the GaAs needle nanowire shown in Fig. 5.1
with a diameter D of around 200 nm and emission wavelengths A = 891.5, 907 and
912 nm, meaning that D/\ ~ 0.22 in Fig. 5.2, which is indicated with the black
dashed line. As seen only the HE11 mode is guided, however the large SE rate
into the radiation modes are mostly into what we denote a TEO1-like radiation
mode, which at a slightly larger diameter becomes the guided TEO1 mode. The
normalized SE rate as function of the dipole position rpp is seen in Fig. 5.3,
and here it is evident that the radiation modes are TEO1-like showing a similar
dependence on the radial position of the dipole. Thus a QD placed at two different
radial positions in the nanowire will couple differently to the HE11 mode and the
radiation modes, and this should be visible in their far-field radiation pattern.
However, the far-field pattern is not only dependent on the radial position of
the QD, but also on the height of the nanowire, due to the different propagation
constants of the modes, which will change their interference pattern along the
nanowire. This point will be evident later in the present chapter.



5.2 Near-field to far-field transformation 59

5.2 Near-field to far-field transformation

The oFMM method used in this study is used to compute the near-field of the
needle in Fig. 5.1. In order to compute the far-field we need to use the near-field
to far-field transformation out-lined in Section 2.6 and use the field expansions
in Egs. (5.3). We consider the two cases n # 0 and n = 0 separately, and for
n # 0 insertion of Eqs. (5.3) into Egs. (2.24) lead to the following very simple
equations

Np nj =4(—1)"m cos 0 cos(ne)

M
> Ak (b) 5, — ¢l i) 8k — ko sin6), (5.4a)
m=1
Ny nj =4(—1)"7sin(ne)
M
> Ak (b} 5, + ¢l 58 (K — ko sin6), (5.4b)
m=1
Lo nj = — 4(—1)""'7 cos O sin(ne)
M
> Ak (0] — ¢ in)6 (km — ko sin6), (5.4c)

3
Il

Lg.nj =4(—1)""'7 cos(ne)

Ak, (bE E )0(km — kosin @), (5.4d)

mjn + ijn

NE

Il
A

m

where §(ky, — kosin®) = 1/Aky,, when k,, = kosin 6 and zero otherwise. Inser-
tion of Egs. (5.4) into Egs. (2.20) gives the far-field for each mode j with angular
momentum n # 0. The total far-field is computed in the standard way as a sum-
mation over all modes weighted by the modal excitation coefficient a,;. In Eqgs.
(5.4) it is apparent that each in-plane k,, value corresponds to one angle in the
far-field. The full derivation of Egs. (5.4) is found in Appendix A.2. For the case
of n = 0, we have two different polarizations that need to be treated separately
as discussed in Appendix A.2, and in the end we arrive at these expressions for
TE and TM polarization

M
Ny j v = 2im cos 6 Z Ak, [bTHn,j - cgjj} 3 (km — ko sin0), (5.5a)
m=1
M
Ny jmp =21 > Ak [V + clt ;] (ki — ko sin), (5.5b)

m=1
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M
Ly i1 = —2imcosf Z Ak, {bfm — cTEn,]} d(km — kosin ), (5.5¢)
m=1
M
Lyjmn = =27 % Ak [0 + el ] 6k — ko sin6). (5.5d)
m=1

The remaining components are Ny ;g = Ny j™m = Lg jT7m = Lg jTE = 0. Us-
ing these expressions in Egs. (2.20) gives the far-field for TE and TM polarization.
It should be stressed that the above equations are only valid for dipoles emitting
linearly polarized light, since these couple equally to modes with opposite angu-
lar momentum, i.e. the excitation of a mode with 4+n equals the excitation of
the same mode with angular momentum —n. However, for emitters producing
circularly polarized light (as is the case for a trion state [12]) the dipole does not
couple equally to £n angular momentum, and the far-field equations presented
in this thesis are no longer valid. If a dipole producing circularly polarized light
is to be treated correctly, the angular momentum with opposite sign should be
treated individually by using an angular dependence of the form exp (in¢) in Egs.
(2.23) and the derivations in Appendix A should be redone.

Far-field from quantum dot exciton

Due to the epitaxial growth of the QDs embedded in the needle nanowire in Fig.
5.1, their dipole moment is oriented in the transversal plane [116], and thus in
the oFMM formalism we only need to consider tangentially and radially oriented
dipoles. As seen from Eq. (5.2), the dipole coupling coefficient is given by a dot
product between the dipole moment and the electric field of the eigenmode, and
thus depends on the dipole orientation of the exciton state in the QD.

Several excitonic states exist in a QD, and the photons emitted through the
corresponding radiative recombination processes have different frequencies and
polarizations [12]. If a neutral exciton recombines, the emitted photon will be
linearly polarized, however if a charged exciton (trion state) recombines, it will
lead to circularly polarized light, where the helicity is determined by the spin of
the additional carrier [12, 117]. The spin state of the excitons and trions in Fig.
5.4 are [12]

1Xy) = \2 (110 + [41)) . (5.6a)

1
) = =5 (1) — W) (5.6b)
X7, = fu)” o) @ \}5 (1) — [119), (5.6¢)
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Figure 5.4: A few of the radiative transitions in a QD. (a) Recombination of an electron-
hole pair in an exciton leads to emission of either a horizontally or vertically polarized
photon. The two energies are separated by the fine structure splitting AFys. A circularly
polarized photon is emitted through recombination of an electron-hole pair in (b) a
negative trion state or (c) a positive trion state.

XY, = 5 (110 = 1) © fue) ), (5.64)

where |aqm)) is the spin state of the electron (hole) in the positive (negative)
trion state, and |uc(v)> is the electronic Bloch function evaluated at the I' point
of the conduction (valence) band [12]. Thus it seems, that our technique for
determining the position of the QDs depend on the addressed exciton in the needle
nanowire. However, in the experiment each emitted photon is either the result of
one particular relaxation process (e.g. |Xp) to |g)) or the orthogonal process (e.g.
Y1) to |g)), and never the coherent superposition of the two. When the far-field is
detected, the image is built up as the ensemble average of many detection events,
which then is the balanced (50/50) incoherent sum of the detected power profile
resulting from two orthogonally polarised dipoles. The balance between the two
orthogonal states is due to our non-resonant excitation scheme and the large spin
relaxation rate in InAs QDs [118] (the experimental details will be given in the
following section). This means that the far-field consists of an incoherent sum
of the two emitter polarizations, and as derived in Appendix C.4 the incoherent
sum of the two trion states produces the same far-field as the incoherent sum of
the two bright excitons

Proy =Py, + Phy=PL + Pl =Py, + Py, =P +P”,  (57)

where Pryy is the total emitted power, Px(yy is the power emitted by each exci-

tonic state and PP is the power emitted by a radially (tangentially) oriented
dipole. Strictly speaking, the power emitted from the different transitions are not
necessarily the same, since their transition frequency will differ. However, the ex-
pression suggests, that they can be modelled in the same way using a radial and
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tangential dipole, and thus we only need to know the wavelength of the emitted
photon and not which exciton transition it originates from. This fact proves a
certain generality to our position mapping technique, meaning that we are not
limited by, whether the emission originates from recombination of trion or neutral
exciton states, since both are treated in the same way in the simulations.

5.3 Experimental setup

The needle nanowire is placed in a cryostat at 4K in order to reduce thermal
fluctuations of the energy levels in the QDs. The QDs are excited non-resonantly
with a CW laser at Agy. = 825nm. The population of the QD levels are thus
not controlled, and after non-radiating relaxation processes we have populated
biexcitons, neutrally charged excitons or charged trion states in the QD. A photon
is emitted through a recombination of an electron and a hole, and the polarization
of the emitted photon depends on the excited quantum state [12].

The emitted photon is guided by the GaAs nanowire and adiabatically leaves
the nanowire through the tapered needle section [27, 63] and is collected by an
objective with a numerical aperture (NA) of 0.75. The emitted light is directed
by a lens towards a half-wave plate and a polarizer, for polarization controlled
measurements. Then a band-pass filter enables measurement at specific wave-
lengths, such that each transition in each QD can be addressed individually .
A second lens focusses the emitted light onto a CCD camera, where the far-field
emission pattern is measured. The experimental setup is schematically shown in
Fig. 5.5.

A standard photoluminescence (PL) experiment reveals the spectrum of the
QDs in the needle nanowire, and the spectrum is seen in Fig. 5.6. Based on
the PL spectrum we have chosen to focus this study on three QDs with emission
wavelengths 891.5 nm (QD1), 907 nm (QD2) and 912 nm (QD3). Due to the
non-resonant excitation of the QDs we have no control over which states are
populated, and thus when we filter out a single peak in the PL spectrum we
do not know which transition it originates from. The fine structure splitting
(fss) of the energy levels in a neutral exciton can be found through polarization
controlled PL measurement, by exploiting the orthogonal polarizations of the
two bright exciton transitions. Thus if the peak of the PL spectrum changes,
when rotating the polarizer, it is a good indication that the transition stems
from a neutral exciton, however if the peak is independent of the polarizer angle
additional experiments are needed to conclude on the origin of the emission.

The PL spectra for different rotations of the polarizer are seen in Figs. C.2-
C.4 in Appendix C.2 for QD1, QD2 and QD3. A fss is observed for QD1 and

4This is of course in the ideal case. It happens, that the QD transitions are practically
inseparable if their energies are too close to each other.
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QD2 indicating that the emission from these QDs are from a neutral exciton
- this conclusion is supported by the biexponential trend of the time-resolved
PL measurement seen in Figs. C.6(a-b) in Appendix C.3. However, we do not
observe any fss for QD3, which is either because the transition we measure is not
from a neutral exciton or because the fss is too small to resolve in the polarized
PL spectrum shown in Fig. C.4 in Appendix C.2. A vanishing fss is possible
if the QD is laterally very symmetric, and is thus not a unique indicator of the
exciton transition. The time-resolved PL measurement of QD3 in Fig. C.6(c)
shows a quasi-exponential behaviour®, however the lifetime is a factor 2 larger
than for QD1 and QD2. A trion state should have a shorter lifetime than a
neutral exciton [119]. The longer lifetime can be explained by a fast spin-flip
rate within QD3, which makes the slow decay rate dominant and dilutes the
biexponential behaviour [118, 120]. Thus we conclude that the QD3 emission
probably originates from a neutral exciton. The details of this analysis is found
in Appendix C.3.

We measure the far-field radiation pattern by adding two images taken for two
waveplate angles that differ by 45° in order to account for the strongly polariza-
tion dependent transmission of the band-pass filter in Fig. 5.5. Furthermore, due
to the non-resonant excitation scheme, the two bright excitons (or the two spin
configurations of each trion state) will be equally populated, since any polariza-
tion memory of the excitation laser is lost, due to our non-resonant excitation
scheme [118]. As derived in Appendix C.4 the contributions from the two bright
excitons (or trions) should be added incoherently, meaning that the far-field power
from the two in-plane dipole orientations are added, when computing the far-field

Objective
NA=0.75 Lens  Polarizer CCD
A9
¢
‘ > A/2 Band-pass fo
f filter -

Figure 5.5: Illustration of the experimental setup for measuring the far-field emission
pattern of the needle nanowire. The needle nanowire is placed inside a cryostat, and
the QDs are excited non-resonantly at 825 nm. The emitted light is collected with an
objective and focused onto a CCD camera, where the far-field pattern is measured. The
half-wave plate and the polarizer are for polarization controlled measurements and the
band-pass filter is used for measuring on a single transition in a single QD.

>Quasi-exponential meaning that the biexponential behaviour is dominated by one decay
rate.
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Figure 5.6: PL spectrum of the needle nanowire. As seen several QD transitions are
visible in the spectrum. We have chosen to focus this study on QD1, QD2 and QD3.

Figure 5.7: The raw measured far-field for QD1 (891.5 nm), QD2 (907 nm) and QD3
(912 nm) normalized with their maximum pixel value. The white circle indicate a nu-
merical aperture of 0.75. The z- and y-axes are given in NA = [sin ].

in the oFMM formalism. Due to the large spin relaxation rate in InAs QDs and
our non-resonant excitation scheme [118], the population of the | X},) and |Y3) ex-
citons will be equal and thus the two dipole orientations in the oFMM formalism
has the same amplitude, meaning that we can use the expression given in Eq.
(5.7) when computing the far-field. Fig. 5.7 shows the far-field for the three QD
transitions. The diversity of the measured far-fields patterns indicate different
positions of the QDs in the nanowire, providing a first hint of the extreme sensi-
tivity of this physical property on the QD position. In the following section, we
will compare the measured far-fields with our simulations and conclude on the
position of each of the QDs.
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(b)

Au Au

Figure 5.8: (a) Model description of the exact geometry assuming rotational symmetry,
where Dyoy = 200nm, Dyig = 218 nm, Diop = 74nm, hyoe = 1450nm, hiop = 1365 nm
and a = 6°. The thickness of the passivation layer is 2 nm at the bottom, 37 nm in the
middle and 0 nm at the top. The QDs are placed 80 nms above the bottom mirror and
the thickness of the SiOs-layer is 11 nm. (b) Sketch of the simulated structure emulating
the model structure in (a). hyw is the length of the straight nanowire section and the
diameter, D, is 200 nm.

5.4 Comparison between simulations and
experiments

Before we compare the measured and simulated far-field radiation patterns, we
will outline the simulation procedure, since it has not been a straightforward task
to get a good agreement between simulations and experiments.

Simulation procedure

The investigated needle structure is not completely rotationally symmetric as seen
in the SEM image in Fig. 5.1, however we model it as being so for three reasons:
1) It is a good approximation of the actual structure, 2) it hugely simplifies the
computational task and 3) it allows us to use the open-geometry Fourier model
method developed in Ref [48] giving us access to the individual modes of the
structure. The GaAs needle nanowire is covered with a thin passivation layer of
SiOg, of which the thickness has been estimated by cutting a similar structure
(i.e. not the same structure for which we performed the far-field measurements)
with a focused ion beam at different heights, and measuring the thickness of the
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passivation layer from SEM images. This procedure lead to a model description
of the structure sketched in Fig. 5.8(a), where the diameter of the structure
increases slightly from 200 nm at the bottom to 218 nm in the middle, where
it is tapered to a top diameter of 74 nm. The opening angle is estimated to 6
degrees, and the thickness of the passivation layer is 2 nm at the bottom, 37 nm
in the middle and 0 nm at the top. Of course these numbers are associated with
some uncertainty, and simulating the model geometry did not produce far-fields
with convincing agreement with the measurements. Furthermore, there are quite
a lot of parameters, which could be varied in order to get a better agreement,
however, studying the effect of all these would be extremely time consuming, and
in the end the model geometry is an approximation of the true geometry. In
order to keep things a bit simpler, we chose to look at the simplified geometry
sketched in Fig. 5.8(b) consisting of a straight nanowire with an out-coupling
taper neglecting the SiOs passivation layer.

By considering the simplified structure in Fig. 5.8(b) instead of the model
geometry in Fig 5.8(a) we have reduced the number of variables in the model,
and thus we have decreased the number of simulations needed for learning the
role of each variable. As seen from Fig. 5.2 the curve for the SE rate into
the TEO1 like radiation mode is quite steep around our diameter and emission
wavelengths of interest, and thus the far-field radiation pattern is quite sensitive
towards both parameters. However, after several simulations we chose to fix
the diameter to 200 nm (which is also the estimated average diameter of the
nanowire), and since the tapering angle mainly affects the spot size in the far-
field we found that the critical variable to tune for obtaining agreement is the
height of the straight nanowire section. The HE1l mode and the TEO01-like
radiation mode have different propagation constants and thus by changing the
height of the nanowire, the relative propagation phase between these are varied,
which leads to a change in their interference pattern observable in the far-field.

For each height of the nanowire we simulated the far-field of a radially and
a tangentially oriented dipole placed in 10 different positions along the radial
axis, rpp = (0,1,2,3,...9) Ryw/10. The wavelength of the dipole was chosen to
match the wavelength of QD1 (891.5 nm), QD2 (907 nm) or QD3 (912 nm). We
added the far-fields of the two dipole orientations incoherently as discussed in
the previous section, and in this way we obtained a far-field radiation pattern for
10 different positions of the QD in the needle nanowire as shown in Fig. 5.9 for
QD1. The point dipoles are placed along the y-axis from the centre (rpp = 0) to
the upper edge (rpp = 0.9) in the figure. As seen, the far-field pattern changes as
the dipole position is changed, due to the change of the relative power between
the HE11 and the TEO1-like radiation mode, which is seen from the SE rates
in Fig. 5.3. Furthermore it should be noted, that the far-field pattern is mirror
symmetric with respect to the radial axis (y-axis in Fig. 5.9), and thus the pattern
contains information on the exact QD position and not just the radial position.
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Figure 5.9: Simulated far-field radiation pattern for 10 different QD positions on the
the y-axis starting from the centre towards the upper edge of the nanowire. The emission
wavelength is 891.5 nm corresponding to QD1, and the height of the nanowire section in
Fig. 5.8(b) is 1950 nm. The white circle indicates NA = 0.75.

In Appendix C.5 the simulated far-fields for all three emission wavelengths 891.5
nm (Fig. C.9), 907 nm (Fig. C.10) and 912 nm (Fig. C.11) are shown for three
different nanowire heights: 1900 nm, 1950 nm and 2000 nm. We have investigated
the far-field for additional heights of the nanowire, however, we found that these
heights came closest to reproducing the experimental results, while being close
to the real geometry. As discussed in Appendix C.5 the height of the nanowire
determines the phase difference between the HE11 and TEO1-like radiation mode,
and thus greatly influences the far-field pattern.

Far-field comparison and deducted QD positions

We will compare the measured far-fields in Fig. 5.7 to the simulated far-fields
shown in Figs. C.9-C.11 in Appendix C.5 both numerically and through visual
inspection in order to deduct the position of the three QDs in the needle nanowire.
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The numeric comparison is carried out by interpolating the simulated far-fields,
such that we can compare these with the measured far-fields pixel-by-pixel. We
initialize the far-fields by normalizing them with their maximum pixel value. In
this way all far-fields have pixel values between 0 and 1. After these initializing
procedures, we developed an algorithm for minimizing the mean pixel difference
between the simulations and the measurements. The algorithm have two free
parameters - the radial position of the QD and a far-field power scaling factor.

Before using the algorithm for determining the radial position, we turn our
attention to the azimuthal position of the QDs. We determine the azimuthal
position by exploiting that the far-fields should be close to mirror symmetric®.
From symmetry, we know that the QDs are placed along the mirror axis of the
far-fields, and we determine this axis by calculating the mean pixel difference
between two halves of the far-fields shown in Fig. 5.7, separated by a mirror axis
tilted with an angle of ¢¢jt. The mean pixel difference is plotted as function of
the mirror axis tilt in Fig. 5.10 and is formally calculated as

APy (i) = ’sztrizlw — P ; (5.8a)
Z A-Pmn (¢tﬂt)
pmean Y mn 5.8b
R () = S (5.8b)
where qu,ﬁlt*“) is the power in pixel mn on the positive(negative) side of the
7

mirror axis’.

The minima in Fig. 5.10 provides one of two possible azimuthal positions of the
QDs - the other position is found by addition of 180 degrees, however from the
simulated far-fields in Figs. C.9-C.11 we know that the QD is placed oppositely
of the far-field maximum power for our nanowire heights, and thus we conclude
the following azimuthal positions for the QDs

Py = 163° £ 12°, (5.92)
Pihe = 180° £ 6°, (5.9b)
PPy = 14° £ 6°, (5.9¢)

where the uncertainty has been estimated as the £5% deviation from the minima
in Fig. 5.10. Choosing a +5% deviation gives us a 90% confidence interval, and
should cover the inherent numerical uncertainties, which are likely much smaller
than the uncertainty on the exact experimental structure.

