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Foreword

Light-Matter interaction lies at the heart of a broad spectrum of research topics with
major relevance, ranging from quantum optics to optoelectronics. In all applications
enhancement of the light-matter interaction should be achieved. This is possible
when confining electrons and photons efficiently within sub-micron length scales
in all three dimensions. Over the recent years quantum dots (QDs) have emerged
as promising candidates for studying quantum optical phenomena in solid state
systems. QDs are called artificial atoms since they allow for trapping of individual
charge carriers in all three spatial dimensions.

Embedding the QDs in photonic crystal (PhC) cavities, where confinement at na-
nometer scale is possible, has been a major breakthrough towards the enhancement
of light-matter interaction. The progress in fabricating photonic nanostructures with
ultra-small optical mode volumes and long photon lifetimes laid the foundations
towards applications in quantum information processing and made cavity quantum
electrodynamics (cavity QED) a central research field in solid-state physics. Cavity
QED studies the quantum mechanical interaction of emitters with the electroma-
gnetic field in a cavity.

The main focus of this thesis is the study of charge tunable QDs coupled to
photonic crystal nanocavities. The system that is developed and studied in this
work entails a PhC cavity mode and a precise charging (excitonic) state of a QD,
controlled by an external voltage.

The system at hand involves QDs embedded in a p-i-n diode structure and sub-
sequent fabrication of PhC' structures, electrically gated. The development of the
nanofabrication process and the combination of charge control with high quality
(Q) factors of cavity modes is a first challenge in this dissertation.

Next milestone in this work is the enhancement of the quantum emitter-light field
interaction. To this end, spectral and spatial coupling of the QD with a cavity mode
should be achieved. The quantum confined Stark effect is used to reversibly tune
the dot-nanocavity coupling simply by varying the applied voltage. In that context,
Purcell enhancement of the radiative decay rate of the QD exciton transitions cou-
pled to a single PhC nanocavity mode is achieved. The Purcell effect results in an
enhancement in the emission intensity of the QD.

The enhancement of light extraction from the QDs is a major aim of this work.
To this end, we study the emission dynamics of the QD that is located inside the
photonic bandgap. The modification of the lifetime and of the light emitted from
the QD lies at the heart of the study in this dissertation. The beneficial role that
the presence of the photonic structure itself plays towards this end is placed at the
main focus.

A big part of the work presented here is also dedicated to FDTD simulations in
order to devise modifications in the photonic structures that allow for a significant
increase in the collection efficiency of photons. To this end, the far field profile of



the cavity mode is calculated and optimized. This work has motivated further study
of different structures, in order to achieve the above goal.

While the first experiments are performed in a flow cryostat, a novel step in this
work is to study the embedded QDs in the PhC cavities in a bath cryostat and
perform resonant spectroscopy. Differential Reflection and Resonance Fluorescence
measurements on single QD charging states embedded in PhC cavities are perfor-
med and are added to the panel of cavity-QD spectroscopy measurements. This
gives significant insights, even though other factors hinder the realization of the
measurement of an electron spin.

Finally, we study the fundamental limits in photon-atom interaction, using the
Cascaded Quantum Systems approach and the Quantum Monte Carlo algorithm for
subsequent numerical calculation. In this study, we consider an alternative to the
cavity scenario, where the emitter is in free space and a field of a single photon is
tightly focused on it.

This thesis is organized as follows:

In Chapter 1 the fundamental properties of semiconductor quantum dots and
photonic crystal cavities are summarized. We review the parameters of the coupled
quantum dot-cavity system and discuss the weak and the strong coupling regimes of
the light-matter interaction. At the end of the chapter we introduce the experimental
setup, the techniques and the tuning methods used in this thesis.

In Chapter 2 we present the investigation of different photonic crystal cavity de-
signs, via three dimensional FDTD simulations. The main focus is given on exploring
the ways for achieving enhanced collection efficiency of photons from the photonic
structures.