5They would be perfectly mirror symmetric, if the nanowires had perfect cylindrical sym-
metry.
"Positive side meaning the side in the positive rotation direction.
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Figure 5.10: The mean pixel difference between the two halves of the far-fields in Fig.
5.7 separated by a mirror axis tilted by ¢ for each QD.

Having determined the azimuthal position of the QDs, we will now find the
radial position. This we do by comparing the measured far-fields in Fig. 5.7 with
the simulated far-fields in Appendix C.5. The comparison is done in the following
way. As mentioned above there are two parameters to vary for obtaining the best
agreement between simulations and measurements: 1) the radial dipole position
in the simulations, and 2) a scaling factor. The first parameter is self-explaining,
and the second is a simple scaling factor multiplied on the measured far-fields after
the pixels has been normalised to the range between 0 and 1. The purpose of
the scaling factor is to reduce the influence of bright spots on the measurements,
which could affect the interpreted radial position in the wrong way. We use the
scaling factor, which leads to the global minimum in the mean pixel difference
for each QD. The optimal scaling factors was found to be

D1

201 — 1,30, (5.10a)
D2

202 — 1.35, (5.10b)
D3

203 — 1.10. (5.10c)

Using these scaling factors we determine the mean pixel difference between the
simulated and measured far-fields as

AP (ren) = B (ren) — Poese| (5.11a)
AP,
PgieanO,PD) _ Zmn mn(rPD) (511b>

#Pixels
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Figure 5.11: The mean pixel difference between the simulated and measured far-fields
calculated for nanowire heights of 1900, 1950 and 2000 nm for (a) QD1 (891.5 nm), (b)
QD2 (907 nm) and (c¢) QD3 (912 nm) as function of the radial dipole position of the
simulated far-fields. For these curves we used the optimal azimuthal position of the QDs
found in Fig. 5.10.

where rpp is the radial dipole position in the simulations in units of the nanowire
radius. Using this expression, we compute the mean pixel difference as function
of the dipole position for each QD for nanowire heights of 1900, 1950 and 2000
nm. The results are presented in Fig. 5.11.

The predicted radial position of the QDs is found as the minima in Fig. 5.11,
and as above we determine the uncertainty by finding the QD positions with a 5%
deviation from the minimum mean pixel difference for all three nanowire heights.
We deduct the following positions for each of the nanowire heights

eI = [0.5; 0.6, 599 = [0.6; 0.8], &9 = 0.9,
r350mm — .5, r50mm — 0.7, r30mm — .9, (5.12)

P00 = [0.4; 0.6], A9 = [0.7; 0.8], X9 = 0.9,

where all numbers have been normalised with Ryw = 100 nm. From these num-
bers we conclude the following radial positions of the QDs
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Figure 5.12: Top row: Measured far-fields for the three QDs. Bottom row: Simulated
far-fields for Axw = 1950 nm, where the far-fields has been rotated in order to obtain the
best agreement with the measured far-fields. The dipole position used in the simulation
is 0.5RNw, 0.7TRnw and 0.9RNw for the three emission wavelengths respectively.

rpy = [50 £ 15] nm, (5.13a)
rpy = 70 £ 15] nm, (5.13b)
rebg = [90 % 5] nm, (5.13¢)

where the superscript ’cyl’, means assuming cylindrical symmetry. These un-
certainty estimates are approximated from the intervals in Eq. (5.12) and our
resolution on the radial QD position. Our simulations has been made in steps
of 10 nm, so each position has an inherent uncertainty of +5nm. In Fig. 5.12
we show the measured far-fields in the top row scaled with the scaling factors
in Eq. (5.10), and the simulated far-fields with the best overlap found by the
above analysis in the bottom row. This enables visual comparison between simu-
lations and measurements, and as seen the simulations replicate well the features
of the measured far-fields. The error estimates in Eq. (5.13) is purely estimated
from the agreement between the simulations and the measurements, assuming
a rotationally symmetric structure. However, we know our needle structure has
some ellipticity, and in the following we will estimate the error arising from our
assumption of rotational symmetry.

To do this, we used an in-house code, which is able to compute spontaneous
emission rates in to the confined modes of an infinite elliptical nanowire. Since it
is the ratio between the emitted power into the HE11 and the TEO1 mode that
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Figure 5.13: Approximate elliptical cross-section of the nanowire in Fig. 5.1, where

R, = 112.5nm and R, = 87.5nm. For the TEOl mode, we have used R, = 1.25 -
112.5nm = 140.6 nm and R, = 1.25 - 87.5nm = 109.4 nm.

determines the interference pattern, the uncertainty on this ratio translates into
the uncertainty on the radial dipole position. We consider the infinite elliptical
nanowire sketched in Fig. 5.13, and compute the spontaneous emission rates
into the HE11 and the TEO1 mode for dipole positions along the semi-major axis
(R; = 112.5 nm) and the semi-minor axis (R, = 87.5 nm). However, our elliptical
code is only able to treat guided modes, and the TEOl mode is technically a
radiation mode for our structure. Therefore, we approximate the emission rates
for the TEO1 mode by computing these for a slightly larger elliptical cross-section
(R;F(I;:f))l = 1.25R,,)) and scale these with the ratio between the emission rates
for a cylindrical nanowire with diameters of 200 and 250 nm as

Elli Elli T30 (R)
ey (Re, Ry) = Dl (1.25R,, 1.25R,) —1E0L

G B (5.14)
rl (1.25R)

where R = % = 100 nm.

Fig. 5.14 plots the SE rate ratio between the TEO1 mode and the HE11 mode for
a tangentially oriented dipole as function of the dipole position along the major
and minor axis of the elliptical nanowire sketched in Fig. 5.13, as well as along
the radial axis of a cylindrical nanowire with a diameter of 200 nm. We estimate
the lower and upper bound of the dipole position, as the positions, where the
SE rate ratio on the major and minor axis of the elliptical nanowire equals the
cylindrical nanowire SE rate ratio for the QD positions found above as shown in
Fig. 5.14. In this way, we include the elliptical shape of the nanowire in our error
estimate on the found QD positions. From Fig. 5.14, we find that the radial
positions of the QDs are within the following intervals

rop = [0.42; 0.53] Raw, (5.15a)
romy = [0.60; 0.74] Ryw, (5.15D)

roms = [0.79; 0.93] Ryw. (5.15¢)
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Figure 5.14: Ratio between the spontaneous emission rate into the TEO1 mode and the
HE11 mode for a tangentially oriented dipole for a dipole moved along the major axis
(blue curve) and minor axis (red curve) for the elliptical nanowire sketched in Fig. 5.13,
and for a dipole moved along the radial axis for a cylindrical nanowire (yellow curve).
The position of the three QDs are shown with the deduced error bars.

Comparing these intervals with the error estimates in Eq. (5.13), we see that the
uncertainty on the radial position of QD3 is larger than our first estimate, due
to the ellipticity of our structure. This leads us to the following radial positions
of the QDs

rqp1 = [0 £ 15 nm, (5.16a)
rqpz = [70 £ 15] nm, (5.16b)
rqps = [87 £ 8 nm. (5.16¢)

The QD position map, including the estimated uncertainties, is shown in Fig.
5.15. Thus for the structure under investigation we are predicting the QD po-
sitions with an uncertainty of +15, £15 and +8 nm on the radial position, and
414, +£9 and £10 nm on the azimuthal position for QD1, QD2 and QD3 respec-
tively. In Ref. [112] the uncertainty on the positioning was reported to be +1
nm for QDs placed close to what they denote a neutral line and +35 nm for QDs
placed close to the edge of the NW. In our case it seems we get better precision
for QDs placed close to the edge. For QDs placed close to the axis, the SE rate
into the HE11 and TEO1 mode varies quite slowly as function of the QD radial
position as seen in Fig. 5.3, and thus the far-field interference pattern does not
change drastically for small changes in the radial position. However, as the QD
is moved further off-axis the slope of the SE rate increases, thus increasing our
sensitivity towards the radial position. Similarly for the azimuthal position, we
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Figure 5.15: The concluded QD positions from the analysis of the far-field radiation
pattern. The dots mark the QD positions predicted by the model and the enclosed area
indicate the uncertainty on the actual position. We thus expect to find the QDs within
the enclosed areas.

expect the largest uncertainty for QDs close to the axis, since finding the mirror
axis in a far-field with no or very weak interference patterns will be more sensitive
towards fabrication imperfections and thus associated with larger uncertainties.

The precision of our position mapping technique strongly depends on the fab-
ricated structure, and how rotationally symmetric it is. Furthermore, our tech-
nique is limited to handle nanowires, where the only guided modes are the HE11
and TEO1 modes. Thus for GaAs nanowires with QDs emitting at 900 nm, our
technique should be applicable to diameters between roughly 180 and 270 nm cor-
responding to D/A = 0.2 and 0.3 in Fig. 5.2. Our technique should be applicable
to handle nanowires with trumpet out-coupling tapers as well.

5.5 Conclusion

We have shown that using an open-geometry Fourier modal method and a far-field
transformation, we are able to reverse engineer the position of quantum emitters
embedded in a needle nanowire with a reasonable precision. One of the strong
features of the presented technique, is the ability to implement it on a standard
micro-photoluminescence setup. This is in contrast to the proposed technique
in Ref. [112], where mechanical driving and detection is required, adding to the
experimental complexity.
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In this study, we used the oFMM method for the numerical modelling, however
with a careful treatment of the open boundaries required for convergence, one
could use more widely known techniques such as FDTD (e.g. Lumerical) or
FEM (e.g. Comsol or JCMwave) for simulating the far-fields. The drawback
will be the loss of easy access to the optical modes of the nanowire, especially to
the radiation modes, but an advantage would be the possibility to account for
fabrication deviations from the ideal cylindrical nanowire.

Since the correct modelling of the far-fields is the core of our method and, un-
fortunately, not an easy and straightforward task, our mapping technique would
be more accessible to others if a simple two-mode model could be developed.
Eq. (C.11b) in Appendix C.4 describes the power distribution for the TE01 and
HE11 modes in a cross-section of the nanowire, where the defining parameters
are the difference in propagation constant, Ag, and the transverse profile of the
modal fields E(H)pg11 and E(H)Tge1. It is well-known, how to determine both
the propagation constants and the modal fields in a nanowire,[113] and thus the
power distribution in the straight nanowire section is easily computed, especially
if the TEO1 mode is a truly guided mode, and not radiating as in our structure.
However, the challenge arises in describing the interference along the out-coupling
taper. The propagation constants will change differently for the two modes as
well as the confinement of the modal fields, and thus you need a continuous de-
scription of both. This poses an on-going research challenge of how to efficiently
model both needle and trumpet tapers with the FMM, which we touched upon
in Ref. [121] (J2). However, the work we presented in this SPIE Proceedings did
not reach a conclusion, and thus an efficient model for treating tapers is still to
be developed. One idea which was pursued in this Ph.D.-study was to combine
the oFMM method with the cross-section method [122, 123], however due to time
constraint and other priorities, the project was put on-hold. Thereby formulat-
ing a simple 2-mode model describing the emitted far-fields by QDs in tapered
nanowires would be an interesting future research project.






CHAPTER

Breakdown of single-mode model
for computing source efficiency
and Purcell enhancement for
nanopost structures

In the previous chapter, we considered a nanowire with a needle out-coupling ta-
per. The out-coupling taper secures a good coupling to a Gaussian mode in the
far-field for an on-axis QD [27, 62, 63], however at the cost of Purcell enhancement
due to the negligible reflectivity of the needle tip. With a trumpet out-coupling
taper [23, 32, 61], it is possible to introduce some reflectivity by a Bragg mirror
in the trumpet region as proposed in [57], and thereby introduce some Purcell
enhancement. The Purcell enhancement is needed for accelerating the photon
emission rate in order to reduce phonon-induced decoherence and spectral diffu-
sion, and thereby enhancing the indistinguishability of the emitted photons [57].
The state-of-the-art platform within semiconductor single-photon sources (SPS)
is currently the micropillar structure [25, 29, 124, 125], which uses DBR mirrors
in order to increase the Purcell enhancement through cavity effects. However,
since the micropillar structures rely on a large Purcell effect both the spectral
alignment of the emitter and the cavity, as well as the spatial alignment of the

7
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Near-field plane

Au

Figure 6.1: GaAs nanopost on a silica-gold mirror. The distance from the QD to the
mirror is kept fixed at 73 nm, which correspond to the first antinode of the HE11 mode.

emitter and the cavity field maximum needs to be very precise. This results in
a narrow operating bandwidth preventing large tuning of the QD emission lines
[57]. The advantage of using nanowires instead of micropillars as SPS is their
broad operating bandwidth, however implementing efficient top and bottom mir-
rors in order to enhance the SE rate is still an on-going research field. In Ref.
[57] they introduce DBRs in the out-coupling trumpet, however an experimental
demonstration of this design is still to be realised.

The fabrication of trumpet nanowires with DBR mirrors embedded in the ta-
per part is thus quite complex, and therefore we set out to study the simplest
possible nanowire design - a truncated nanowire (denoted a nanopost). In the
present chapter, we investigate the properties of the nanopost with two differ-
ent models based on the oFMM formalism[48]: a single-mode model and the full
model including all modes (see Section 6.1). From a modelling point of view it is
interesting to investigate, whether the single-mode model is applicable, since it is
widely used in the literature for treating nanowire structures as in [22, 23, 57, 63],
where it is in general shown to be a good model. From a fabrication point of
view it is interesting to investigate the performance of such a simple structure,
and see how well it performs compared to more complex structures. For sure
the nanopost design (see Fig. 6.1) will not break any records regarding pure
performance, however, the complexity of the fabrication of the design is also of
importance, when designing quantum optical experiments.

The nanopost design is seen in Fig. 6.1, where the bottom mirror consists of a
silica-gold mirror, which is the current state-of-the-art mirror type for nanowire
structures [84]. The work presented in the present chapter was initiated during my
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external stay at CEA in collaboration with Julien Claudon. So far the project is
purely theoretical, and all modelling, method development and simulations have
been performed by the author. Julien and his team are currently working on
reproducing the theoretical predictions experimentally. We have a manuscript
focussing only on the theoretical modelling and the discovered breakdown of the
single-mode model in preparation (J6). This chapter is based on the manuscript.

The chapter is organized as follows. In Section 6.1, we introduce the single-mode
and full model, which we use and compare throughout the chapter. We summarize
the design strategy for finding the optimal geometrical parameters of the nanopost
in Section 6.2, where we focus on optimizing the Purcell enhancement - later in the
chapter we will also look at the source efficiency. In Section 6.3, we compare the
results obtained by the single-mode and full model, and provide simple physical
explanations for why the single-mode model breaks down. We finish the chapter
with a conclusion and an outlook for the nanopost design.

6.1 Single-mode and full model

Due to the rotational symmetry of the nanopost, we are using the oFMM for-
malism in cylindrical coordinates (as in the previous chapter) described in details
in Ref. [48] for computing the eigenmodes instead of the 3D oFMM formalism
presented in Chapter 3. All reflection and transmission matrices for the structure
in Fig. 6.1 are found in the standard FMM way using the boundary conditions at
the interfaces between z-independent layers and the scattering matrix formalism
[46]. The full electromagnetic field is given as in the previous chapter by Eq.
(5.1), and the Purcell enhancement is given in Eq. (3.20). Both of these quan-
tities depend on the dipole coupling coefficient, which in an infinite nanowire is
computed using Eq. (5.2). The scattering reflection matrices of the top facet
and bottom mirror in Fig. 6.1 both include the propagation phase from the QD
position to the interface. The cavity effects are included in the dipole coupling
coefficient by using the scattering matrix formalism as [46]

Atot,n = (I - RbRt)il(aooNW + RbbooNW)u (61)

where aconw (boonw) is the dipole coupling coefficient into the forward (back-
ward) propagating modes in an infinite nanowire, and RP(R') is the reflection
matrix for the bottom mirror (top facet). Eq. (6.1) is referred to as the full
model, since it includes all modes and their mutual coupling. Since we are only
considering in-plane dipole orientations,! the nanowire is mirror symmetric with
respect to the QD plane, and thus couple equally to modes propagating upwards

! As discussed in Chapter 5, the InGaAs QDs in GaAs nanowires will always have a dipole
orientation in the plane due to the fabrication technique.
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and downwards: @.oNw = boonw. The single mode model comes forth by rewrit-
ing Eq. (6.1) into a scalar version using only the matrix elements for the HE11
mode:

b
(tot HELL = 7 _1:1,_ TH?‘} (ooNW,HEI (6.2)
HE11"HE11
where aconw HE11 s the first element of atorn,—1. In this study we consider a
dipole placed on-axis in the nanopost structure, and thus we only need to consider
modes with angular momentum n = +1, since the QD will not couple to modes

with other angular momenta as discussed in Section 5.1.

The near-field to far-field transformation outlined in Section 5.2 is re-used in this
chapter for computing both the far-field and the source efficiency of the nanopost
structure. The near-field will be computed using the transmission matrix from
the QD position to the near-field plane in Fig. 6.1 as

aNF,n = Tatot,n- (63)

In the single-mode model ayot,, is replaced with the vector ator HE11(j) = 015 t0t HEL1-
The source efficiency of the nanopost is computed as the ratio between the power
collected in a lens with numerical aperture NA and the emitted power as

P
Source efficiency = ~ Collected (6.4)

)
PEmitted

where the emitted power is computed using Eq. (3.20) and Eq. (2.16), whereas
the collected power is computed by integrating the time-averaged Poynting vector
(see Eq. (2.7)) of the far-field, Sy, over the area of the NA as

2 rONA 9
Pottected = /O /O (Star - #) B2 sin 0d0do, (6.5)

where NA = sinfna, R is the distance from the center of the near-field plane to
the observation point, and f is the radial unit vector for the spherical coordinate
system in which, we compute the far-field.

In Section 6.3 we compare the results of the two models, where the limitations
of the single-mode model will be apparent, and provide physical arguments for
why it breaks down.

6.2 Optimal geometry of nanopost

There are several design parameters for the GaAs nanopost to optimize. We fix
the emission wavelength in this study to A = 920nm, and the first task is to
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Figure 6.2: Normalized SE rates and [S-factor of an on-axis emitter in an infinite
nanowire.

determine the diameters with a good p-factor and inherent Purcell enhancement.
We place an emitter with emission wavelength A = 920 nm on-axis in an infinite
nanowire. The SE rates and the S-factor of this configuration as function of the
diameter are plotted in Fig. 6.2. A similar plot is found in Ref. [48]. A [-factor
above 0.9 is obtained for diameters between 190 nm and 260 nm, and thus we
expect the optimal geometry to be found in this interval. We observe a peak
for the Purcell enhancement of the HE11 mode around 220 nm, and the g-factor
peaks at around 230 nm.

We now consider the silica-gold bottom mirror, where the thickness of the silica
layer can be chosen freely. In Fig. 6.3 the reflectance of the HE11 mode, R = |r|?,
is plotted as function of the nanowire diameter for various thicknesses of the silica
layer. As seen, the optimal thickness depends on the diameter, however for the
diameter range with high S-factor and large Purcell enhancement in Fig. 6.2 a
thickness of either 7 or 9 nm seems to be the optimal choice. Note that the silica
layer reduces the reflection dip of the metal mirror that we studied for the square
nanowire in Chapter 3 in Fig. 3.5, by reducing the coupling to surface plasmons
[84].

The QD should be placed in an antinode of the cavity mode meaning that the
reflected light at the bottom mirror and the top facet should be in phase at the
QD position, i.e. arg (RPp,;) = arg (Rygy;) = 27n, where n = 0,1,2,.... Thus
the distances hy, and hy may only be varied discretely in order to match the
phase condition, and they will both depend on the diameter of the nanopost.
Now we consider the shortest possible nanopost geometry and place the QD in
the antinode of the cavity mode, and use both the full and single-mode model
described in the previous section to compute the Purcell enhancement of the
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Figure 6.3: Reflectance of the HE11 mode as function of the nanowire diameter for
various thicknesses of the silica layer.
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Figure 6.4: Purcell enhancement of the HE11 mode as function of diameter of the full
structure sketched in Fig. 6.1. The nanopost is designed as short as possible and the
dipole emitter is placed in the antinode.

HE11 mode. We use a silica thickness of 7 and 9 nm for the bottom mirror. This
leads to the plot shown in Fig. 6.4, where a remarkable Purcell enhancement
of around 10 is obtained for diameters between 220 and 260 nm. The single-
mode model predicts a somewhat lower Purcell enhancement of around 7 in the
same range. The disagreement between these two models will be analysed and
explained throughout the remaining of the chapter. It seems from Fig. 6.4 that
the largest Purcell enhancement is obtained for a silica thickness of 7 nm and
a diameter of 230 nm, and thus we will use these parameters for the nanopost
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geometry in our analysis. We will keep the distance between the QD and the
bottom mirror fixed to the shortest possible, and vary the distance from the QD
to the top facet discretely still satisfying the phase criteria, such that the QD is
always placed in an antinode of the cavity mode.

6.3 Single-mode versus full model

In this section, we compute the Purcell enhancement, the source efficiency and
the far-field using the single-mode model and the full model presented in Section
6.1. We show that the single-mode model is adequate for computing the Purcell
enhancement for all nanopost heights except for the shortest possible, and that
it in general is a bad approximation for computing the source efficiency and the
far-field radiation pattern due to the scattering at the top facet.

Purcell enhancement and source efficiency

In Fig. 6.5(a) the Purcell enhancement for the geometry in Fig. 6.1 is computed
using the full model and the single-mode model as function of the distance be-
tween the emitter and the top facet, hy. As long as the dipole is placed in a
field anti-node, there is no dependence on h; in the single-mode model, and the
full model generally agrees with the single-mode prediction. However, for the
smallest possible nanopost, where a true anti-node exist, the full model predicts
a Purcell enhancement of F,, = 10 £ 2, where as the single-mode model predicts
a Purcell enhancement of F), = 7.3 £ 0.3. This result is rather surprising so
thorough convergence checks have been carried out and the result in Fig. 6.5(a)
is not an artefact from convergence issues. In Appendix D.1 you will find the
discretization strategy of the in-plane ky,-values used in Eqs. (5.3) as well as the
convergence study on the Purcell enhancement computed using the full model
and single-mode model for the shortest nanopost geometry (i.e. the first point in
Fig. 6.5(a)).

The enhanced Purcell effect for the shortest nanopost is a consequence of a com-
plex coupling at the bottom mirror and the top facet between the fundamental
mode, radiation modes and evanescent modes.? The reflectivity of the bottom
mirror for the HE11 mode is: Rpgir = 0.92, and thus 8% of the power in the
fundamental mode goes into radiation and evanescent modes at the bottom mir-
ror. For the smallest nanopost, however, the radiation and evanescent modes
can couple back in to the HE11 mode at the top facet and thereby enhance the
Purcell effect. The evanescent modes, though not carrying any power, have not
completely decayed before reaching the top facet making their contribution to the
HE11 mode non-negligible. Fig. 6.6 shows the Purcell enhancement as function

*Here we use the same classification of modes as in Chapter 3 in Eq. (3.19).
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Figure 6.5: (a) Purcell enhancement for the nanopost sketched in Fig 6.1 computed
using the full model and the single-mode model as function of the distance between the
dipole and the top facet. (b) The source efficiency with a numerical aperture of 0.80 and
1 for the nanopost as function of hi. The dashed line in both plots are computed using
the single-mode model.
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Figure 6.6: The Purcell enhancement for the five shortest nanoposts as function of the
number of included modes in the full model. The first mode is the HE11 mode, followed
by radiation modes and from 1400 the modes included are evanescent.
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of the number of included modes in the full model for the five shortest nanoposts.
As seen, using all modes or only the HE11 mode gives approximately the same
result except for the shortest nanopost. For the shortest nanopost all radiation
modes and the first 30-40 evanescent modes should be included before the Purcell
enhancement converges. This supports the argument that the evanescent modes
cannot be neglected for very small structures. That the coupling between evanes-
cent modes and the fundamental mode can break-down a single-mode model for
short propagation distances was also shown in 2D photonic crystal Fano struc-
tures in Chapter 4 [96].

From Fig 6.5(b) it seems that the enhanced Purcell effect comes at a cost of lower
source efficiency for numerical apertures NA = 0.80 and NA = 1. Furthermore,
we see some variations in the source efficiency as the height of the nanopost is
increased. In the single-mode model, the source efficiency does not depend on the
height of the nanopost, since the scattering of the HE11 mode at the top facet is
independent of the height. Furthermore, it should be noticed that the single-mode
model predicts an efficiency of around 67 % for NA = 1, which is significantly
less than the prediction by the full model. This is due to the scattering at the
top facet, where all backscattered radiation modes (i.e. radiation modes that
propagate towards the bottom mirror) are lost in the single-mode model. More
details on this will be given in the following subsections, where we will look at
the far-field pattern of the nanopost and give simple explanations of the reduced
source efficiency for the smallest nanopost, as well as for the observed variations
in the source efficiency for the different nanopost heights.

Far-field emission pattern

In the literature, the far-field emission pattern of nanowire structures is usually
computed using only the guided modes as in [63]. In [114] the emission into
both guided and radiation modes for infinite dielectric nanowires is computed,
however not explicitly for truncated nanowires. In Refs. [126] and [127] the far-
field radiation pattern from InP nanowires grown on top of an InP substrate are
considered. However, as opposed to the study in this chapter Refs. [126] and
[127] do not consider a single emitter embedded in the nanowire - instead the
whole semiconductor structure is excited, and thus modes with angular momenta
n # +1 are included in the analysis as well as dipoles with orientations along
the nanowire direction. Another important difference is that the nanowire is
standing on top of a dielectric substrate instead of the bottom mirror in our
nanopost structure. The authors do make a modal analysis in [127], however
only including the HE11 (guided), TEO1 (guided) and TMO1 (in the paper it is
both a guided mode and a radiation mode depending on the nanowire diameter)
modes and do not consider all radiation modes. This is probably unnecessary
due to the weak bottom mirror (dielectric substrate). Thus, to our knowledge, a
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Figure 6.7: Far-field patterns for the 9 shortest nanoposts. The white dashed circle
corresponds to a numerical aperture of 0.80. The fields are normalized to the maximum
power across the nanopost sizes.

full study on the role of radiation modes has never been investigated except for
infinite nanowires. Due to the open boundary conditions in the oFMM formalism,
we can correctly account for the contribution of the radiation modes to the far-
field emission pattern, and their mutual coupling with the HE11 mode, enabling
us to separate the contributions from the radiation modes and the HE11 mode
to the far-field radiation pattern.

The far-field patterns of the 9 shortest nanoposts are shown in Fig. 6.7. Here
the full model has been used and as seen the far-field includes interference rings
- not predicted by a single-mode model. As the height of the nanopost increases
additional rings appear. These rings are a consequence of interference between the
HE11 mode and the backscattered radiation modes. In [128] it was reported that
around 15 % of the intensity of the HE11 mode is backscattered into radiation
modes at the top facet of a GaAs nanopost for a diameter of D = 230nm at
A = 920nm. The backscattered radiation is reflected by the bottom mirror
and thus contribute to the far-field. In Appendix E the far-fields of needle and
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Figure 6.8: As the HE11 mode reflects at the top facet part of the backscattered light
goes into radiation modes, that are not confined by the nanopost. These radiation modes
gets reflected by the bottom mirror and interferes with the transmitted part of the HE11
mode in the far-field.

trumpet nanowires are found, where the backscattering is reduced due to the
out-coupling taper. For those geometries the interference rings in Fig. 6.7 are
strongly reduced in accordance with the above explanation.

Fig. 6.8 sketches the interference process between the HE11l mode and the
backscattered radiation modes. The part of the HE11 mode that is transmitted
into the far-field at an angle 6 is phase-shifted by ¢EE)1101 and the part that is
backscattered into a radiation mode at the same angle 6 obtains a phase-shift of
Ortop- Additionally there are three contributions to the phase of the radiation
mode: 1) the propagation of the distances d; and dg, 2) the reflection at the
bottom mirror and 3) the phase due to the conversion of the radiation modes
in the nanopost layer into pure TE and TM free space radiation modes (more
details on this is found in Appendix D.2). The difference in phase between the

two paths is

8¢ = ko (dy + d2) + rtop + brbot + Dy — GHELL

4mh cos 0 TE/TM
=—"+ ¢r,top + (Zsr,bot + ¢rad/ - (ZSEE,E (66)

A
The bright rings in the far-field appear when there are constructive interference
between the two paths meaning that d¢ = 2mm, where m = 0,1,2,... . In Fig.
6.9 the phase difference is plotted for the first, fourth and sixth height in Fig.
6.5, corresponding to the far-fields in Fig. 6.7 with hy = 207,830 and 1245 nm.
Above the plots the far-field along the z-axis from the centre in Fig. 6.7 is shown
for visualising the actual location of the far-field rings.

As seen in Fig. 6.9 the phase difference is slightly different for the free space TE
and TM modes. However, the difference is too small for two distinct bright rings
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Figure 6.9: Phase difference for the two paths as defined in Fig 6.8 for three different
sizes of the nanopost. It is noted that d¢ is almost the same for the free space TE and
TM modes. Above the plots, the far-field along the z-axis is shown to clarify the position
of the rings.

for each polarization to appear. Instead a ring is located near the zero points of
the TE/TM phase difference as seen in the far-field slice above the three plots.
For hy = 207 nm our model predicts no bright rings in the far-field, for hy = 830
nm our model predicts two rings in the far-field at around NA = 0.33 and NA
= 0.93 and for hy = 1245 nm three rings are predicted to appear at NA = 0.07,
NA = 0.78 and NA = 0.97. The predicted rings for all three nanopost heights
agree well with the actual location for NA > 0.4. However, the simple model
generally predicts the rings to be located at a slightly larger NA than the actual
location. In order to get an even better description the Gaussian shape of the
HE11 mode and the intensity of each of the radiation modes needs to be taken
into account at the cost of extra complexity. For NA < 0.4 the intensity of the
Gaussian HE11 mode is much larger than the intensity of the radiation modes,
and thus the predicted rings within this numerical aperture is not seen in the
computed far-fields.

It should be noted that for hy = 830 nm the ring is placed outside a numerical
aperture of 0.80, which leads to a reduction in source efficiency as seen in Fig.
6.5(b), whereas for hy = 1245 nm the inner ring is located within a numerical
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aperture of 0.80 leading to a larger source efficiency. This opens up for the
opportunity to tune the source efficiency through the interference between the
HE11 mode and the radiation modes in the far-field. In this study, the dipole
emitter was kept in an antinode of the HE11 mode relative to both the bottom
mirror and the top facet. The source efficiency can be tuned even further if we
relax on the condition that the emitter has to sit in an antinode, however, this will
be at the cost of some Purcell enhancement. The division of the radiation modes
into TE and TM modes in Fig. 6.9 is not straightforward, since the numerically
found radiation modes in the nanopost layers are not necessarily the same as
those in the air layer. These details are discussed in Appendix D.2.

Source efficiency

In order to explain the reduced source efficiency for the smallest nanopost, we
have plotted the source efficiency as function of numerical aperture in Fig. 6.10
computed in four different ways: 1) using only the HE11 mode, 2) using only
the radiation modes, 3) using the full model, and 4) using a simple interference
model based on the phase difference plotted in Fig. 6.9 - see Eq. (6.7) below.
As seen, using only the HE11 mode leads to a very high source efficiency for the
smallest nanopost. This is a consequence of the increased Purcell enhancement
as compared to the HE11 source efficiency for the other two nanopost heights.
However, the total source efficiency including all contributions is in general lower
for the smallest nanopost. This indicates that the radiation modes and the HE11
mode interferes destructively. In order to investigate this the following simple
equation for computing the far-field power is used [129]

Psimple = Pari11 + Prad + 2V Pag11 Prad cos 09, (6.7)

where the source efficiency is obtained by dividing the power in the far-field with
the total emitted power as in Eq. (6.4). d¢ is obtained from Fig. 6.9, and the
power emitted into the HE11 mode (Pygi1) and the radiation modes (Praq) are
easily extracted, when using the oFMM formalism. We obtain a good agree-
ment between Eq. (6.7) and the full model as observed in Fig. 6.10 for all three
nanopost sizes. The phase difference for the smallest nanopost size is between
1.5m and 7 (see Fig. 6.9(a)), and thus the interference term in Eq. (6.7) will
give a negative contribution. We thus conclude that the reduced source efficiency
for the smallest nanopost size observed in Fig. 6.5(b) is due to destructive inter-
ference between the HE11 mode and the radiation modes in the far-field. Thus
if the phase difference between the HE11 mode and the radiation modes could
be engineered to give constructive interference the source efficiency could be im-
proved. How to engineer this phase difference remains unanswered in this study,
however, if possible in a realistic design it opens up a new way of enhancing the
source efficiency for free space emitting single-photon sources. Regarding what
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Figure 6.10: Source efficiency as function of numerical aperture for three different
nanopost sizes, using only the HE11 mode, only the radiation modes, all modes and a
simplified model given in Eq. (6.7).

the interference between the HE11 mode and the backscattered radiation modes
means for the indistinguishability has not been investigated in this study.

Broadbandness of nanopost

From an experimental point-of-view, the tolerance of the Purcell enhancement
and the source efficiency towards the emission wavelength is important, since the
growth method of the QD limits the precision to which the emission wavelength
can be engineered. The Purcell enhancement and the source efficiency as function
of emission wavelength are plotted in Fig. 6.11 for the four shortest nanoposts.
As expected the full-width half-maximum (FWHM) of the Purcell enhancement
is largest for the shortest nanopost due to the larger Q-factor, which is the conse-
quence of the small cavity size leading to larger free spectral range (FSR) [130].
The source efficiency is seen to be almost flat across the FWHM of I'ygp1. The
nanopost was designed using the single-mode model, such that the largest Pur-
cell enhancement, should be obtained at A = 920nm. However, for the shortest
nanopost, where the evanescent modes play a role, the resonance wavelength of
the cavity is shifted by ~ 4 nm. This was also observed in Chapter 4 for the PhC
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Figure 6.11: (a) The source efficiency for NA = 0.80 and (b) the Purcell enhancement
as function of emitter wavelength for the 4 shortest nanopost sizes.

Fano geometry, when the distance between the PTE and the microcavity became
small. The shift of the resonance wavelength is a consequence of the coupling
between the evanescent modes, and the guided and radiation modes at the top
facet and bottom mirror.

6.4 Conclusion

We sought out to study the performance of the simplest nanowire SPS design
- the nanopost - using a single-mode model and a full model taking advantage
of the modal access provided by the oFMM formalism. The shortest nanopost
showed a Purcell enhancement of around 10, whereas all other heights showed a
Purcell enhancement of around 7. We found that the source efficiency depends
on the nanopost height due to interference between the HE1l mode and the
backscattered radiation modes, that are reflected by the bottom mirror into the
far-field.

The single-mode model predicted the correct Purcell enhancement for all nanopost
heights except for the shortest, where the coupling between HE11, radiation and
evanescent modes leads to a breakdown of this model. Regarding the source ef-
ficiency and the far-field radiation pattern, the single-mode model proved to be
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insufficient, due to the backscattered radiation modes, which are only included
in the full model.

Based on the results presented in this chapter, Julien and his co-workers at CEA
are currently fabricating and characterizing two samples: 1) the shortest nanopost
in order to experimentally verify the additional Purcell enhancement predicted
by the full model and 2) the second shortest nanopost due to its predicted source
efficiency of around 60 % for NA = 0.8 and a Purcell enhancement of 6.5, which
are both fairly good numbers for such a simple structure. Unfortunately, they do
not have any experimental results yet that could feature in the present thesis.



CHAPTER

Cavity—waveguide interplay in
lossy resonators and its role in
optimal single photon sources

QDs embedded in photonic structures form the basis of modern solid-state quan-
tum optics [12-15], both as single-photon sources, as discussed in the introduc-
tions to Chapters 5 and 6, and more generally as light-matter interfaces [131, 132].
In Chapters 5 and 6 we briefly discussed the micropillar and nanowire single-
photon sources and how they are fundamentally different. Here we will expand
the discussion to include the decoherence processes i.e. the photons interactions
with phonons. Furthermore, we have until now treated the dipole as a monochro-
matic emitter, however, in this chapter, this is no longer the case. The emission
spectrum of a QD in a bulk material is seen in Fig. 7.1. The photons emitted
in the zero-phonon line (ZPL) are coherent and indistinguishable and roughly
90 % of the emission goes into this line, however, 10 % of the emitted photons
are in the phonon sidebands, which makes them incoherent and distinguishable
and thus useless for quantum information applications. Furthermore, photons
emitted in bulk are emitted in almost random directions, and thus the efficiency
is extremely low. Placing the QDs in photonic structures such as the needle or
the nanopost investigated in Chapters 5 and 6 enhances the efficiency, since the
photons will be emitted in a preferred direction.

93
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Figure 7.1: Emission spectrum from a quantum dot in a bulk material. The sharp peak
is the zero-phonon line, which contains roughly 90 % of the emission, whereas 10 % of
the emission goes into the phonon sideband.
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Figure 7.2: Emission spectra for a QD placed in a weak, an intermediate and a strong
cavity.

A way to improve the indistinguishability is by enhancing the emission into
the zero-phonon line by placing the QD in a cavity, as seen from the emission
spectra in Fig. 7.2. However, for cavities with very high @Q-factors, we enter the
strong-coupling regime, where the zero-phonon line split, and thus decreases the
indistinguishability. The micropillar structures [25, 29, 124, 125] are examples of
a nanocavity that enhances the spontaneous emission into a well-defined cavity
mode through the Purcell effect, while simultaneously suppressing decoherence
mechanisms as theoretically investigated in Refs. [133, 134] and experimentally
shown in Ref. [135].

Nanowires do not enhance the emission through cavity effects, however they have
an inherently high S-factor (see Section 2.5) due to screening effects meaning most
of the emission goes into the desired optical mode [27, 61, 62, 107] (see Fig. 6.2 in
Section 6.2), whereas PhC waveguide line defects exploit slow-light effects in order
to obtain the same high S-factor [28, 66, 67]. The high S-factor ensures a good
spatial overlap between successively emitted photons. The indistinguishability
is a measure for the spatial, spectral and polarizational overlap between single
photons, and thus a high S-factor is advantageous.
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Figure 7.3: [Illustration of a two-level emitter in a Fabry-Perot cavity formed by two
mirrors embedded in a waveguide structure.

The nanocavities and waveguides are treated very differently in standard quan-
tum optics theory. The first is often modelled using a Jaynes-Cummings model,
where the electric field inside the cavity is quantized as a single-mode [136], while
the ladder are modelled as an unstructured reservoir with a continuum of opti-
cal modes with little or no spectral variation [137]. However, in the regime of
strongly dissipative cavities !, neither of the two models provide a good physical
description.

This point is illustrated by considering a waveguide structure, where two mirrors
are embedded forming a Fabry-Perot cavity as sketched in Fig. 7.3. A smooth
transition between a strongly localised single-mode cavity to a standard broad-
band waveguide is expected when decreasing the mirror reflectivities from 1 to
0, with an intermediate regime at low Q-factors, where the optical local density
of states (LDOS) has characteristics from both a cavity and a waveguide [138-
140]. However, the Jaynes-Cummings model fail to demonstrate this behaviour,
and does not describe the properties of emitters in either a waveguide or a bulk
medium for vanishing Q-factors.