In Chapter 3 we introduce the sample design for the electrical tunable dot-cavity
system and we present the nanofabrication process. The two main processing steps
are discussed in detail: The photonic crystal fabrication and the realization of elec-
trical contacts to the cavities.

Chapter 4 presents the single quantum dot experiments that demonstrate the con-
trol over the spectral detuning of the cavity mode to the quantum dot. The different
tuning methods are used and the results are shown, such as time resolved investi-
gation of the QD emission dynamics inside the PhC cavity and voltage controlled
Purcell effect.

In Chapter 5 we present the resonant spectroscopy experiments of QQDs embedded
in the PhC cavities. By using differential reflection and resonance fluorescence we
investigate QD excitons in the p-i-n diode structure inside and outside PhC cavities
and our findings are discussed.

Finally, in Chapter 6 we present in detail the theoretical study of the single photon-
single quantum emitter interaction in free space and the results obtained through
Quantum Monte Carlo simulation.

The implementation of the particular quantum system, the deterministic charging
and resonant excitation/detection of a QD in a PhC cavity and the findings of this
work offered a significant input towards the combination of PhC cavity QED with
spin physics. They made us aware of what things were possible and what not, with
the use of PhC structures. In addition, increasing further the collection efficiency
of photons emitted from the QDs remains a major challenge and a catalyst for the
implementation of fascinating experiments with single spins in QDs.



Summary

Electron spins in Quantum Dots (QDs) have emerged as potential candidates for
qubits in quantum information processing systems. During the last years there has
been a fast growth of research activity aimed at studying spin dynamics as well as
the spin interaction with the solid state environment. Photonic crystal (PhC) slab
cavities are considered very promising systems for cavity quantum electrodynamics
(cavity QED) applications and spin manipulation in single QDs. Coupling a QD
to a nanocavity mode enhances the interaction between photons and the electron
spin in the QD, allowing for more efficient information exchange between the two.
Additionally, embedding the QD inside a photonic crystal structure strongly modifies
the dot’s emission dynamics but also results in an enhancement of light extraction
from the QD. These are the main topics of this dissertation; the system developed
and studied involves a precise excitonic state of a QD coupled to a cavity mode, or
located inside a photonic bandgap.

To implement this, electrically gated structures that allow for QD charge control
as well as high quality (Q) factor cavity modes are fabricated. The samples studied
include InGaAs QDs that are embedded in the intrinsic region of a p-i-n diode
structure. By contacting the heavily doped n and p GaAs layers separately, voltage
control of the QD charging state is achieved. As a first step, the properties of the
system are studied via photoluminescence measurements at cryogenic temperatures.
In order to achieve QD-cavity coupling, spatial and spectral matching is required.
For spectral matching between the QD and the cavity mode we actively tune the
cavity mode or the QD transition frequency. To this end, several strategies are
employed, among which the quantum confined Stark effect is used in order to tune
reversibly the QD-cavity coupling simply by varying the applied voltage. Purcell
enhancement of the radiative decay rate in a charge controlled QD coupled to a
single PhC nanocavity mode is demonstrated by means of lifetime measurements
of single QD excitonic lines. Futher, via simulations we explore different photonic
crystal designs in order to achieve far field emission profiles that match better the
incident Gaussian laser beam and thus lead to high collection efficiency of photons
through the microscope objective.

The effect of the photonic bandgap alone on the QD emission dynamics and
the extraction of photons lies at the heart of the second part of our experiments.
To this end, we perform resonant spectroscopy on QDs embedded in the photonic
crystal cavities. High resolution Differential Reflection and Resonance Fluorescence
measurements reveal the beneficial role of the photonic structure in terms of the
collection efficiency of photons. Furthermore, the implemented system allows us to
address a single electron spin state inside a PhC cavity.

Finally, in the theoretical part of this work the interaction between the light and
the quantum emitter without the presence of the cavity is explored via use of the
Quantum Cascaded systems approach.