The work presented in this chapter is based on our submitted manuscript avail-
able on arXiv [141] (J4). In the manuscript, we present a quantum optical model
that captures the transition between a high-Q) cavity and a waveguide, securing
consistent treatment of waveguides, lossy resonators and high quality cavities.
Our model bridges highly accurate optical simulations and microscopic quantum
dynamical calculations. This enables calculation of the quantum properties of the
generated light (such as the indistinguishability), while fully accounting for the
electromagnetic properties of the nanostructure. Using our model, we identify an
optimal regime of operation for QD single-photon sources, which simultaneously
harnesses the high efficiency of a waveguide and the phonon-suppressing spectral
structure of a cavity. My contribution to Ref. [141] has been the derivation of
the optical Green’s function and the LDOS. Thus this chapter will focus on the
classical optical considerations given in our manuscript and only summarize the
quantum mechanical model in broader terms. Any reader interested in the details
of the quantum optical model are referred to Ref. [141] and its supplementary

!Meaning cavities having an inherent non-zero S-factor (as in nanowires) and a low Q-factor.
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information (SI). Throughout the chapter we will refer to our manuscript, when
details has been omitted.

The chapter is organized as follows. In Section 7.1 and 7.2 we derive the LDOS
and the Green’s function for the structure sketched in Fig. 7.3, respectively.
These both serve as the classical input to our quantum optical master equa-
tion describing the dynamical and optical properties of the emitter. We use our
model in Section 7.3, and calculate the efficiency and indistinguishability of a
single-photon source realized by a high § waveguide with a Fabry-Perot cavity
embedded.

7.1 LDOS for Fabry-Perot cavity in waveguide

In this section, we will derive the LDOS, which serve as the input to our quantum
mechanical model, and separate the waveguide and cavity contributions. The
LDOS is equivalent to the normalised spontaneous emission rate, I', which has
been used up to this point in the present thesis.

So far in the thesis, an optical mode has been defined by its spatial distribu-
tion e.g. the Gaussian shape of the HE11 mode or the doughnut shape of the
TEO1 mode. However, in this chapter a mode labelled k is defined both from
its frequency and from its transverse field profile. We divide our optical modes
into two sets: the first set, B, contains all modes with a certain transverse field
profile of interest (e.g. all frequencies for the HE11 mode), and the second set, R,
contains all other modes including radiation modes or potentially other guided
modes with a different transverse field profile than the ones in B (e.g. the TEO1
mode). Each mode set is associated with the total LDOS given by the emitter
coupling strengths, g [56]

Lsw)=7> |gl’d(w—wi), S=BR. (7.1)
keS

This expression is completely general, where the dependence on the optical en-
vironment is enclosed in the emitter coupling strength, g;. In the absence of
mirrors in the waveguide, the LDOS for both set of modes can be considered con-
stant over the spectrum of the emitter as depicted in Fig. 7.4(a), with £Ls ~ I'%,
where I‘% is the emission rate normalized to the bulk SE rate into the mode set
S for an emitter in a pure waveguide. When the mirrors has finite amplitude
reflectivities 1 and rg, the LDOS into the mode set B is given as [57]

LELIOES ) )

—
Lp(w) = FBRG{ 1 — 7 (w)72(w)

where FOB is the emission rate into the waveguide in the absence of mirrors,
and where 7;(w) = 7;exp {i (gbé + B(w)Lﬂ includes the propagation phase in
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Figure 7.4: Optical LDOS at the emitter position as function of frequency scaled with
the free spectral range (FSR) for the Fabry-Perot cavity embedded in a waveguide (see
Fig. 7.3) for mirrors with (a) weak, (b) intermediate (r; = r2 = 0.2) and (c) high
reflectivity. I'z and I'} is the direct emission into the mode set B for a waveguide
structure with and without mirrors embedded respectively.

the emitter-mirror roundtrip,? where ¢% is the mirror reflection phase, L is the
cavity length and B(w) = negw/c is the propagation constant, which is assumed
dispersion-less. neg is the effective refractive index of the waveguide mode.

In Fig. 7.4(b-c), we plot the LDOS given in Eq. (7.2) for r; = 75 = 0.2 and
ri = ro ~ 1 respectively. What should be noted, is that for the intermediate
regime in (b) the LDOS features a Lorentzian offset by a constant background.
The background contribution stems from the waveguide nature of the dielectric
structure, whereas the Lorentzian peak is a signature of the cavity quasi-mode,
which becomes the dominant contribution in (c). In order to correctly account for
the emitter-cavity dynamics in our optical master equation (see Eq. (7.10)), we
need to separate the waveguide and cavity contributions to the LDOS. Doing this
separation, allows us to correctly model the quantum properties of the emitted
light for the whole range of cavity @-factors. We approximate the LDOS in Eq.
(7.2) as a sum between a spectrally constant background stemming from the
waveguide and a Lorentzian originating from the cavity

L5 (w) ~ Lp(w) = 65T% + M%ﬁ =Ty + Eﬁ (7.3)
where we have introduced the dimensionless frequency, @ = Lneg(w — w.)/c with
we being the cavity resonance frequency and linewidth (FWHM), & = x(Lneg/c)-
The contributions to the LDOS from background waveguide modes and the cavity
are given by the weights ¢z and /. respectively. These and the linewidth & are
uniquely determined by the mirror reflectivities r; and ro as shown in details
in the supplementary information (SI) of [141]. In broad terms the relation is
determined by requiring the following for £z and Lg:

2This is similar to Egs. (6.1) and (6.2)
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1 They should be equal at @ = 0:
£5(0) = £5(0). (7.4)

2 Their second derivatives should be equal at & = 0:

d? dz .
@58(0) = @58(0)- (7-5)

3 Their integrals from —7 to 7 should be equal:
/ Lp(@)ds = / L(@)ds. (7.6)

In the SI of Ref. [141] these equations are solved for two situations: 1) a sym-
metric cavity with r; = ro, and 2) a cavity with a perfect bottom mirror r; = 1.
These requirements ensure a good approximation of the LDOS in Eq. (7.2), which
safely allow us to separate the waveguide and cavity contributions. For the case
of a symmetric cavity, r; = ro = r, the above requirements lead to the following
equations, which uniquely determines ¢g, ¢, and & from the mirror reflectivity
(see SI of Ref. [141] for details)

1—r2 ri?
O ] e B
_r(1-r? g
b = 1) R”, (7.7b)
%%3 arctan <Z> — /= (1 TT)Q l(i : :22 — 1] . (7.7¢c)

Solving the last equation numerically for &, and inserting the result in the first
two equations determines all three parameters for a particular value of r. On
resonance the LDOS in Eq. (7.3) becomes

. 0.1
Lp(w) = gT% + ;;B' (7.8)

The cavity contribution to the LDOS at resonance must correspond to the cavity-
enhanced SE rate given by ['cay = 492 /k [142]. This allows us to determine the
emitter-cavity coupling strength through /. and F% as

/ FOBECC
g= g (7.9)
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Figure 7.5: The dependence on the mirror reflectivity of (a) the cavity, L., and waveg-
uide, I', contributions to the LDOS, and (b-c) the emitter-cavity coupling rate, g, and
the cavity decay rate, k, for cavity lengths of L = 1 ym and L = 4 yum with n.g = 2.5.
The limiting values of g and k are indicated by the dashed lines.

Fig 7.5(a) shows the contribution to the LDOS from the background waveguide
modes, ¢g = I'g/T%, and the cavity quasimode, {. = L./T'}, as function of
the mirror reflectivity for the symmetric cavity. As seen, the system transforms
gradually from being a pure waveguide (r = 0) to a cavity (r — 1) with full
suppression of the waveguide background modes. Similarly, the emitter-coupling
strength in Eq. (7.9) is shown for two cavity lengths in Fig. 7.5(b), which
approaches the value gmax = 1/ F%C/2Lneff as the reflectivity increases. The
linewidth in Fig. 7.5(c) tends to zero as r — 1, and interestingly it does not
diverge as r — 0, but approaches a value of Kmax ~ 2.895¢/(negL). Here it
should be noted, that the linewidth only relates to the cavity contribution, which
approaches zero as r — 0. Thus the full LDOS do not have a linewidth, when
there is no cavity.

The separated LDOS in Eq. (7.3) allows us to derive a quantum mechanical
master equation (details in SI of [141]) describing the dynamical and optical
properties of the emitter

p(t) = —i|g (a'o +aoT) , p(t)] + Uz + Tr) Do) + xDa], (7.10)

where p is the density operator for the cavity-emitter system, a(a') is the annihi-
lation (creation) operator for the cavity mode, and D[z] = zp(t)z' — 3 {xT:U, p(t)}
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is the Lindblad dissipator and o = |g) (e|. The square brackets [z, 9] = 29 — 9z
is the commutator. It should be stressed that at this point, we have not included
the influence of phonons, and that the above equation is only presented in order
to motivate our division of the LDOS into a waveguide and a cavity contribution.
The first term describes the emitter-cavity interaction, where only the cavity
contribution to the LDOS has an influence. The second term accounts for the
emission into the waveguide background modes and the radiation modes. The
last term accounts for the cavity decay rate, i.e. the rate of which the photons
escapes the cavity. In the absence of mirrors, r = 0, we have ¢ =0, I'g = FOB and
the master equation reduces to the usual waveguide case. For the limit of high
reflectivity, r — 1, the waveguide contribution to the LDOS vanishes, 'y — 0,
and the master equation describes an emitter coupled to a cavity quasimode and
a radiation bath.

For single-mode waveguide structures, the cavity only affects the single guided
mode and not the radiation modes. However, for a multimode structure (e.g.
a micropillar), the emission rate I'g includes the emission into both radiation
modes and other guided modes, which are not included in the mode set B. The
cavity affects all guided modes, and the total LDOS of the mode set R becomes

[+ /" (@) [1 + 75" (w)] }
1= (w)ry (w) ’

Lr(w) =Tgad + Y_ThRe { (7.11)
m

where I'raq is the emission rate into radiation modes. The sum runs over all

guided modes, which are not included in the mode set B. From now on, we will

consider a single-mode waveguide.

7.2 Green’s function

Now that we have derived the LDOS of the waveguide cavity structure, we will
determine the Green’s function in order to calculate the electromagnetic field,
which is coupled to the waveguide to the right in Fig. 7.3. For simplicity, we
re-sketch the structure in Fig. 7.6. We derive the Green’s function using the
Fourier modal method and the scattering matrix formalism, as has already been
used throughout this thesis.

Inside the cavity section, we expand the forward propagating part of the field
to the right of the emitter in Fig. 7.6 on the cavity section eigenmodes, E]C, as
in Eq. (5.1) [46]

E(r,w) = Zaf(w,rg)E?’o(rL,w) exp[iBj(z — 20)], (20 <2< 2), (7.12)
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Figure 7.6: Schematic showing a cavity with mirror reflectivities r; and 75 coupled to a
waveguide with a transmittivity of t5. The point dipole, with dipole moment p, is placed
at rg.

where ajc are the modal expansion coefficients for the cavity section and zp(z2)

is the z-coordinate of the emitter (top mirror). In the single-mode model, the
modal expansion coefficients are given by Eq. (6.2) in Section 6.1. For clarity,
we restate the equation here with the notation used in this chapter

1+ 71(w, 20) 0 0
- - aglw,r7), 7.13
1 —71(w, 20)72(w, 20) sl rl) ( )

a% (w,ro) =

where a} = af is the modal expansion coefficient for the fundamental guided
mode of the infinite nanowire, and is given by Eq. (5.2) in Section 5.1 as

. C0/.0
iwp - Ez"7(r' ,w)
ag(w,r9) = 21[3W] L, (7.14)

where p is the dipole moment of the emitter positioned at (r(i, 20). We normalize
the mode profiles of the fundamental guided mode of the cavity section and the
waveguide, such that they share the same Poynting power (see Eq. (2.7) in
Section 2.1)

/ Re [Eg’o(r,w) X Hg’o*(r,w)} -z2dr) =

rp

/ Re [EYO0(r.w) x YO (r,w)] -adry.  (7.15)
ry

The emitted field by the dipole p in the cavity is partly transmitted by the
second mirror, which leads to an electric field in the waveguide mode B at zs.
The field in the waveguide mode is generally given as [44]

ENC ([r1, 2], w) = af B 0 (r 1, w)

<
= w? 1, 110G ([r 1, 22, To; w) p(w), (7.16)
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where pu, = 1, aB is the modal excitation coefficient for the B mode in the
waveguide and EWG O(r 1,w) is the normalized transversal field profile of the B

waveguide mode. The modal excitation coefficient in the waveguide is given as
~ ~ <~

a® = tya§, where ty = toexp (i(¢: + BsL2)). G is the Green’s function (a

dyadic tensor) mapping the emitted field at rg to the field in the waveguide at

z3. We now wish to determine the Green’s tensor, using the above expressions.
We use the following notation for the Green’s tensor

o Ga:ac Ga:y GJ:Z
G=|Gp Gy Gy |=|G. G, G.]. (7.17)
Gz:c Gzy Gzz
From Eq. (7.16) we get
o WGEWG,O
Cp(w) = 48 B " (1) (7.18)

w? Ko

and insertion of Egs. (7.13) and (7.14), and using a)}® = #2a§ we arrive at

& i B +Aw) [ o |
“p= [Ww 0 21—7’1( )Ng(w) (p-EgO(robw)) E\l}SVGO(I'J_aW)
2[Wlwpo 11— 7’1( )F2(w) [E;VGO (r1,w) (Ego(ri’w)) p=
< 1 T
G =W wuog(“)ElVS’VG’O (ri,w) (B5O0%,w) (7.19)

where T is the transpose and

G(w) = fa(w) %

is the cavity filtering function. Using Eq. (7.16) the field in the waveguide
(z > z9) is given as

(7.20)

B (r,0) =5 G(w) exp (1Bs() [= — 22])
EYC (r,.w) (BSO(%.w)) plro,w). (7.21)

Having determined the Green’s function and the electric field in the waveguide,
we will now derive a simple expression for the power going through the second
mirror. First the power emitted by the point dipole in the absence of mirrors
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into mode B, Pg, is given by two equivalent expressions: 1) by using Eq. (3.20)
and 2) by the time averaged Poynting power in Eq. (2.7). Using these leads to

P i B () -1
=2 ‘(LOB‘Q ;/ Re [Eco(r w) X HCO*(r,w)} -zdr g, (7.22)

where the factor 2 in the second line accounts for the emission in both directions.
Thus we get the following expression for the integral

wlm [aBE (rl,w) p}

/ Re [Eg’o(r,w) X Hg’o*(r,w)} -zdr) =
L 2[a3|”

Py

ja*

(7.23)

Integrating the time-averaged Poynting vector for the fields in the waveguide,
and using the above expression along with Eqgs. (7.13) and (7.15) we get

‘ WG‘ / EWGO (r,w) x HZVG’O*(r,w)] dr |

‘ “ =1 10()P P
B

- % 1G(w) 2 T% (@) Pouti(), (7.24)

where the relation between emitted power and emission rate normalized to their
bulk values given in Eq. (2.15) has been used. I'}(w) is the normalized emission
rate as stated in the beginning of the chapter. The power transmitted to the
waveguide is thus simply given by G(w) and the power emitted in the absence
of mirrors, which is easily calculated for both ridge and nanowire waveguide
structures using the techniques already presented in Chapters 3 and 5. The G(w)-
function consists of reflection and transmission scattering coefficients, which are
easily calculated using the FMM and the scattering matrix formalism, underlining
the strength of the modal methods.

In the following section, we present the results produced by our quantum me-
chanical model using the LDOS and the Green’s function as input.
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7.3 Optimal single-photon source

We will now consider a single-photon source composed of a QD in a dielectric
waveguide structure with mirrors, where we take one cavity mirror to be perfectly
reflecting, r; = 1, and the other to have a finite reflectivity, 7o = r. Furthermore,
we will take the scattering with longitudinal acoustic phonons into account. In
order to calculate the exciton-phonon coupling, we use the polaron theory. For
details on this theory, we refer any interested reader to the manuscript on arXiv
[141] and the SI. Here we will simply state the results from using the quantum
mechanical model and provide a discussion of the underlying physics.

The presence of a perfect bottom mirror modulates the LDOS by a sinusoidal
variation along the waveguide through interference effects. We now assume that
the QD is placed at an antinode of this variation, such that the QD is in perfect
resonance with the reflected field. This enhances the SE rate into the B-mode
with a factor of 2: T% = QF% in the absence of the second mirror. In that case
the S-factor in the presence of the perfect back mirror is 5* = 2F%/(F% + F%) =
28/(8+1). A waveguide with no mirrors and § = 0.95, gets an improvement to
£* = 0.974 in the presence of the perfect back mirror.

Applying our quantum mechanical model as outlined in [141] and the SI, we cal-
culate the indistingusihability and the efficiency as function of the mirror trans-
mittivity of the second mirror. The waveguide is assumed to be single-mode, such
that I'g = ['Raq is constant and thus not affected by the mirror reflectivities. The
efficiency is calculated as the ratio between the power reaching the detector in
the waveguide coupled to the cavity and the total emitted power as

g=_18__
- P+ Pr’

where Pr = I'r [0 Pouk(w)dw = I'g [75 So(w,w)dw. Sp(w,w’) is the two-
colour dipole spectrum formally given as

(7.25)

o
Solw, ) = / exp [i (wt — o/'t')] (o ($)or(¢'))dtd?, (7.26)
—0o
where o(t) = |g(t)) (e(t)| and (oT(t)o(t')) is the autocorrelation function. For
w = w', Sy gives the dipole spectrum for the QD placed in bulk, similar to the
spectrum presented in Fig. 7.1. Pp in Eq. (7.25) is the total power emitted into
the fundamental waveguide mode, and is given by integrating Eq. (7.24) over all
frequencies as

FO 0o FO o0
Pe=-2 [ 166 Punt)do = -2 [~ 10@) Solw,w)dw,  (7.27)
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where FOB has been assumed constant over the frequency range of interest, and
G(w) is given in Eq. (7.20). The expression for the indistinguishability is a bit
more complex. Here we will simply state the expression and give an overall phys-
ical description of the parameters involved. The indistinguishability is calculated
as

P S 1G*(w)G (') So(w, w')|? dw dw’
- (2P5/T)?

9] * / N2 /
_ 197 (@)9() Sofe, ) dwr e’ _—

125,16 So(w, w)dw]”

The details on how to evaluate this expression are found in the SI of Ref. [141].
The numerator gives the total power of coherent photons emitted going through
the top mirror and into the waveguide, whereas the denominator is the total
power emitted into the waveguide. Thus the indistinguishability is a measure
of the fraction of coherent photons we detect in the waveguide. Experimentally
the indistinguishability is determined using a Hong-Ou-Mandel setup [143], where
two photons incident on a beam splitter will always leave the same output channel
if they are indistinguishable [144].

The two-colour spectrum may be separated into two contributions Sy = Szpr, +
Spsp, where Szpr,(Spsp) is the emission into the zero-phonon line (phonon side-
band) of Fig. 7.1. Thus in broad terms the two-colour dipole spectrum describes
the coherence between photons emitted into either of these two channels as

+ (ops(w)ozpr (W) + (opsB(w)opsp (@) , (7.29)

where the first term gives the primary contribution to the indistinguishability.
As seen in Fig. 7.2, introducing a cavity enhances the emission into the zero-
phonon line and thus increases the indistinguishability. However, if the cavity
becomes too strong, we enter the strong-coupling regime (see Fig. 7.2(c)) and
the zero-phonon line split, which reduces the indistinguishability.