The findings of this thesis contribute to gaining new insights into the combination
of cavity quantum electrodynamics with QD resonant spectroscopy towards a spin
measurement but also raises several new questions.



Zusammenfassung

Elektronenspins in Quantenpunkten (QP) haben sich als Kandidaten fiir Qubits zur
Quanteninformationsverarbeitung etabliert. Daher wurde die Forschung {iber Spin-
dynamik und Wechselwirkung zwischen Spins und deren Umgebung in Festkorpern
in den letzten Jahren stark intensiviert. Kavitéiten in photonischen Kristallen gel-
ten in diesem Zusammenhang als vielversprechende Systeme fur Anwendungen in
Kavitdaten-Quantenelektrodynamik und zur Manipulation von Spins in einzelnen
QP, weil das Koppeln von QP zu einer Nanokévitaten-Mode die Wechselwirkung
zwischen Photonen und dem Elektronenspin im QP erhoht. Dies ermoglicht einen
effizienteren Informationsaustausch zwischen den Beiden. Zusétzlich verdndert das
Einbetten von einem QP in eine photonische Kristallstruktur die Emissionsdyna-
mik des QP stark und fithrt zu einer Erhohung der Lichtextraktion aus dem QP.
Dies sind die Hauptthemen dieser Dissertation; das entwickelte und untersuchte Sy-
stem beinhaltet einen exzitonischen Zustand eines QP der an eine Kavitdten-Mode
gekoppelt ist oder in der photonischen Bandliicke liegt.

Um dies zu erreichen wurden elektrisch einstellbare Strukturen fabriziert, wel-
che Kontrolle uber die Ladung im QP und hohe Qualitdt der Kavitédten-Mode
ermoglichen. Untersucht wurden InGaAs QP, die in die intrinsische Region einer
p-i-n Diodenstruktur eingebettet worden sind. Durch separate elektrische Kon-
takte zu den stark dotierten n und p GaAs-Lagen kann man die Ladung des
QP kontrollieren. In einem ersten Schritt wurden die Eigenschaften dieser Sy-
steme via Photolumineszenz-Messungen bei kryogenischen Temperaturen unter-
sucht. Das Koppeln von QP zu einer Kavitat erférdert rdumliche und spektrale
Anpassung. Letztere erreichen wir durch aktives Abstimmen der Kavitdten-Mode
oder der optischen iibergangsfrequenz des QP. Dazu wurden verschiedene Metho-
den angewandt - unter Anderem wurde der Quanten Stark-Effekt zur reversiblen
QP-Kavitiat-Kopplung benutzt indem eine Gatterspannung an den QP angelegt
wurde. Wir demonstrieren Purcell-Verstiarkung der Strahlungszerfallsrate in einem
Ladungs-kontrollierten QP, der zu einer einzelnen Mode einer photonischen Kristall-
Nanokavitédt gekoppelt ist, mittels Lebzeit-Messungen exzitonischer Linien einzel-
ner QP. Zusétzlich untersuchen wir verschiedene Designs von photonischen Kristal-
len via Simulationen, um die Fernfeld-Emissionsprofile besser an den einfallenden
Gauss’schen Laserstrahl anzupassen, was zu einer hoheren Kollektor-Effizienz von
Photonen durch das Mikroskop fiihrt.

Der Effekt der photonischen Bandliicke auf die QP Emission Dynamik und die
Extraktion von Photonen von den QP ist der zentrale Bestandteil des zweiten
Teils unserer Experimente. Dazu fithren wir resonante Spektroskopie an QP in pho-
tonischen Kristall-Kavitdten durch. Hoch-aufgeloste differentielle Reflektions- und
Resonanzfluoreszenz-Messungen zeigen eine Erhohung der Zahl der eingefangenen
Photonen dank der photonischen Struktur. Zudem ermdoglicht uns das benutzte Sy-
stem, einzelne Spinzustinde in der PhK-Kavitét zu adressieren.