In Fig. 7.7 we have plotted (a) the efficiency calculated using Eq. (7.25) and
(b) the indistinguishability calculated using Eq. (7.28) as function of the mirror
transmittivity of the top mirror for cavities with length L = Ax/(2neg) and
L = 15X\ x /nes, where Ax = 950nm is the QD transition wavelength. In the
absence of the second mirror (¢ = 1) the cavity filtering function equals 2 (G = 2)
and the efficiency becomes
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Figure 7.7: (a) Efficiency and (b) indistinguishability of single-photon source as function
of the mirror transmittivity of the second mirror for cavities with length L = Ax /(2neg)
(orange solid) and L = 15\ x /neg (black dashed). The thin dashed line indicate (a) 5* =
0.974 and (b) B* = 0.826. The SE rate into the mirrorless waveguide is 'y = 1.1 ueV.

2I'%
=B =5 7.30
2I'% + ' b (7.30)

Et=1
Thus the efficiency converges towards §* as the top mirror is gradually removed.
This is a central result for our model, since if the waveguide mode contribution
to the LDOS was ignored, the efficiency would approach zero as r — 0, which is
only a valid approximation if the underlying waveguide structure has a vanishing
B-factor, which is the case for micropillar structures. In the same limit, the
indistinguishability converges to the Franck-Condon factor (B?) squared, B,
which is the fraction of photons emitted into the ZPL, if the optical LDOS is
frequency independent [134]. In the absence of the second mirror, the LDOS is
approximately constant across the frequencies of the emitted spectrum.

As seen from Fig. 7.7(a), when lowering the mirror transmittivity the efficiency
initially increases due to an increase in the Purcell enhancement. However, the
efficiency starts to decrease, when the cavity decay rate becomes small enough
such that the photon escapes the cavity by scattering to radiation modes via
the QD rather than leaking through the mirror into the waveguide. In the limit
t — 0, we see that the efficiency of the longer cavity is reduced more than for
the shorter cavity, which can be explained by the dependence of the cavity decay
rate, k, and the emitter-coupling strength, g, on the cavity length. The cavity
decay rate is inverse proportional with the cavity length as kK = ke/(Lneg), where
R is found from Eq. (7.7¢). The emitter-coupling strength, however, is inversely
proportional to the square root of the cavity length as seen in Eq. (7.9). This
means that a photon emitted into the longer cavity is more likely to get re-
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absorbed by the QD, before dissipating through the mirror to the waveguide,
than a photon emitted in the shorter cavity. Whenever the photon is absorbed it
will be re-emitted, however, it might be emitted into the radiation modes, which
means that it will be lost. Thus for the longer cavity, the photon is exposed to
the radiation channel more times than for the shorter cavity in the high @ limit,
before it eventually either has leaked to the waveguide or has been scattered into
the radiation modes. However, this effect is rather weak as seen from the plot,
where the efficiency is well above 0.99 even when ¢ is very close to zero. The
efficiency drops to zero, if we have a perfect reflecting second mirror (¢ = 0),
since in that case the only escape channel out of the cavity for the photons are
through the radiation modes.

We have already discussed that the indistinguishability decreases, when we enter
the strong emitter-cavity coupling regime due to the splitting of the ZPL. This
regime is reached when g > k, and thus for the two different cavity lengths
investigated in Fig. 7.7 strong coupling occurs at different transmittivities of the
second mirror. As seen from Fig. 7.5(b-c) a longer cavity will enter the strong-
coupling regime at lower reflectivity than a shorter cavity. However, the longer
cavity will also have a narrower linewidth and thus provide a better filtering of the
PSB than the shorter cavity. As seen in Fig. 7.7(b) the best indistinguishability of
the longer cavity is obtained for a weaker second mirror than for the shorter cavity,
and interestingly the narrower linewidth of the longer cavity provides a better
filtering of the PSB than the possible larger Purcell enhancement of the shorter
cavity leading to better indistinguishability. We observed the narrowing of the
cavity linewidth in the previous chapter in Fig. 6.11 for the nanopost structure.
Increasing the cavity length will continuously improve the indistinguishability of
the emitted photons until the cavity free spectral range becomes comparable to
the width of the PSB, which will then become Purcell enhanced as well. This
effect would occur for cavity lengths of 50 — 100 um. However, for such long
single-mode cavities fabrication imperfections will be another source of errors,
and will reduce the efficiency and potentially also the indistinguishability.

Our result reveals a new path for obtaining an optimal single-photon source,
where it seems advantageous to operate with a single-mode waveguide structure
embedded with efficient mirrors forming a long Fabry-Perot cavity. In the plots
shown in Fig. 7.7 a perfect bottom mirror (r; = 1) was assumed, and at the
moment the state-of-the-art nanowire mirrors has a reflectance of around 92 %
(see Fig. 6.3), which leaves some room for improvement.

7.4 Conclusion

We have developed a quantum mechanical model for calculating the indistin-
guishability and efficiency of quantum dots embedded in high 8 waveguide cavi-
ties, which correctly accounts for both the cavity effects and the inherent 3 factor
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of the waveguide. Using this model, we have shown that long nanocavities based
on high 8 waveguides represent a promising new platform for realising single-
photon sources with simultaneous high efficiency and indistinguishability. Our
model predicts, that this structure will beat the numbers predicted in Ref. [134]
for the micropillar SPS.

In our model, we have used non-dispersive mirrors, however other mirror types,
such as Fano mirrors [9, 35, 101] has lead to interesting dynamics in PhC lasers.
Therefore, the frequency response of the mirrors could be another knob for im-
proving the performance of single-photon sources and would thus be an interesting
research topic.



CHAPTER

Conclusion and outlook

Nanophotonic engineering is key in the development of optical devices with both
classical and quantum information applications. A precise and correct description
is essential, and a range of different techniques for solving Maxwell’s equations
are available. The boundary conditions employed on the computational domain
are essential for obtaining convergence, and for nanophotonic structures emit-
ting light into free space, open boundaries are the natural choice. Throughout
the present thesis, we have used the Fourier modal method (FMM) as the main
workhorse due to its easy access to optical modes and their mutual coupling co-
efficients. Furthermore, open boundary conditions have recently been developed
for the FMM in cylindrical coordinates, enabling a correct treatment of radiation
into free space from rotationally symmetric structures.

In the present thesis, we have developed implemented and tested an open-
boundary condition formalism for the FMM in 3D Cartesian coordinates (3D
oFMM). In contrast to the standard FMM formulation, the electromagnetic fields
are expanded as Fourier integrals instead of Fourier series. When approximating
the integrals as Riemann sums, this allows for a free choice of which in-plane
k-values to sample, and as shown in Chapter 3, convergence is obtained much
faster for a non-uniform sampling than for a regular equidistant grid. The faster
convergence is due to a better description of the radiation modes.

Open boundaries are not always necessary, such as for 2D photonic crystal (PhC)
structures, where periodic boundaries are more suitable. Using a Fourier-based
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Bloch mode expansion technique, we investigated a 2D PhC waveguide coupled
to a microcavity in Chapter 4. We embedded a scattering site in the waveguide,
which resulted in a transmission spectrum with a Fano lineshape. The symmetry
(parity) of this spectrum, is controlled by the distance between the scattering
site and the microcavity. In the limit where these form a Fabry-Perot cavity, it
was shown that the roundtrip phase within this cavity is the decisive parameter
for the parity. Developing efficient optical switches in PhC waveguides can be
realised by Fano geometries, and here the parity decides the direction of the
spectral shift needed for switching. Thus further understanding of how to control
the shape of the transmission spectrum, might be a first step towards developing
energy efficient optical switches.

Semiconductor quantum dots (QDs) embedded in cylindrical nanowire struc-
tures has been shown as promising candidates for realising efficient on-demand
single-photon sources (SPS). In order to enhance the efficiency of the SPS, the
nanowire should be standing on a high-reflective mirror. This is currently only
possible for top down fabrication techniques, which depending on the fabrication
method can lead to randomly placed QDs in the lateral plane. For these struc-
tures, we are well below the diffraction limit, and thus special techniques are
needed if one wish to determine the QD position - preferably non-destructively.
In Chapter 5, we address this issue by developing a method for mapping the QD
position in a needle nanowire using only the far-field radiation pattern. A pre-
cise mapping of the QDs could be a first step towards further understanding the
potential influence of surface states on the QD properties, which likely depends
on the distance to the sidewall.

Single-mode models are easily formulated from the FMM, due to the access to
all modes and their scattering coeflicients. These often provide additional in-
sight into the physics of specific structures, since analytical expressions are often
available. However, as shown in both Chapter 4 and 6 care must be taken, when
employing a single-mode model. For both the 2D PhC Fano structure (Chapter
4) and the truncated nanowire (nanopost, Chapter 6), we have identified a break-
down of the single-mode model, when propagation distances become so small that
evanescent modes start to influence. For the nanopost geometry, this resulted in
a wrong prediction of the Purcell enhancement for the shortest possible nanopost
supporting the first harmonic mode of the QD emission wavelength. Furthermore,
the source efficiency was in general wrongly predicted by the single-mode model
for all lengths of the nanopost, due to the scattering of the fundamental mode at
the top facet. The scattering populates downward propagating radiation modes,
which are reflected into the far-field by the bottom mirror, where they interfere
with the transmitted part of the fundamental mode. A single-mode model does
not capture this interference, which can be important for correct calculation of
the source efficiency.

In order to correctly account for the solid-state environment surrounding a QD,
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quantum mechanical models are needed. Especially, when calculating the indis-
tinguishability of photons emitted by a QD embedded in a photonic structure.
Until now, there has mainly been two design strategies for making efficient QD
SPSs - either using cavities or single-mode waveguides to enhance the emission
into the preferred mode. However, the models used for characterizing cavity
SPSs (such as micropillar structures) does not converge towards the models for
waveguide SPSs as the reflectivities of the cavity mirrors tends to zero. Thus
for a waveguide with mirrors embedded, neither model will correctly predict the
properties of the emitted photons. In Chapter 7, we considered such a struc-
ture, and developed a quantum mechanical model, which correctly accounts for
the inherent high [S-factor of the waveguide. Using our model, we identified
a new design strategy for realising SPSs with simultaneous high efficiency and
indistinguishability, where long cavities in single-mode waveguides seems to be
advantageous.

Outlook

Commonly for all chapters is that the FMM has been used in various forms,
underlining the diversity of problems, which it is able to solve. However, fur-
ther development of the FMM is necessary for (a) making it more efficient and
(b) expanding the range of structures it can handle. Regarding (a), the stair-
case approximation needed for treating tapered and photonic crystal structures
makes the FMM quite inefficient. For tapers, a possible solution might be found
in combining the FMM with the Cross-Section method [122], and describe the
propagation through the taper by a differential equation rather than by transmis-
sion and reflection matrices coupling the eigenmodes of adjacent staircase layers.
Potentially, this could drastically reduce the number of eigenvalue problems to
solve.

Regarding (b), we have in the present thesis encountered a needle nanowire
with an elliptical cross-section (see Chapter 5), where we treated it as being ro-
tationally symmetric. Currently, we have an in-house code able to solve for the
eigenmodes in an elliptical nanowire, however, the transmission and reflection
matrices in this framework are still to be derived for structures with changing
ellipticity. Elliptical nanowires can be used to enhance the emission into one
preferred polarization [145], and thus developing a full FMM able to treat the
ellipticity would be a strong tool to investigate this type of nanowires. Our 3D
oFMM method developed in Chapter 3 is currently limited to handle structures
surrounded by a bulk medium, however, ridge waveguides supported by a sub-
strate are experimentally much more interesting. Thus developing a FMM with
open boundary conditions for this type of structure, would be a very strong tool
in the development of efficient SPSs integrated on an optical-chip.
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As concluded above, a strategy for developing SPSs with simultaneous high
efficiency and indistinguishability is to form a long cavity in a high S-waveguide
structure. There are numerous ways to realise this. Omne could be in a PhC
waveguide structure, where the mirrors are easily formed by adding holes in
the waveguide. The challenge for this platform is how to efficiently couple the
photons out into free space or into waveguides with smaller propagation losses.
For nanowire waveguides the current state-of-the-art bottom mirror is the metallic
mirror covered with a thin film of dielectric material in order to reduce coupling to
plasmons. The reflectivity of this mirror is around 92 % [84] and thus developing
a better type of bottom mirror is required for increasing the efficiency of the
nanowire SPS. The top mirror can be realised as suggested in [57], where a
DBR mirror is implemented in the out-coupling trumpet taper. However, an
experimental realisation of this structure is still to be demonstrated, and thus
poses another research challenge.



APPENDIX

Near-field to far-field
transformation

A.1 Derivation of Egs. (2.24)

Below the derivation of Egs. (2.24) is outlined. Inserting the equivalent currents
given in Eqs. (2.23) into Egs. (2.21) and assuming a plane surface leads to

Ny = /S [J, cos 0 cos (ng') cos (¢ — &) + J s cos Osin (ng/) sin (¢ — &) |
exp (—ikor’ sin 0 cos (¢ — ¢)) r'dr'dd,
Ny = /S [ — Jycos (ng') sin (¢ — ¢') + Jssin (ng) cos (¢ — &) |
exp (—ikor’ sin 0 cos (¢ — ¢)) r'dr'dd,
Lo = /S [M, cos 0sin (nd) cos (¢ — ¢) + My cos 0 cos (ng') sin (¢ — &)]
exp (—ikor’ sin f cos (¢ — ¢)) r'dr'dd,
Lo = [ [=Mysin (nd') sin (6 — o) + M cos (ne) cos (6 — )
exp (—ikor’ sin 0 cos (¢ — ¢')) r'dr’dey’.

(A.1a)

(A.1b)

(A.1c)

(A.1d)
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These expression are rewritten using trigonometric relations to

N :/S [J; cos 0 cos (ng) cos (ng') cos (¢') —

(A.2a)
Jp cos ) cos (ng)sin (nd) sin (¢/) ] exp (~ihyr'sin 0 cos ) r'dr'd

No = [ Jrsin (u6) sin (n) sn )+ Jy sin ) o (0 o ()]
exp (—ikor’ sin  cos ¢') r'dr'dg,

Lo — /S [M, cos 0sin (nd) cos (ng) cos (¢') + (A.2¢)
M, cos 0sin (ng) sin (n¢’) sin (¢') | exp (—ikor’ sin 6 cos ¢') r'dr'd¢/,

Ly— /S [ — M, cos (ng) sin (ng') sin (¢) + (A.2d)

My cos (ng) cos (ng') cos (¢) | exp (—ikor’ sin @ cos ¢') r'dr'd¢’.

Furthermore we have the following relations for the Bessel functions of the first
kind

2ri"J, (z) = /27r cos (ng) exp (iz cos ¢) do, (A.3a)
0

7 (oo (2) = T () = [ " coscos (nd) exp (iweos ) g, (A3D)
0

mi" T (Jn1 (2) + Jpgr (2) = /027r sin ¢ sin (n¢) exp (iz cos ¢) dg, (A.3¢)

where J, is the Bessel function of the first kind of order n'. Using these relations

'Note that J, is a Bessel function, whereas Jr(¢) is the radial(tangential) component of the
equivalent current.



A.1 Derivation of Eqs. (2.24)

Egs. A.2 are rewritten to

— (Jr + Jg) Jnt1 (—kor’ sin 6

[ == Jp) Jn—1 (—kor’ sinB) 1
N _/ —(Jr + Jp) Jn+1 —kor’ sin 9) n(ng) "~ mdr,

I _/ (Mr + M¢) Jn—1 (—ko?" sin 9)
7 ) | = (M, — My) Jny1 (—kor' sin 6)

_[] an+ M) Jr—1 (—kor' sin 6) n—1_1.1
e _/ + (My + My) Josr (—kor' sin ) | ©° (n@) "™ mdr,

Ny :/ (Jr = Jg) Jn1 (—kor'sin 6) ] cos @ cos (ng) i trdr’,

]cos@sm (ng) " trdr’,
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(A.4a)

(A.4b)

(A.4c)

(A.4d)

Using the definitions in Eqgs. (2.22) and (2.25) we arrive at the final expressions

in Egs. (2.24)

Np=— /cos@cos (ng) [Hy(r") Jn—1 (—kor' sin6) +
Hyp, (r') Jns1 (—kor' sin @) [i" 1o’ dr,
Ny = /sin (ng) [Hp(r") Jn—1 (—kor' sinf) —
Hp, (7") Jpg1 (—kor' sin @) ]i"~ Ler'dr
Ly = —/cosGsin (n@) [Em (") Jn—1 (—kor’ sin ) +
E, (') Jut1 (—kor' sin 0) |i" L ar’dr’,
Ly = /cos (ng) [ — Ep(r")Jn—1 (—kor' sinf) +
E, (r') Jny1 (ko' sin0) Ji"Lar’dr’.

Reverting the cosine/sine dependence in Egs. (2.23) to

Jr (r',¢") = J, (r') sin (ng') Jy (r',¢") = Jy (') cos (ng') ,

M, (r',¢") = M, (r') cos (n¢') My (r',¢') = My (r') sin (n¢') ,

(A.ba)

(A.5b)

(A.5¢)

(A.5d)

and going through similar steps as in the derivation for Egs. (A.5) leads to



116 Near-field to far-field transformation

Ny = /cos@sin (ng) [Hp(r') Jn—1 (—kor’ sin ) +

(A.7a)
Hy, (r') Jyi1 (—kor' sin ) |i"tar'dr’,
N, :/cos nd) [Hp, (r)Jp_1 (—kor’ sin §) —
o= [ 03 (00) (Ho ()T (ko sin) .
Hy, (r') Jns1 (—kor' sin0) [i"Lar'dr’,
L :/COSQCOS Ey(r")Jp_1 (—kor' sin @) +
0 (n®) [Ep(r") Jn—1 (—kor’ sin 0) (A7)
Ep (') Jng1 (—kor sin ) }i"_lm“'dr’,
L :/sin n —E,(r")Jp_1 (—kor'sin 0) +
é (¢)[ p( ) 1( 0 ) (A.7d)

Epm (") Jng1 (—kor' sin 6) ]i”_lm“/drl.

A.2 Derivation of Egs. (5.4) and (5.5)

In this appendix we will derive the near-field to far-field transformation in the
oFMM formalism [48] used in Chapters 5 and 6. Using the oFMM formalism
with the scattering matrix formalism enables us to compute the near-field of any
rotationally symmetric structure. Here, the near-field is assumed to be known in
the air layer just on top of the cylindrical structure. The electromagnetic field
components for each mode in the near-field are given as [48]

Fr,nj (Ta (Z)) =

M
0> kA (b Tt (kmt) = b Jno1 (k)] exp (ing), (A.8a)

m=1

Fqﬁ,nj (T‘, ¢) =

M
> b Dk [ 1 (kr) 4+ €l J1 (k)| exp (ing), (A.8b)
m=1

where F' is either the electric field, F, or the magnetic field, H. b(c)F are the

m,nj
expansion coefficients for mode j and angular momentum 7 in the Bessel basis.