Schlussendlich erkunden wir im theoretischen Teil dieser Arbeit die Wechsel-
wirkung zwischen Licht und einem Quanten-Emitter ohne Kavitdt mittels der
Quantenkaskaden-Methode.

Die Ergebnisse dieser Dissertation tragen zu neuen Erkenntnissen iiber die Kom-
bination von Kavitits-Quantenelektrodynamik mit resonanter Spektroskopie an
Quantenpunkten bei, was uns dem Ziel nidher bringt einzelne Elektronenspins zu
messen, aber erdffnen auch neue Frage.
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Cavity Quantum Electrodynamics with Self-Assembled Quantum Dots 1

1. Cavity Quantum Electrodynamics
with Self-Assembled Quantum
Dots

1.1. Introduction

In the current chapter we will first present the two building blocks of the system
studied in this dissertation: the self-assembled InAs quantum dots (QDs) and the
photonic crystal (PhC) defect nanocavities. We will discuss the physical properties
of QDs, as well as the main aspects of the nano-fabricated photonic crystal defect
cavities. Then, we will provide a basic introduction to the field of cavity quantum
electrodynamics (cQED), which describes the dynamics of a quantum emitter cou-
pled to the electromagnetic field of an optical cavity. Additionally, we will give a
detailed overview of the main spectroscopy techniques in cryogenic temperatures
used in order to investigate the optical properties of our structures. Finally, we will
present the experimental tools used to tune the above optical properties. Notably,
the combination of charge controlled QDs and photonic crystal cavities provide more
degrees of freedom for this tuning.

1.2. Quantum Dots as Solid State Quantum Emitters

1.2.1. Self-assembled Quantum dots

Carrier confinement in 3 dimensions in the solid state environment can be achieved
by creating a heterostructure that provides a potential well for electrons and holes.
This is implemented with the self-assembled In(Ga)As QDs. These QDs are grown
by Molecular Beam Epitaxy (MBE) and more particularly with the method proposed
by Stranski and Krastranov in 1939. In the Stranski-Krastanov growth thin films
grow epitaxially at a crystal surface or interface. The heterostructure is created in
high vacuum and in appropriate conditions, as In and As atoms are added on a
crystalline surface of GaAs substrate. Since these materials have different lattice
constants (~ 7% lattice mismatch between InAs and GaAs) strain is built up in
the crystal, leading to the formation of small InAs islands randomly positioned over
a thin wetting layer, in order to reduce the strain energy. These islands have the
dimensions of ~ 20 nm in diameter and a 3-5 nm high. Since the bandgap energy
of InAs (E["4* = 0.35 eV) is significantly smaller than that of GaAs (ES* = 1.42
eV), the attractive potential that is formed can confine charge carriers. The 3-
dimensional confinement at nanoscale dimensions gives rise to quantized energy
levels for electrons and holes, thus to atom-like properties. These properties are
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confirmed by optical measurements of the sharp optical emission and absorption lines
of the QDs which resemble the emission spectra of atoms, as well as measurements
of the second order correlation function ¢®(7) in a Hanbury-Brown and Twiss
interferometer [1] which show almost perfect photon antibunching [2]. Thus, QDs
are usually called artificial atoms.

Unfortunately, only a small percentage of the photons emitted from the QDs
escape through the semiconductor surface, due to the total internal reflection at
the GaAs interface. Also, with an objective of Numerical Aperture (NA) of 0.55
only 33% of the photons that escape the surface can be collected. Thus, there is a
need for increasing the collection efficiency of those photons, essentially for all the
experiments that we will analyze in the following chapters.

1.2.2. QD level structure

Despite their atom-like behaviour, QDs are composed of around 10° atoms, thus
they form a mesoscopic system where the exact shape and confinement potential
strongly vary from dot to dot. In order to determine the QD states, one has to
consider the confinement and the Coulomb interaction between the carriers. For
calculation of the exact QD level structure perturbative numerical methods need
to be used. However, as a first approach one can consider the bulk semiconductor
material and make use of the k - p theory, where the single particle wavefunctions
and the energy eigenvalues are considered known at k = 0 and the band dispersion
is obtained in the small k approximation around the I' point. In Fig. 1.1(a) we
show the schematic of the GaAs band structure around the I' point along the
growth (z) direction. The band structure of InAs is qualitatively similar but the
values of the relevant parameters, such as the band splittings are different. The
lowest conduction band has, to a very good approximation, parabolic dispersion
around the I'-point. The wavefunctions for this band have s-wave character, with

a two-fold spin degeneracy (S,5.) = (3,%+%). The valence band wavefunctions
have p-wave character with an angular momentum of L = 1. Including spin, the
states that are formed have angular momentum: (J,.J.) = (3,£3),(3,+1) and

(%, :i:%) However, the strong spin-orbit interaction causes the J = % band to be
separated in energy from the J = % band, thus forming the split-off band, shown
in Fig. 1.1(a). Additionally, along the growth (z) direction the valence band
seperates further into two distinct bands of different curvature corresponding to two
different effective masses, depending on the z-projection of the angular momentum
|J.|. The states with J, = +2 form the heavy-hole band HH and the states with
J, = :I:% form the light-hole band LH, with effective masses my y 1,4, & 0.41m. and
My mas =~ 0.026m, in InAs, respectively. Theoretically, the band dispersion for

k # 0 is described by the Luttinger Hamiltonian [3]:

H =y 22— 5 s — (s — 72)035][Bkik; — k2 [2(Jid; + T3 ;) — 6507,

1 2m0 - 9m0

When the dimensionality of the system is reduced such that the effective Bohr
radius becomes comparable to the extend of the confining material, the density of
states and the band dispersion are influenced. The confinement that the hole bands
acquire changes because of the different effective masses of the heavy and light holes.
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Figure 1.1.: a) Simple schematic of the band structure of GaAs. b) QD hybridized
states for electrons and holes in the conduction and valence band, respectively. The
allowed optical transitions with the indicated cilrcular polarizations are depicted
with the arrows.

Thus, the degeneracy of the hole bands at k=0 is lifted. Additionally, at the off-axis
propagation the effective masses of the heavy and light holes interchange, resulting
in a characteristic anticrossing of the two bands at k; # 0.

In the case of QDs the dimensionality is further reduced to zero since there is
also in-plane confinement. A set of discrete energy levels arise with level spacings
determined by the confinement strength in each direction. Furthermore, due to
their lens-shaped topology, the confinement along the z direction is stronger than
the in-plane confinement. Therefore, one can consider a step-wise potential along
the growth direction and a two dimensional quasi-parabolic confinement in-plane.
Following these considerations, Fig. 1.1(b) exhibits the relevant energy levels in the
conduction and valence band. The conduction band ground states consists of the
two degenerate states !SZ = j:%>, while the corresponding valence band states are:

J, = :i:%>, with a heavy-hole character and ‘JZ = :I:%>, with a light-hole character
split by several tens of meV.

The optical transitions in the QDs are determined by the optical selection rules,
given the spin configurations in the level structure. A photon of circular polarization
o_ can couple the state with ‘Jz = %> to the state with |SZ = %>, while the state

J, = —%> can be coupled to the ‘Sz = —%> via a photon of o, polarization. How-
ever, the anticrossing of the heavy and light hole bands for k; # 0 results in a finite
heavy-light hole mixing. In other words, the heavy-holes obtain a finite admixture
of the light-holes character, on the order of 1073, This modifies the optical selection
rules to a certain extent.