General case - n # 0

In the general case the EM-field is polarized in both in-plane directions. In the
derivation of Egs. (2.24) a cos(n¢) angular dependence on Hy and E,, and a
sin(n¢) dependence on H, and E,; was assumed. However, in Egs. (5.1), (5.3)
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and (A.8) the angular dependence is given as exp(in¢). To overcome this we
add fields with +n angular dependence, where the following relations has been
numerically found to hold for the expansion coefficients b¥, ¢, b and ¢

bE :(—1)”“05 bfln:(—l)”cH, (A.9a)
o= (=l M= (—1)ml (A.9D)

These relations make sure that the angular dependence of the E, and H, com-
ponents are separated by m/2 when the + and —n contributions are added - the
same applies for the E,; and H, fields. Using these relations and adding the
electric and magnetic fields for +n angular momentum in Eqgs. (A.8) leads to the
desired angular dependence of the electric and magnetic fields. Since the zero
point of the phase can be chosen arbitrarily changing between a cosine and sine
dependence can be done by shifting the phase by 7/2. Additionally we will use
the relation J_, = (—1)"J, in the derivations below. We start by considering
the radial component of the electric field

M
Erpj =1 kmAkm
m=1

{ (brEijJnH(kmr) — cEjmJn_l(ka)) (cos(ne) + isin(ng)) +

(bgn]m:],n+1(kzmr) P imd—n1(km )) (cos(ng) — isin(ne)) | (A.10a)

—1Zk Ak,

{ mimJnt1(kmm) — cEjmJn_l(kaD (cos(ne) +isin(ng)) +

( n+1 nlEJ (k) —

(D" 1) T (k) ) (cos(n) — isin(n)) (A.10b)
M

=1 kmAk
m=1

{ (b5 Tt (emr) = LTt (k) ) (cos(n@) + isin(ne)) +

(cfjmJn—l(ka’) — bfjmJnH(kmr)) (cos(no) — isin(ngb))} (A.10c)

M

Epnj = =23 bk (bl Jn1 (kar) = €1 (Byr) | sin(ng) — (A.10d)
m=1
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Rotation by + /2 =

Ernj=2 Z km Ak, [bn]mJnH(kmr) - cEjmJn_l(kmr)} cos(ne) (A.10e)

m=1

Next we consider the transverse electric field:

Eynj = Z Koy Ak,
[ (b5t emr) + BTt (k) ) (cos(n) + isin(n)) +
(b jinT 1 (kmr) + €y 1 (kr) ) (cos(ng) — isin(ng)) | (A.11a)
= Z km Ak
{ it (ko) + €y dn 1 (kr) ) (cos(ng) + isin(ng)) +
(Bt (k) + BT (ki) (cos(ns) — isin(nq&))} (A.11D)

Epnj =2 Z bk, [0 T2 (Byr) + Epy Tt (ki) | cos(ng) (A.llc)

Rotation by + /2 =

Eppj =2 Z b AN (05Tt (k) + €8y Tt ()| sin (n9) (A.11d)

m=1

For the radial magnetic field we get:

M
Hypj =1 kmOkm

m=1

(BT o) = el T (o)) (cos(n0) + sin(r) +
(bljmmJ_nH(kmr) ,n]mJ_n 1(km, )) (cos(no) — isin(ngb))} (A.12a)

H,,; =2i Z km Ak, {bmml]nﬂ(kmr) - cfjmJn,l(kmr)} cos(ng) (A.12D)

m=1

Rotation by + /2 =
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M
Hypj =23 kb [0 Tt () = el Ju 1 (k) sin(ne) | (A.12)

m=1

And finally for the tangential magnetic field we have:

M
Hyni =Y kmAkp,

m=1
{ (6o (i) + el 1 (ko)) (cos(n) + isin(ng)) +
(b g -1 (kr) + €T 1 (ir) ) (cos(ns) — isin(n¢))] (A.13a)
M
Hypnj =203 knky [b,ifj.m,fm(kmr) n c{;fjmJn,l(kmr)] sin(ng)  (A.13b)
m=1

Rotation by + /2 =

M
Hypj = =2 > Ak [0l Tt (kmr) + €l Juo1 (k)] cos(ng) | (A.13c)
m=1

Inserting Eqgs. (A.10e), (A.11d), (A.12c) and (A.13c) into Egs. (2.25) and
leaving out the angular dependence leads to the following expressions

M
H_=Hppj— Hppj =4 Y kmDkimbl, Jngt (k) (A.14a)
m=1
M
Hy=Hppj+ Hppj=—4 Y ki Akmcl, Jn1(kmr), (A.14b)
m=1
M
E_=FEpnj— Eynj = —4 kmAkmchiJni(kmr), (A.14c)
m=1
M
Ey=Erpj+ Epnj =4 km Akl Jni1(kmr). (A.14d)
m=1

Insertion of Egs. (A.14) into Egs. (A.5) gives the needed quantities for calcu-
lating the far field using Eqs. (2.20). Now we are exploiting the open boundaries
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in the oFMM formalism, such that the integration limits in Egs. (A.5) are 0 and
oo. First we take a look at Ny ,;

Nonj = —/ cos 0 cos(no)
0
(Hy (") Jp1 (—kor' sin6) + H_ (') Jpy1 (—kor’sin0)) i"Lor’dr’ (A.15a)

- M
= —/ cos 0 cos(n@)di > ki Ak,
0

m=1

[ - anjmJn—l (ka/)Jn—l(—koT/ sin 0)

- b0 T (Bt”) T2 (—kor’ sin 0) i~ 1er'dr’ - (A.15b)

M
= —4i"7 cos f cos(no) Z km ko,

m=1
/ [ s (o) (1) (o sin )
0

- bt (') (= 1) T 1 (v sin 0) | '’ (A.15¢)

N pj =4(—1)"7 cos § cos(ng)

njm njm

M
> Ak (b, = ctfi,) 8k — o sin 0) (A.15d)

m=1

Here we have used the Bessel function closure equation [146]

/OO Jo (k1) Jo (K'r) rdr = l(5 (k—K). (A.16)
0 k

Similarly for Ny ,; we get
N nj :/ sin(ng)
0
(Hy (") 1 (—kor' sin @) — H_ (") Jps1 (—kor'sin8)) i"Lar’dr’ (A.17a)
00 M
:/ sin(ne)4i Z ko Ak,
0 m=1

[ - CnHjmJn—l (ka/)Jn—1(—kor’ sin 9)

_ b%mJnJrl(k;mr’)JnH(—kor' sin 9)]1”_17Tr'dr' (A.17b)

M
Ngnj = 4(=0)"wsin(ng) Y Ak, (anjm + c,ifjm) 8 (K — ko sin 0) (A.17c)
m=1
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Lg jn and Ly ; , are derived in a similar way and the final form of these are

Lgnj = 74(%)”_177 cos 0 sin(ne)

Z Ak (B = clZy) 0k — kg sin 0) (A.18)

M
Lynj = 4(—i)""7 cos(ng) Z m (Vi 4 By 6k — ko sin0) | (A.19)

The above equations only applies for n # 0. In the two following sections the
equations will be derived for n = 0 for the two polarizations TE and TM.

TM polarization

For TM polarization Eqgs. (A.5) applies, however the fields given in Egs. (A.10e),
(A.11d), (A.12c) and (A.13c) are no longer valid, since these were constructed
by adding fields with +n angular momentum. For TM polarization n = 0, and
thus we return to Egs. (A.8) to find the electric and magnetic fields for TM
polarization. TM polarization is defined as having H, = H, = E4 = 0. So the
electric and magnetic fields are

M
ERY =13 bk [ 1 (k) = b T2 (k)|
m=1
M
=1 kA [b5 + o ;| Ji(kr) = By = E- (A.20a)
m=1
M
Hyi'= Y knlkn [bg,ﬂl(km?) + cg,qu(kmr)}

3
[}

Il
M:

b ANy [b81 ;= cft | (k) = Hy = —H (A.20b)

3
Il
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Using these fields in Eqgs. (A.7) and setting n = 0 leads to:

NG,j,TM = —/ cos 6
0
(HyJ 1(—kor'sin @) + H_Jy(—kor'sin0)) i~ ‘ar'dr’ (A.21a)
=ir cosﬁ/ (Hp,;J1(kor' sin @) + Hy ;J1(kor' sin@)) r'dr’  (A.21b)
0

M
Ng jTm = 2im cos 6 Z Ak, [bTHnJ - cg’j} d(km — kosin0) (A.21c)
m=1
e
e
[ee)
Ly jtm = —E_J_1(~kor'sin0) + E4 Ji(—kor'sin0)) i tar'dr’  (A.24a)

=i 7r/ (=B, jJi(kor' sin0) — E,. jJ1(kor' sin@)) r'dr’ (A.24D)
0

M
Lojmm = —21 Y Ak (0] + el ;] 6k — ko sin0) (A.24c)

m=1

TE polarization

For TE polarization Eqs. (A.5) are used for calculating the far field. As for the
TM case we start from Eqs. (A.8) for determining the field components, where
E.=FE, = Hy =0, which leads to the following electric and magnetic fields

M
= > bk [bF 1 (k) + clp 1 ()|
m=1
M
= > bk [0 — el | Ji(kr) = By = B (A.25a)

M
HyF =) knlAkn {bg,ﬂl(kmr) - Cg,j‘]—l(kmrﬂ

M
= > bk [l + ol | I (pr) = Hy = H_ (A.25b)
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Insertion of these fields into Eqs. (A.7), setting n = 0, and following the same
steps as for TM polarization, we arrive at the final expressions

=

M
Ny jmp =21 > Ak [bE 5+ clt ;] (ki — ko sin6) (A.27)
m=1
M
Ly i1 = —2imcosf Z Ak, {bfm - anw} §(km — kosin0) (A.28)
m=1

(429






APPENDIX

Modelling open nanophotonic
systems using the Fourier modal
method: Generalization to 3D
Cartesian coordinates

In this appendix additional derivations for Chapter 3 are provided.

B.1 Direct factorization rule

We start by factorizing Eqs. (3.2)-(3.7) and writing them in a matrix form one-
by-one. Inserting the function expansion in Eq. (3.8) into Eq. (3.2) leads to

[ [ U e, k) = B, e, )] e, by ) Akl =

CUMO//CHI(kz7ky)g(kx,ky,.f,y)dkxdky, (B]')

125
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where the integration limits (from —oo to oo) have been omitted for notational

clarity. Multiplying with ¢*(k., k;) integrating over x and y and using the or-

thogonality relation (3.9) lead to

@) [ [ hyen. (ko ky) = B, (e, k)] 6(5s = K,)3(h, — Ky dkadky

= (27r)2wu0//cHl(kx, ky)o(ky — ki )0(ky — K )dkedky.  (B.2)
Performing the integrations in Eq. (B.2) we arrive at

kyCEz (k:m ky) - BCEy (kmv ky) = WHoCH, (kx7 ky)> (BS)

which after discretization of the k space is written in matrix form as

e, — fe, = wpuohy, (B.4)

where e, is a vector with c%y as elements. k, and k, are diagonal matrices with
elements kS and k:g

Using a similar approach, Egs. (3.3) and (3.4) are written in matrix form as

per — kee, = wﬂohyu
k,e, — kye, = wuoh..

—
o W
N—

In order to eliminate e, from Eqgs. (B.4) and (B.5), we prepare Eq. (3.7) in a
discretized form, for which the direct factorization rule applies. Expanding the
field components, using Eqgs. (3.14)-(3.15) and performing a change of variables
kizy = kay + ki, lead to

/ / (K, (Kas ky) — kycrr, (ko ky)] exp [i (ks + kyy)] dkadk,

= [ [l

X exp [i (ot + kyy) | dkpdl,d,dk,. (B.7)

CE, (k'm ky)

We then multiply with exp{—i(k;x + k‘z’/y)], integrate over x and y and employ
the orthogonality condition (3.9) and obtain
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K, (Ko kL) — K err, (Ko K)) = —weg / / [eBa(k; — ka)(K, — ky)

+ cac(kl, = ky, ki, — ky)

s Ky ce, (kg, ky)dk,dk,. (B.8)

In discretized form Eq. (B.8) is written as

k;h, — k,h, = —weg [AeAk +eple;, (B.9)

where Ace is the Toeplitz matrix containing the elements cha = cAE(kg, k:g), Iis
the identity matrix and Ak is the diagonal matrix containing the discretized area

elements Ak in k space. Thus, e, equals to

1

[AeAk + epT] ! [k,hy, — k,h,]. (B.10)
wWeQ

e, =
allowing us to write Egs. (B.4) and (B.5) in the form of an eigenvalue problem
that couples the lateral electric field components to the lateral magnetic field
components as

-1 N -1 2
k k—xlalfmkykﬂ kxslzotlfailtkOI Ex = weoB 0], (B.11)
yETot Ky — R —KyErporKa Y €y

where e1o = AeAk + epl.

From Egs. (3.5) and (3.6) we write similar set of equations that couples the
lateral components so that Egs. (3.5) and (3.6) together with Eq. (B.11) allows
us to eliminate the magnetic field components and form an eigenvalue problem
for the lateral electric field components (or vice versa). However, Egs. (3.5) and
(3.6) need special treatment due to the product eE, .

B.2 Inverse factorization rule

In the following the application of the inverse rule for open boundaries with a sep-
arable discretization grid in k space will be presented. As discussed in Appendix
B.3, an equidistant discretization with an open BC is mathematically equivalent
to implementing a periodic BC and a Fourier series expansion. Furthermore, as
will become apparent in the course of deriving the inverse factorization for the
separable discretization, the inverse factorization approach is not applicable for
our dartboard discretization scheme defined in Section 3.2.

The factorization will be performed on Eq. (3.5) to illustrate how the inverse rule
is implemented for the product e F,. The matrix representation for the € function
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EB
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Ew SQ
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S Lw

Figure B.1: A waveguide in air is divided into three sections separated by the y in-
terfaces of the permittivity function. Here the background permittivity is ep and in the
waveguide region Ae(x,y) = &, — €. The permittivity is y independent inside each of
the three sections.

used in the product eF, will be denoted €, indicating that it accommodates for
continuity of the product along the x direction, where the inverse rule is applied
as in [71, 73]. Now, E, is discontinuous in the x direction but continuous in the
y direction. ¢ is discontinuous in both the x and y direction. Their product, eF,,
is continuous in the x direction and discontinuous in the y direction, thus the
inverse rule is used for the x direction and the direct rule for the y direction. The
way this is done computationally is to divide the structure into sections separated
by the interfaces in the y direction and apply the inverse rule to each of these
sections. This is illustrated in Figure B.1.

In general the expansion coefficients for all (z, y)-dependent functions are given
as in Eq. (3.10). The integration over the y coordinate is then separated into
sections where the function is uniform along the y axis. Using Figure B.1 as the
example, the y integration is separated into three parts

£k, ky) / f,5: (k) exp(—ikyy)dy
/ fr.5, (kz) exp(—ikyy)dy

+ / fz.55 (kz) exp(—ikyy)dy, (B.12)

where

fa,5;(kz) = %/f(x,ysi)exp(—ikzx)dx. (B.13)

Here the notation f(x,ys,) means that the function is evaluated within section
S; and is only dependent on the = coordinate within that section. With this sep-
aration, it is possible to factorize ¢ using the correct factorization rules provided
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that the discretized basis set features separable k, and k, dependency as in Eq.
(3.24). If this is the case, we can index the k; and k, contributions to the basis
mode k vector as (kI, ké) using separate indices m and [. It is then possible to
apply the inverse rule to the product ¢, F, factorized along the x direction by
first preparing the Fourier transform along the x axis of the inverse permittivity

as

1 o0
e, (be) = o [ Ay, exp(~ikoa)de + npd(k,) (B.14)

We then form the Toeplitz matrix for the 7, s, function discretized on the k[*
grid. Since the product of the expansions of ¢ and F, involves an integration
over k space as in B.8, the Toeplitz matrix is given by

Nz,S; Tot = A'r]:c,SiAkm + 77BI, (B15)

where An; g, is the Toeplitz matrix containing the elements An;"s. = Any s, (k1)
and Ak, is the diagonal matrix with Ak!" as elements. According to the inverse
rule, we then take the inverse of this matrix and Fourier transform the resulting
elements along the y axis as

27
+ €BOmnd(ky), (B.16)

1 fo° v .
Ex,mn(ky) 5= /_ (Ani Tot)mn(y) €xXp (_lkyy) dy

where An}ﬁ’ﬂot(y) =1, }S’i,Tot —eplI, which is piece-wise constant over the various

regions S; as discussed above.

The final Toeplitz matrix €, is then obtained by introducing the discretization
on the l{:?lJ grid, and its elements are given by

(€x)mnij = Gy / i:n¥ot Jmn(y) €xp (_i(% - k;)y) dyAkZ

+ 5mn5lj5B‘ (B17)

Similarly for the product ¢, FE, we obtain

ety == [ (A0 () exp (1K — K2)o) do Ak
+ 5mn51j<€B- (B.18>
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The integrals in Eqgs. (B.17) and (B.18) can be carried out analytically when
the matrix Ani}a) Tot has been found for each y(z)-independent section.

The factorization of Egs. (3.5)—(3.6) thus become
ikyh, —ifh, = —iwege €, (B.19)
—ifh, — ik h, = —iwegeyey. (B.20)
Eliminating h, using Eq. (B.6) finally leads to the following eigenvalue problem

—k,k, kZ—kiey| |es
kjew — ko kyk, e,

1 = wpiof

h,
hy] . (B.21)

The splitting of the factorization along the x and y axes such that the inverse
rule can be used along the x axis and the direct rule along the y axis relies on the
separability of the k, and k, dependencies of the discretization grid such that the
discretization in B.15 can be performed in a well-defined manner. However, for
our dartboard discretization scheme, this separation is not possible, and for this
reason, we simply use the direct rule for the factorization with e, = e, = e1ot.

B.3 Relationship between open and periodic
boundary conditions

To understand the equivalence between the open BC formalism with equidistant
discretization and the periodic BC formalism, let us consider the representation
of a function f(x) with compact support such that f(z) =0 for |x| > L/2. The
continuous integral expansion of this function is given by

flz) = / F(k) exp(ikaz)dk (B.22)
L)2
Fk) = % /_ , o @) esp(ika)a, (B.23)

where the integration domain in (B.23) has been reduced from [—oo, 0] to
[—L/2,L/2] since f(z) = 0 outside this range.

We now implement the equidistant discretisation scheme with a discretization
step Ak such that (B.22) becomes

flz) = Z F (k) exp(iknz) Ak, (B.24)

where k, = nAk.
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Let us compare this equation to the Fourier series expansion of the same function
over the interval [—L/2, L/2] given by

= Z cn exp(iknz) (B.25)
L/2

/ x) exp(—ikyx)dz. (B.26)
"L L/2

where k, = n27w/L. Now, the integral expansion (B.22)-(B.23) should ideally
reproduce a function f(x) for which f(x) = 0 for |z| > L/2. However, we observe
that the representation in (B.24) implementing the equidistant discretization is
mathematically equivalent to the standard Fourier series representation (B.25)-
(B.26) of a periodic function f(x) = f(x + L), where the periodicity is given

by
2
L=—. B.2
AL (B.27)

When representing the optical fields using an open BC and equidistant discretiza-
tion, we are thus in practice reintroducing a periodic BC with the associated nu-
merical artifacts due to the presence of the neighboring elements. The artifacts
can be suppressed by decreasing Ak, in which case the Riemann sum representa-
tion of the Fourier transform approaches the exact value of the integral. However,
this occurs at the expense of significant computational cost, and a non-uniform
discretization scheme is thus strongly preferred.

B.4 Field emitted by a point dipole

In this section we derive the expression for the dipole coupling coefficient used in
Eq. (3.18). The derivation follows the same procedure as in Ref. [46] for a 2D
Fourier modal method. The starting point is the Lorentz reciprocity theorem in
Eq. (2.8). Since we are interested in the field emitted by a single point dipole,
only one current source is present, thus Jo = 0 and J; = Jppd(rpp —r), and Eq.
(2.8) simplifies to

/ (E x Hy — Eg x H) - 8dS = Jpp - Es (rpp) (B.28)
S

where [E, H| are the emitted dipole fields, which we wish to determine and f
is the normal unit vector to the surface S. [Eg, Hs] is set to be the fields of a
forward (backward) propagating eigenmode m, such that

[Eq, Hy| = [ei, hi] exp [£ifm (zi —zpp)], (B.29)

where 2T > zpp and 2z~ < zpp. Furthermore the forward (backward) propagating
dipole fields are expanded using the dipole coupling coefficient app(bpp) as
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E*(HY) (r,z > zpp) Za PDe )i £ (r,)exp [i8 (2% - 2pp)],  (B.30)

where a(b) is used for the +(—) index, and e(h); are the j’th electric(magnetic)
eigenmode expanded as Fourier integrals as in Eq. (3.8).