1.2.3. QD Excitons

Upon exitation of the system, the quantized states are filled with electrons and
holes. Electron-hole pairs confined within the QD are the so called ezcitons and
form bound states due to the attractive Coulomb interaction between the two carri-
ers, in contrast to a free electron-hole pair. The binding of the electron-hole pair is
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enforced by the QD confinement potential. Upon recombination of the electron-hole
pair of the excitonic state, a photon with the corresponding energy difference is
emitted. In the presence of an excess electron or hole in the QD, the emitted photon
energy is modified significantly because of the Coulomb interactions between the
three carriers, which are considerable on the energy scale of the exciton linewidth.
This is due to the small confinement length scale of ~ 20 nm which is comparable
to the bulk GaAs excitonic Bohr radius (~ 10 nm). Thus, the transition energy
is unique for every charge configuration and each excitonic state can be identi-
fied. In the following, we will give a short overview of the typical QD excitonic states:

Neutral exciton X° This is the simplest charge configuration, where there is a
single electron-hole pair and each is occupying the lowest conduction and valence
band states. Since the light-hole states are typically separated from the heavy-hole
states by several tens of meV, they can be safely neglected, therefore the electron
can be in one of the }SZ = :l:%> states and the hole in one of the |J, = :t%> states.
Therefore, there can be four different excitonic recombinations resulting in different
total angular momenta M = S, + J,. Recombination via a single photon emission
can occur when the total angular momentum is M = £1 which corresponds to the
bright exciton. In the case of M = 42, the electron-hole pair is optically inactive
and thus is called dark exciton.

The actual values of the interaction energies are proportional to the s-shell ground
state wavefunctions of the individual charges and are given by the following integral
[4]:

\Iﬂ (r \Iﬂ r
Eij = ”47{_606 /| 1 | | 2)’ d 1dr2 (11)

v — 13

In addition to direct Coulomb interactions, the two charges also interact via the
spin exchange interaction, which gives rise to the exciton fine structure [5, 6]. The
exchange energy between the electron and the hole is of the form:

Eefchhange ~ / we (rl)\ljh*(rQ)‘llh(r1>\Pe(r2)drler
‘ T — 1o

(1.2)

The Hamiltonian for the description of the exchange interaction of neutral excitons
reads as [5]:

He p =— Z (a; J;S; + @sti) (1.3)

1=2,Y,2

The matrix form of this Hamiltonian in the |+ 1), | — 1), | +2) and | — 2) basis has
the form:

S0 6, 0 0
16 6% 00
Hen=510 o —8y 9
0 0 & —&

with 50 = %(CLZ + %bz), 61 %(b —b ) and 52 %(b + by)
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Diagonalization of this Hamiltonian in the basis of the excitonic states |+1), |—1),
| +2) and | — 2) gives the appropriate states and eigenenergies, when the heavy-light
hole mixing is neglected. The matrix has a block diagonal form, therefore, dark
and bright excitons do not mix with each other, and their energies differ by the
electron-hole exchange energy dy, which is on the order of 100-200 peV .

The coefficients a; and b; govern the interaction strength at different coordinate
axes. For a perfectly symmetric QD in the x-y plane, b, = b,, therefore §; = 0 and
one finds that the bright excitons | & 1) form two degenerate eigenstates. Since the
emission of the two states is circularly polarized in either direction, the whole X°
emission is unpolarized.

If the QD is not circularly symmetric in the x-y plane, then b, — b, # 0, therefore
01 # 0 and a mixing of the bright excitons occurs. The new eigenstates are

1
X0 )= —
X2, = 75

Consequently, these states are energetically split by the x-y splitting 6, which can
range from 10 to 30 peV and give rise to two transition dipoles oriented along
orthogonal directions in the QD plane. Thus, optical recombination from these
states results in two emission lines lineraly polarized and orthogonal to each other,
split by d;.

The dark excitons | & 2) always hybridize completely under the influence of the
exchange interaction:

(I+0£][-1) (1.4)

1
V2
with their splitting being equal to Js.

Notably, even in the case of a perfectly symmetric QD, there is a finite x-y
splitting of the X° The origin of this splitting is the coupling of the exciton
with the piezoelectric potential stemming from the strain induced by the lattice
mismatch between InAs and GaAs [7-9].