Due to our open boundary conditions the surface integral in Eq. (B.28) is over
an infinite surface in the (x,y)-plane. For the forward (backward) propagating
dipole field the surface S is placed at 29 just above (below) the dipole position,
such that the normal unit vectors are iy = —fy = z. Inserting Eq. (B.30) into
Eq. (B.28) for the forward and backward propagating dipole fields and using that
e" =e  =eand ht = —h™ = h [39] leads to

_ Zb{;D/S (£e; X B + em % ;) exp[i (£m — B;) (22 — 2pp)] - 2dS

+Za{;D/S (e X By — e X hy) exp [i (£8m + ) (21 — 2pp)] - 2dS
j 1

_ +
= JpDem.

(B.31)

The integral over the products between the electric and magnetic eigenmode
components will be carried out by using the expansion of the eigenmodes given
in the first line of Eq. (3.8).

/ L _Cia)hmy@)dedy =
I ceatna ook e (o3

x exp [i (ko + k) 2+ (ky + ) y)] dk 1 k! dedy
_ (277)2//: Certyr (ks ) oy (R )
x 6 (ky + k) 0 (hy + k) ke AR
= (27)? /oo w05 (Ko ky) ey (—ka, —ky) dky
(2) Zcex 1 (BE KD) ey aym (Kb, — kD) AR, (B.32)
where ¢y are the expansion coefficients defined in Eq. (3.10), and are found by

solving Egs. (3.16) and (3.17). Inserting Eq. (B.32) into Eq. (B.31) leads to the
following matrix equation for the dipole coupling coefficients
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4 . (z,y,2) J(z,y,z) —+
[x_"‘ ﬁ:] [aaDy z)] - ??yvz)e(_x,%z) (rPD) , (B.33)
bppy’ Jpp €(2,y,2) (rPD)

where (x,y, z) is either orientation of the dipole. The M matrices are

M = (2r)* (Cf 1Ce. - CF, 1Ce, — CL 1Cy, + CT 1C), ) AkL,  (B.34a)

M =~ (2n)* (Cf, ,C., - Cf ,C,, + CL ,Cy,, ~ CT Gy, ) Ak, (B.34D)
— 2
M~* = (27)* (-C], ;Ce, + Cf 4C., — CL 1Cy, + CI, 1Cp,) Ay, (B.34c)
M7~ =-— (27T)2 (—C:}fy7$Cem + szicey + C£,$Chy - Cz;,ichw) Ak,
(B.34d)

where each column of matrix C contains the expansion coefficient for the eigen-
mode. C7 is the transpose of C and C; means that the rows has been mirrored,
such that the first row is now the last row of the matrix.

The eigenmodes are in principal orthogonal, such that M*™~ and M~ are di-
agonal and M and M~ are zero. This orthogonality is found numerically
to hold approximately, however with non-vanishing elements possibly stemming
from numerical rounding errors.

B.5 Waveguide on substrate

The results presented in Chapter 3 are for free standing square waveguides, how-
ever it is experimentally much more interesting to investigate waveguides sup-
ported by a dielectric substrate, since these enables on-chip optical systems due
to their very low transmission loss [87]. Furthermore, they have reasonably large
B-factors for one dipole orientation [88], which makes them a candidate for real-
ising an efficient on-chip single-photon source.

For a ridge waveguide on a substrate (see Fig. B.2) the dielectric function can
be described as

e(z,y) = Agyrect(x/wy)rect(y/hy — 1/2) + ep + O(—y)Acg, (B.35)
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where Ae,, = €, — £p within the waveguide region and Aeg =g —ep. O(y) is
the Heaviside step function and rect(t) is the rectangular function defined as

1 ify >0
_Jo  ifjt>1/2
rect(t) = {1 if]e] < 1/2. (B.36b)

Figure B.2: Ridge waveguide on substrate.

The expansion coefficients for the dielectric function are given by Eq. (3.10)

e(z,y) exp[—i(kzx + kyy)|dedy

(Aeyrect(z,y) + ep + AegO(—y))

Il
™o
3
— —
— —

exp|—i(kyz + kyy)|dzdy. (B.37)

In the following the Fourier transform F of a function f(z,y) will be denoted as

i) = gz [ [ S@aesplithr + hpldedy. (B39

The expansion coefficients in Eq. (B.37) are given by three Fourier transforms:

Ce(ky, ky) = F[Aeyrect(z/wy)rect(y/hy—1/2)]+Flep]+F[AesO(—y)]. (B.39)
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The above Fourier transforms are:

F[Aeyrect(x/wy)rect(y/hy — 1/2)] =

1 . . |
WAEU,hwwwsmc(wwkx/Z)smc(hwky/Q) exp(—ihwky/2), (B.40a)

Flen] = e50(ky)d(ky) (B.40b)

FlAesO(—y)] = Aesia(km) <7r6(/-cy) + 15) . (B.40c)
Yy

where sinc(x) = sin(z)/z. In the Fourier transform of the Heaviside step func-
tion the term 1/k, gives us an issue, since we risk dividing with zero. Thus our
developed 3D oFMM is not suitable for handling ridge waveguides on infinite sub-
strates with open BCs. For these structures the substrate has to be surrounded
by air, which can be a reasonably good description, however not ideal.






APPENDIX

All-optical mapping of the
position of single quantum dots
embedded in a nanowire antenna

This appendix supports Chapter 5 with various experimental and computational
results. The appendix will be referred to throughout the chapter.

C.1 Photoluminescence spectrum

In Fig. C.1 the PL spectrum of the investigated needle nanowire is shown. As
seen there are quite many peaks in the spectrum at different wavelengths, which
originates from different transitions in the QDs. The QDs we have chosen to focus
this study on are QD1, QD2 and QD3, since these produce three very different
far-field patterns. The emission wavelengths of the three QDs under study are
891.5 nm, 907 nm and 912 nm.
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Figure C.1: PL spectrum of the needle nanowire. As seen several QD transitions are
visible in the spectrum. We have chosen to focus this study on QD1, QD2 and QD3.

C.2 Polarization study

In order to investigate which state transitions the peaks in Fig. C.1 are due to,
we measure the PL spectrum at different polarizations. If the transition is from
a neutral exciton, the fine structure splitting (fss) might be present as a shift in
the peak position in the PL spectrum as the polarizer is rotated. This study has
been performed on QD1, QD2 and QD3, and the results are seen in Figs. C.2-C.4
below. A fss is observed in the polarization spectra for QD1 and QD2, indicating
that these are likely from a neutral exciton transition. There is no fss for QD3,
and thus it cannot be concluded that this transition is from a neutral exciton.

C.3 Lifetime measurement

Having concluded that QD1 (891.5 nm) and QD2 (907 nm) are neutral excitons,
the quantum state of QD3 can be determined by comparison of the radiative
lifetime. For a trion state the radiative lifetime is smaller than for a neutral
exciton in InGaAs QDs [119]. After excitation of the QDs the emission intensity
stemming from a neutral exciton can be described by a biexponential curve as
[147]

I =Coyp [Arexp (—t/m1) + Asexp (—t/m2)], (C.1)

where Cj is proportional to the collection efficiency of the experimental setup
and the term in the brackets is the population of the bright exciton state. The
lifetimes 71 and 75 are given by the radiative decay rate -, the non-radiative
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Figure C.2: PL spectrum around the QD1 emission wavelength for different rotations
of the polarizer. As seen the location of the peak shifts as the polarizer is rotated,
which indicates that the transition is from a neutral exciton. The shift is due to the fine

structure splitting.
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Figure C.3: PL spectrum around the QD2 emission wavelength for different rotations
of the polarizer. As seen the location of the peak shifts as the polarizer is rotated,
which indicates that the transition is from a neutral exciton. The shift is due to the fine

structure splitting.

decay rate 7.y, and the spin-flip rates between the dark and bright exciton ~q
and Ypq as [120, 147]

_ A+ B
= m = 5 (C.2a)
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Figure C.4: PL spectrum around the QD3 emission wavelength for different rotations
of the polarizer. As seen the location of the peak does not shift as the polarizer is rotated,
which could indicate that the transition is from a charged trion state or that the there
is no fss in the QD.

_ A—-B
7'2 1 = Y2 = T, (C2b)
where
A =% + 29 + Ydb + Tbd = T + 2Vnr + 27dbs (C.3a)
B = \/’y? + 2% (Yba — Yab) + (Yab + 1ba)’ = \/%2 + 473, (C.3b)

All the rates are illustrated in the three-level scheme in Fig. C.5. In principle
the | X) and |Y') excitons also couple to each other through spin-flip processes,
however this coupling is not important for the analysis here, since it has been
shown to occur with a time constant smaller than 100 ps for InAs/GaAs QDs
[118]. Furthermore, we collect both polarizations in the time-resolved PL mea-
surement in Fig. C.6, and thus the simplified three-level scheme is sufficient for
determining the quantum state of QD1, QD2 and QD3. Including the coupling
between the | X) and |Y') excitons would be important for a polarization study of
the emitted field. Assuming an equal population of the bright and dark exciton
state after the non-resonant excitation, the amplitudes of the two decay rates in
Eq. (C.1), Ay(g), are given as [147]

1 o 1 vap
A :[1—1— }— , C.4a
' M= V2 291 — 72 ( )
1 M 1
A :[1— }—l—. C.4b
! "= V2 271 — 72 ( )
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Figure C.5: Three-level scheme used for describing the biexponential trend of the time-
resolved PL measurement in Fig. C.6. The bright exciton couples through spin-flip
processes to the dark exciton with rates 4, and 4, and both excitons decay through
non-radiating processes at the rate vy,,. The recombination rate of the bright exciton is
~r, and leads to the emission of a photon. An identical three-level scheme applies for the
|Y') excitons.

There exist no dark trion state and the radiative decay rate for a trion is larger
than for a neutral exciton. Thus a trion state should show a significantly shorter
lifetime in a measurement than a neutral exciton. The lifetime measurements of
the QD1, QD2 and QD3 are shown in Fig. C.6, where the experimental data
has been fitted to Eq. (C.1) and the extracted lifetimes are shown in the plots.
As seen the lifetime of QD3 is more than a factor 2 larger than the lifetime of
QD1 and QD2, which does not point towards QD3 being a trion state. However,
QD3 does not show a clear biexponential behaviour as is expected for a neutral
exciton. We attribute the lack of a clear biexponential trend to a fast spin-
flip process between the bright and the dark exciton within QD3 (i.e. large vqp),
which reduces the intensity of the fast decay rate relative to the slow as seen from
Egs. (C.4). Thus in the experiment only the slow decay channel will be visible
leading to larger lifetimes and hiding the biexponential behaviour, as reported in
Ref. [118, 120].

Based on the lifetime measurements and the PL polarization spectra in Figs.
C.2-C.4, we conclude that all three QD emissions originates from recombination
of a neutral exciton.

C.4 The role of the emitter type for the far-field
radiation pattern

In this appendix we will investigate the role of the emitter type for an emitter
placed in a nanowire supporting three guided modes: HE11", HE11? and TEO1.
The superscript on the HE11 mode denotes the dominant in-plane linear polar-
ization. We will consider two types of emitters: trion states and neutral exciton
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Figure C.6: Measured decay curves of QD1, QD2 and QD3. The curves are fitted to
Eq. (C.1) and the extracted lifetimes are given in their 95 % confidence interval.

states, producing circularly and linearly polarized light respectively. Depending
on the spin of the additional carrier in the trion state it will produce either right
or left circularly polarized light, which in the oFMM formalism is described as a
point dipole with its components 90 degree out of phase as

ot = % (f' + 1(],’3) (Xl_fve(h))) , (C.5a)
o = % (¢ -i9) <X‘f°<h>>) : (C.5b)

where t and qAb are the unit vectors for the radial and tangential coordinates. The
neutral exciton will produce either horizontally or vertically polarized light as



C.4 The role of the emitter type for the far-field radiation pattern 143

Figure C.7: Quantum dot placed in a nanowire producing either circularly (a,b) or
linearly (c) polarized light.

P (cos 0t — sin 9(;3) (Xb) , (C.6a)
V=07 (sin Ot + cos GQZA)) (Yb) , (C.6b)

where 6 is defined in Fig. C.7.

The HE11 mode has contributions from angular momentum n = +1, and for a
linear dipole these are coupled to equally, however a circular dipole will mainly
couple to one of these, which can be derived using Eqgs. (5.2) and (5.3) for an
on-axis dipole, where E, ,; = +iEy,; in Eq. (5.3) . For the circular dipole in
Eq. (C.5a) at r = 0 and n = £1 we have the following relation between the
electric field components

M
Ern=1; (r=0)==1> knAkmclj, = —1Egn—1,; (r =0), (C.7a)
m=1
M
Erpe—1;(r=0)=1Y_ knAknbl,, =iFEyn-—1;(r=0). (C.7b)
m=1

By performing the dot product in Eq. (5.2) and using the circular dipole in Eq.
(C.5a) we get

+ 10.) P .
o (0) = = [Erpe1.i (0) +iEy 1 ; (0)] = 0, C.8
ap—1,;(0) QLW]\&[ n=1,7 (0) +1Eg ,—1; (0)] (C.8a)
1w . loa
a7 (0) = e B 1 (0) 4B e 1, (0)] = afipy, 1. (C.8b)

2Wlv2

'For an off-axis dipole the circular dipole will couple to both angular momenta, due to the
non-equal emission rate into the radial and tangential component of the HE11 mode as seen in
Fig. 5.3
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Correspondingly, we have the dipole coupling coefficient a]f'_IjEH’ 41 for the other
circular dipole given in Eq. (C.5b). However, in the following we consider an
off-axis dipole, such that it also couples to the TEO1 mode keeping in mind that
the circular dipoles will mainly couple to either angular momenta.

The generated electric field for the off-axis dipoles in Egs. (C.5) and (C.6) in
the nanowire after propagation along the z-axis are

+ + + .
ET = [Q%E11,+1ET,HE11,+1 + aﬂEll,—lEﬁHElL—l} exp (iBug112) (C.9a)

+ + + .
E;i = [aﬁE11,+1E¢,HE11,+1 + a%Ell,—lE@HEll,*l} exp (iBuE112)

:t .
+ aTgo1 Eg,r01,1 €XP (1BTE012) , (C.9b)
HV HV .
EY = afipy Eraein exp (iBuri12) (C.9¢)

pHV pHV . pHV .
Ey = apg Eenen exp (iBuen 2) + apgo; By reor1 exp (iBreorz),  (C.9d)

and by replacing E with H and swap r and ¢ the generated magnetic fields are
given with the same expressions.

The dipole coupling coefficients are given by Eq. (5.2) as

“%Tgﬁ = E,¢)uE11 = Er(¢)uE11,-1 T Erg) HE11,415 (C.10a)
a’r}ﬂ;m = Ey TE01, (C.10b)
a%j;:n,q = \}5 [EruE11L,-1 £ i1EsaE11,-1] 5 (C.10c)
. 1 ,
AfE11,4+1 = NG [ErHE1,+1 £ 1B HE11,41] 5 (C.10d)
0fpo1 = i\}iiEqb,TEOl (C.10e)
Q%I]élll,:tl = [cosOE, uE11,+1 — sin0Ey pri1,+1) (C.10f)
aI})I\]/Elll,:tl = [sin0F, yE11,+1 + cos 0Ey npi1,+1] » (C.10g)
Gﬁ:m = —sin0Ey rro1, (C.10h)
a1 = cos 9 ro1, (C.10i)

where the common pre-factor %"p has been omitted. Before computing the power
in the nanowire emitted by each dipole we will state the power emitted by the
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tangentially and radially oriented dipoles using the time averaged Poynting vector
in Eq. (2.7)

PP = lRe{ ‘apHTEn‘Q [ET,HEUH;;,HEH - E¢,HE11H;,HE11] } = Pﬁ;na (C.11a)

2
pr = %Re{ [|a%¢;]11|2ET,HE11H;,HE11_

(bt B en exp (iBuen2) + ahpg, By meor exp (iBreor2))
(a%?HH:,HEH exp (—iBug112) + a%kmﬂ:,TEm exp (—iﬂTEmz)) } }

= %Re{ [|a§;11|2 (ET,HEIIH;),HEH - E¢,HE11H:,HE11)
- a%%na%?mE@HEllH:,TEm exp (iAgz)
- aqufEma%%nEab,TEOlH:HEn exp (—iAgz)
- ‘a?r%mr E¢,TE01H:7TE01] }

= Pﬁq};ll + Pqei:m - lRe{ [a%qialla%?01E¢ HE11 H, rrop exp (1A5%2)

9 ; :

- .
+ a'rgg, ey Fo mE0L H, i1y exp (—1Ag2) } }7 (C.11b)

where Ag = Bug11 — BrE01- As above the power in the nanowire for the circular
and linear dipoles is given by the time averaged Poynting vector in Eq. (2.7).
For the circular dipoles we get

1 + +
P = iRe{ [a%E117+1Er,HE11,+1 + a%ElL_lEr,HEll,fl}
oL H* otx H*
agg11,+1H4 HE11,+1 T 0HE1,- 18 HE11,~1
O':t El O'i E :
— | \egE11,+1E¢,HE11,+1 T 0gRE11,—1£¢,HE11,~1 | €XP (iBuE112)
+ .
+ aTgo1 Eg,E01 €XP (iBTE012) }
otx H* ot H* .
apgil,+144-ae11,+1 T aaE1,—14, qE11,-1 exp (—ifuE112)
+
g% * .
+ aTeo1H; rE01 €XP (—iBTE012) } } (C.12a)
1 ok 2 %
= QRG{ ‘GHE11,+1‘ ET,HE11,+1H¢,HE11,+1
O'j: 2 *
+ ‘GHEM,A‘ Erwuei1,-1Hg pei,—1

+ +
o g% *
+ afipi1,+100811,—1 ErHE1, 41 H g HE11,—1

+ +
g% o *
+ afip11,+100811,—1 Er e, —1Hg gri1,41



146 All-optical mapping of the position of single quantum dots

+ 2
o ES
- ‘aHEll,Jrl’ E¢>,HE11,+1Hr,HE11,+1

+ 2
g *
- ‘aHEll,—1’ E¢,HE11,—1Hr,HE11,—1
+ +
(e} O % *
- aHEl1,+1aHE117—1E¢7HE117+1Hr,HEll,—l
+ +
g% g *
- GHE11,+1aHEl1,—1E¢,HE11,—1Hr,HE11,+1

+ + +
g% * o o .
— argo Hy TE01 (GHE11,+1E¢,HE11,+1 + aHEn,—lEqﬁ,HEll,—l) exp (1Ag2)
+ + +
4 o % * o * * .
— atpn £g,TEO1 (aHE11,+1Hr,HE11,+1 + aHEll,—lHr,HEll,—l) exXp (—1Aﬁz)

- ‘aﬁ:m ’2 EqS,TEOlH:,TEm} (C.12b)

We will show that the incoherent sum of the circular dipoles are equal to the
incoherent sum of the linear dipoles. In order to show this we first add the power
emitted by the circular dipoles. In the derivation we need the following relations
between the dipole coupling coeflicients

’aHTIE]ﬁ)I‘ ET(¢)7HE11H<;(T) HE11 =

[GHT&)l +1Er(¢) B, 41 + alfé?l Er(qb),HEll,—l}

[GHT&);HH*( ¢),HE11,+1 + aHTIE}?l*le:(qS),HEll,—l}’ (C.13a)
a?—IiEll,—l = \}5 [aI})ITﬁll,—l + iapHdiEn,—J ) (C.13b)
aﬂzllﬂrl = \2 [aI})ITElL+1 + iag}an,ﬂ} ; (C.13¢)

‘aﬂjlflll,flr = % [’aIIjITEll,—lf + ‘apHdiEn,q‘Q} ) (C.134d)

’aﬁéll,—klf = % UQJID{TEll,Jrl‘Q + ‘a%q;)ll,+1’2 ; (C.13e)

aﬂiEn,HaﬁjEEﬁl,—l = ; {aHEll +1aHTE11 gt aHd;Ell +1a€14;j11 “1
+ ia%rEn,Hag)E}kn 1T laHEll +1G€ITF1<11 —1} (C.13f)

aﬁELHaﬁj;nl,—l = %[aﬁrgn +1Q%E11 gt aHﬁan +1a§;~311 ~1
+ iagg11,+1a€l¢;]11,fl + ia%?ll,Jrla%TEll,fl} 5 (C.13g)
a%liam = i\}iiaﬁam- (C.13h)

Now we will compute the incoherent sum of the power emitted by the two circular
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dipoles using the above relations.

PO’ — PO”L + P0'7

= %Re{ (‘aﬂgmﬂ’z

_ 2
g
+ ’aHEll,—i—l‘ )
* *
(ET,HE11,+1H¢,HE11,+1 - E¢,HE117+1Hr,HE11,+1)
o+ 2 o 2
+ ‘GHEH,A‘ + ‘GHEH,A’
* *
(ET,HEll,*1H¢,HE11,71 - E¢,HE117*1HT,HE11,71)
ot ot x o ok
+ (aHEll,—HaHEll,—l + aHEll,—l—laHEll,—l)
* *
(Er,HE11,+1H¢,HE11,—1 - E¢,HE117+1Hr,HE11,—1)
ot ot o * o
+ (GHE11,+1GHE11,71 + @HE11,+1GHE11,71)
* *
(Er,HEll,—1H¢,HE11,+1 - E¢,HE11,—1Hr,HE11,+1)
ot x H* ot B ot E (A )
— argo1 4, TE01 | @HE11,+1L89¢,HE11,+1 + GHE11,— 199, HE11,—1 ) €XP (1832
o * * o~ o :
— atgo1 Hy rE01 <GHE11,+1E¢>,HE11,+1 + aHE11,71E¢7HE11,*1) exp (1Ag2)
_ ot E ot x H* 4 otx H*
aT1E01L¢,TEOL | AHE11,4142r HE11,+1 T @HE11,—112r HE11,—1 ) €X (
g o % * o *
— aTgo1 Ee TEO1 (aHE11,+1Hr,HE11,+1 + aHEll,—lHnHEll,—l) exp (
arorl” +aGuor]” ) Esrno 2 C.14
— | |2TEo1| + |2TE01 o, TE01H . TR0 (C.14a)
1 T 2 ¢ 2
_ p P
= §Re{ ‘aHEll,Jrl’ + ’aHEll,Jrl‘
* *
(Er,HE11,+1H¢,HE11,+1 - E¢7HE11,+1H7~,HE11,+1)
2 & 2
p" P
+ (‘aHEll,—l‘ + ‘aHEll,—1’ )
* *
(ET,HEll,—lez),HEll,fl - E¢,HE117*1HT,HE11,71)
P Pl p? p?x
+ (aHEll,—HaHEll,—l + axE11,+1%HE11, -1
* *
(ET,HE11,+1H¢,HE11,71 - E¢,HE117+1HT,HE11,71)
prE P p®x p®
+ (aHEll,—HaHEll,—l + aE11,+1%HE11, -1
* *
(ET,HE11,+1H¢,HE11,71 - E¢>,HE1L+1Hr,HE11,71)

@ + -
. pY*x * o o
+ lﬁaTEm r,TEOl( (aHEll,Jrl - aHE11,+1) Egue11,41+
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+ - .
(aﬁEn,—l - aflEn,—l) E¢,HE11,—1) exp (1Ap2)

1 e + -
: p o x g % *
- 1\/§GTE01E¢,TE01( (aHEll,—i-l - aHEll,—i—l) H gpii41t

*

otx o % .
(aHEll,—l - aHEll,—l) Hr,HEll,—l) exp (—iAgz)
pd’ 2 *
- ‘aTEOI‘ E¢>,TE01Hr,TE01} (C.14b)
'l (0] &
= Pligy + P + Preor
1 p¢’ P¢* * .
- §Re{ [aHEllaTE01E¢7HE11Hr,TE01 exp (iAgz)
¢ @ * .
+ apTE01a%E11E¢7TE01Hr,HE11 exp (—iApgz) } }
= pr 4 pr° (C.14c)

Thus the incoherent sum of the two circular dipoles equals the incoherent sum
of the radially and tangentially oriented dipoles, when we only consider the HE11
and the TEO1 modes. We will do the same derivation for the horizontally and
vertically oriented dipoles defined in Eq. (C.6). The approach is exactly the same
as above. We will need the following relations for the dipole coupling coefficients

a%l;;n = cos faby,, — sin 9@%211 (C.15a)
a%‘;ln = sin GG%TEH + cos Ha%d;all (C.15b)

’a%};]n ’2 = cos” 0 ‘aII:ITEn ’2 +sin’ 0 ‘a%qiEll ‘2
— cosfsinf (anglla%?u - apHrglla{fEll) (C.15¢)

‘aﬁgllr = sin? 6 ‘apHTEll‘Q + cos? 0 aﬁzll‘

+ cos@sin @ (aﬁﬁua%?u - aggu“?ﬁau) (C.15d)
‘G%I}gn‘z + ‘a%‘;ﬂll‘Q = ‘QIIiITEllf + ’a’ﬁéuf (C.15e)
a?ﬁlm = —sin 9&7;;301 (C.15f)
a%‘];m = cos Ga?;;m (C.15¢)

Using the above relations between the dipole coupling coefficients the total power
emitted by the horizontally and vertically oriented dipoles are

pr — pr” + prY

1 H pHy VooV pH o H PV LV
—iRe{Ef HY 4+ B HE - B - B e (C.16a)
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H |2 Vo2
P *
*Re{ OCLHEll‘ + ‘aHEll‘ ) ErnenHg pri

(aHE11E¢ ue11 exp (iBue112) + aTE01E¢ TE01 €XP (iBTE012)

)
)

C.16b)

H
(aHEllHr uE11 ©XP (—ifHENZ) + aTEOlHr TR01 €XP (—1ATE012

)
(aHE11E¢ ue1 exp (iBue112) + aTE01E¢ TE01 €XP (iBTE012) )
.
(aHEllHr aE11 eXP (—ifuE112) + CLTEer TE01 €XP (—ifTE012)

(

@

2 2
P *
‘ + ‘aHEll‘ )ET,HE11H¢,HE11

1 r
_ p
= §Re{ <’aHE11
_ pr 2 pd; 2 E H*
aggi1| T |%HEL ¢ HE1141; HE11
H H \% % .
- (azglElla?i“Egl + Q%Enal%ETn) Eyup11H; rro exp (1Ap2)
\% 1% .
- (a%Eila%Em + Q%E*lla]%Em) Egreo1 ;g1 exp (—1452)
& 2
- ’Q%Em‘ E¢,TE01H:,TE01} (C.16¢)
_ pp" p? p?
= Pugi1 + Pugit + Preot
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Thus the incoherent sum of the linear dipoles equals the incoherent sum of the
circular dipoles, which means we can treat emissions from neutral excitons and
trion states in the same way by adding the far-field power from the radial and
tangential dipoles incoherently. The above derivation only included the HE11 and
TEO1 modes, however, in reality we have all modes. Thus in order to confirm
the above relation we performed the full simulation with the two circular dipoles
in Egs. (C.5) and the radial and tangential dipoles and computed their power
distribution in an infinite nanowire on a gold mirror - i.e. the structure sketched in
Fig. 5.8b without the out-coupling taper. We have placed the circular and linear
dipoles at different positions along the radial axis of the nanowire 80 nm above
the bottom mirror as for the experimental structure. For each radial position we
have evaluated the emitted power distribution at different cross-sections along the
nanowire. In Fig. C.8 we evaluate the power distribution at z = 1800, 2000, 2200
nm above the bottom mirror emitted by the dipoles placed at rpp = 0.6 Rnw.
The nanowire used in Fig. C.8 has a diameter of 230 nm instead of 200 nm. The
conclusion is exactly the same for 200 nm, however, due to the better confinement
of the TEO1 mode the interference effects become more apparent and thus the
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comparison between the two incoherent sums is more convincing. The top part
of Fig. C.8a-c shows the power distribution for the two circular dipoles given in
Eq. (C.5) and the radially and tangentially oriented dipoles. The bottom part
shows the sum of the emitted powers by the circular and linear dipoles. The take
home message from this figure is that the two figures in the bottom are close to
identical in all three cases - a closer analysis shows minute differences, however
these are so small that they will not be resolved in an experiment. The differences
are due to the inclusion of all modes and not only the HE11 and TEO1 modes in
the calculation. So as long as the HE11 and the TEO1 modes are the dominant
modes in the nanowire the incoherent sum of the circular dipoles and the linear
dipoles yields the same result.

C.5 Simulated far-fields of the needle nanowire

Here we present the simulated far-fields for the needle nanowire sketched in Fig.
5.8b for nanowire section heights of 1900 nm, 1950 nm and 2000 nm. In Fig. C.9
the emission wavelength is 891.5 nm corresponding to QD1, whereas in Figs. C.10
and C.11 the emission wavelengths are 907 and 912 nm respectively corresponding
to QD2 and QD3 in the experimental structure. As seen both the QD position and
the height of the straight nanowire section is important for the far-field radiation
pattern. The position of the QD controls the power emitted into the HE11 and
the TEO1-like radiation modes as seen in Fig. 5.3, whereas the nanowire height
determines the phase difference between the two modes as seen in Fig. C.8, where
the power distribution in the nanowire depends on the propagation distance along
the nanowire.

As seen by comparing Figs. C.10 and C.11 a difference in emission wavelength
of only 5 nm leads to visibly different far-field patterns. The emission wavelength
plays the same role for the radiation pattern as the height of the nanowire, since
changing the wavelength changes the propagation constants and thus the phase
difference between the two modes.
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()

(b)

(c)

Figure C.8: Power distribution in an infinite nanowire on the silica-gold mirror emitted
(top) by the two circular dipoles o+ and the two linear dipoles p,(4). (bottom) The
incoherent sum of the circular and linear dipoles. The dipoles are all placed on the z-
axis and displaced 0.6 Rxw from the centrum. The power is evaluated at (a) 1800 nm,
(b) 2000 nm and (c) 2200 nm.
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Figure C.9: The simulated far-fields for the needle nanowire sketched in Fig. 5.8b with
hxw = 1900 nm (left), 1950 nm (middle) and 2000 nm (right) for 10 different positions
of the point dipole along the y-axis from the center to the edge of the nanowire with A =
891.5 nm.
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Figure C.10: The simulated far-fields for the needle nanowire sketched in Fig. 5.8b
with Anw = 1900 nm (left), 1950 nm (middle) and 2000 nm (right) for 10 different
positions of the point dipole along the y-axis from the center to the edge of the nanowire
with A = 907 nm.
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Figure C.11: The simulated far-fields for the needle nanowire sketched in Fig. 5.8b
with Anw = 1900 nm (left), 1950 nm (middle) and 2000 nm (right) for 10 different
positions of the point dipole along the y-axis from the center to the edge of the nanowire
with A = 912 nm.



APPENDIX

Breakdown of single-mode model
for computing source efficiency
and Purcell enhancement for
nanopost structures

D.1 Convergence study of Purcell enhancement

The discretization strategy of the k-values is similar to the one presented in
Section 3.2 in Chapter 3, where a dense sampling around ko leads to faster
convergence [48]. However, we only need to sample radial k-values due to the
cylindrical symmetry. The total number of k-points are divided, such that half
of the k-values are between 0 and kg, and half are between ky and keui—omko-
The points in these two intervals are distributed in the following way in order to
obtain a dense sampling around kg

s NP
L= kosi ) T D.1
km,1 = ko sin (nk’lNP n 1) Ng,1 5 (D.1a)
. T
km,? = ko [kcut—oﬁ — Sin (nkzl\IP—}—l) (kcut—off - 1):| ) (le)
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Figure D.1: Example of the k-sampling step size used for the computations in Chapter
6 with kcutor = 6 and NP = 30.

NP
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where NP is the total number of k-points and keyi—oftko is the maximum k-value
in the sampling. An example of our k-sampling is seen in Fig. D.1.

In Fig. D.2 the convergence of the Purcell enhancement computed using (a) the
full model and (b) the single-mode model is studied for the shortest nanopost
size - D = 230nm, hy, = 73nm and hy = 207 nm. The number of k-points on the
x-axis corresponds to the number of modes used in the calculation as in Chapter
3, and kcui—_off is the largest in-plane k-value included in the approximation of
the Fourier integral.

From Fig. D.2 it is seen that the full model and the single-mode model con-
verges towards two different values. However, the full model has a hard time
converging for the smallest nanopost size, which we attribute to the influence
of the evanescent modes. It should be stated that increasing the cut-off value
does not necessarily increase the numerical accuracy in our discretization strat-
egy. In fact increasing the cut-off value actually reduces the k-sampling density
around kg. The convergence plot for the full model thus serve as a way to esti-
mate the numerical uncertainty, and we conclude that the SE rate predicted by
the full model is I'yg11 = 10 + 2 and the single-mode model converges towards
T'yg11 = 7.3 £ 0.3, and thus the two models do not agree within the estimated
numerical uncertainty. For all calculations in Chapter 6, we use 1400 k-points
and kcut—off = 40kg, since these parameters predict a Purcell enhancement in the
middle of the numerical uncertainty interval for the full model. It is only for
the smallest nanopost, that we observe such a large numerical uncertainty on the
Purcell enhancement.
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Figure D.2: Convergence study of the Purcell enhancement in the nanopost geometry
in Fig. 6.1 with D = 230nm and hy = 207nm computed using (a) the full model and
(b) the single-mode model.

D.2 Division of radiation modes into TE and TM
polarization

The lateral electromagnetic field in the oFMM formalism is given by Eqgs. (5.3),
which are repeated here for clarity

M
Frpj(r) =i Z ke Ak mmJnH(k:mr) — cgjmJn,l(kmr)], (D.2a)
m=1
M
Fynj(r) =Y kmAkm mmJnH(kmr) +c5jmJn_1(kmr)], (D.2b)
m=1

where F' is either the electric field E or the magnetic field H, and additionally
the z-components of the electromagnetic field are [48]

M
5 2 Kk [8 — elf] Tulhr), (D:30)

m:l

E, n]
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Figure D.3: The occupation of radiation modes in the nanopost layer as function of
in-plane k,,-value. Each radiation mode is classified as being either TE, TM or a linear
combination of these.

. M
Hans(r) = o 7 Koy [V = €t o). (D.3b)
m=1

In air (or any bulk medium) the natural solutions are TE (E, = 0) and TM
(H, = 0) polarized light. From the above equations we can classify modes by
their Bessel function expansion coefficients b and c as

biim = Chim & O, =—cll,  TM, (D.4a)
b =l & 0L =—cl,,  TE, (D.4b)

and thus in the air layer of the nanopost structure we can split the modes into
pure TE and TM modes by writing the Bessel function expansion coefficients for
the electric field as

1
pETE _ _ ETE _ (D.5a)

ngm — " Cnjm = %(Sjm’
1
ETM _ ETM _
Orim = Cojm = %@'m’ (D.5b)
where n = +1, j is the mode index and m is the index for the in-plane k-value.

In the nanopost layer, we have to solve for the Bessel function expansion coeffi-
cients numerically as outlined in [48] and [75]. The radiation modes are minimally
affected by the nanopost itself and are close to being free space air modes, where
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a single in-plane k;,-value dominates in each mode. However, these are not neces-
sarily divided into pure TE and TM modes, but could also be linear combinations
of these as TE+TM and TE-TM. In Fig. D.3 the occupation of radiation modes
in the nanopost layer is plotted as function of the dominant in-plane k,,-value.
Each mode is classified as being a TE or TM mode, or a linear combination by
their coupling to the pure TE and TM modes in the air layer. The coupling is
given by the transmission matrix and each radiation mode mainly couples to the
free space air modes, that has the same k,,,-value as the dominant k,,-value in the
nanopost radiation mode. Thus, if a radiation mode mainly couples to a free space
TE(TM) mode, the radiation mode is categorized as being a TE(TM) mode. If it
couples to both TE and TM modes it is categorized as being a linear combination
of the two. This classification of radiation modes in the nanopost layer is not
deterministic and the radiation modes with small forward propagation constants
in general have contributions from a few dominant in-plane k,,-values and are
thus harder to categorize. However, the approach outlined here works quite well
for determining the phase difference in Fig. 6.9, and the simple model provides
good predictions of the location of the far-field interference rings as described in
Section 6.3.






APPENDIX

Far-field of tapered nanowires

In this appendix we present the far-field from on-axis quantum dots placed in 3
different tapered nanowire geometries illustrated in Fig. E.1.

@ Cpse

o (

hip = 12 pm

Figure E.1: Sketch of three nanowires with a tapered out-coupling section: (a) Needle
with @ = 5°, (b) trumpet without and (c) with AR coating. The bottom diameter is 250
nm.
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Figure E.2: Far-field of the needle nanowire sketched in Fig. E.1(a) for the 9 first hy
supporting an anti-node at the QD position. The dashed circle indicates NA = 0.8.

The QD is placed in an anti-node, and the distance between the QD and the bot-
tom mirror is kept fixed at hy, = 63nm. The distance to the start of the tapering
section, hy, is varied discretely in order to satisfy the phase condition, such that
the QD is placed in an anti-node. Even though the needle taper and the trumpet
taper with the anti-reflective (AR) coating have a negligible backscattering from
the tapering section back into the nanowire, there is a finite reflection coefficient,
which is used to determine the discrete values of hy supporting an anti-node. This
approach is used in order to get a fair comparison between the tapered nanowire
far-fields and the nanopost far-fields presented in Chapter 6.

In Fig. E.2 the far-fields of the needle nanowire in Fig. E.1(a) is shown for the 9
shortest nanowire sections. As seen the interference rings, which appeared in the
nanopost far-field (see Fig. 6.7) are completely gone as expected. In general the

far-field pattern looks Gaussian shaped, which enables coupling into an optical
fibre [62].

Fig. E.3 shows the far-fields of the trumpet nanowire without AR coating for
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Figure E.3: Far-field of the trumpet nanowire with no AR coating sketched in Fig.
E.1(b) for the 9 first h¢ supporting an anti-node at the QD position. The dashed circle
indicates NA = 0.8.

the 9 shortest nanowire sections. Here we observe some interference rings in the
far-field as for the nanopost structure, however they are not as evident. This is
due to the more directive Gaussian profile of the HE11 mode in the far-field.

Finally, Fig. E.4 shows the far-fields of the trumpet nanowire with AR coating,
and now all interference fringes are completely gone. It should also be noted,
that the far-field seem to be almost unchanging with the length of the nanowire
section. Furthermore, the far-field is very directional and most of the power lies
within NA = 0.5.
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Figure E.4: Far-field of the trumpet nanowire with AR coating sketched in Fig. E.1(c)
for the 9 first hy supporting an anti-node at the QD position. The dashed circle indicates
NA = 0.8.
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