[Day) = —= (| +2) £ =2)) (1.5)

Trion X~! When an additional electron is present in the QD, the optically gen-
erated exciton has a net charge and is called trion. Due to Coulomb interactions
the recombination energy is modified with respect to the neutral exciton transition
energy by: AE = E..— E,, [4]. For the QDs we study the shift AF is of the order of
6 meV(or ~ 4 nm), due to electron-electron and electron-hole Coulomb interaction,
respectively.

Here, the ground state is no longer vacuum but a single electron in the conduction
band with ‘SZ = i%} The excited state is an electron pair in a singlet state with
zero total spin and a hole in the valence band. Therefore, the excited state is

J, = j:%> Since a hole is interacting with a pair of electrons in a spin-singlet state
for the excited state and since there is no hole in the ground state, the exchange
interaction vanishes for X~!'. This results in circularly polarized emission, where
the polarization is determined by the spin of the electron that recombines. Here,
two transitions are optically allowed due to the selection rules.

Neutral biexciton XX° This is the case when a second electron-hole pair is
present in the QD and the Coulomb interaction between the four carriers involved
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Figure 1.2.: SEM images of a) a micropillar cavity taken from [10] b) a microdisc
cavity taken from [11] ¢) an L3 photonic crystal cavity, taken from [12].

typically leads to a net binding energy and a red shift with respect to X°. In the
Hartree-Fock description, this energy difference with respect to the neutral exciton
(Eeye = Eg—Eep) 18t Eyjege = 2Eepc+ Eee—2E,,+ Epyp,, which is typically ~1.5-2.5 nm
lower than the X% Here, electrons and holes occupy a spin-singlet state, therefore
there is no degeneracy. However, when the first electron-hole pair recombines there
is one more left, such that the final state is the neutral exciton X° and more precisely
one of the fine-structure split states.

1.3. Confinement of Light

1.3.1. Optical Microcavities

In order to achieve strong light-emitter interaction, light should be confined for a
very long time in a very small volume and a way to provide this is given by the optical
microcavities. The analysis of the dynamics of the coupled system will be discussed
later in the chapter. An ideal cavity should confine light indefinitely (without loss)
and every deviation from this ideal condition is described by the cavity quality (Q)
factor (as we will see later this is expressed as the energy loss per optical cycle versus
the stored energy). It is technologically challenging to fabricate microcavities with
optimized Q factor and microcavity volume V., yet it has been achieved, as we
will briefly discuss here.

The typical Fabry-Perot cavities with parallel high refractive mirrors provide high
Q factors but the mode volume is very large and the experiments are limited by the
difficulty in trapping a single atom at an anti-node of the cavity mode. However,
in solid state several microcavity designs allow for V,¢; in microscale dimensions,
as well as on-chip integration. In particular, in the case of cavities with embedded
semiconductor QDs, since the QD location inside the cavity is fixed by the growth,
this system is free of any trapping requirements.

In solid state, confinement of photons is achieved by two mechanisms: the Total
Internal Reflection (TIR) and the Bragg Reflection. FExamples of semiconductor
microcavities, as a manifestation of this confinement, are the following and are
depicted in Fig. 1.2:
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—The micropillar cavities. Here, photon confinement is achieved along the pillar
axis (z-direction) by means of two distributed Bragg reflectors (DBRs) and in the
xy plane by total internal reflection. The DBRs can be epitaxially grown by semi-
conductor layers, such as AlGaAs/GaAs [10]. The drawback of this cavity design
is the relatively large effective volume (V.sy ~ 20(2)?) and the consequent need
to reduce the pillar diameter without degrading the optical quality. Nonetheless,
improvements in fabrication technology and pillar design have allowed Q values up
to 48,000 [13].

—The microdisc cavities. Here, photons are confined only by total internal
reflection. Whispering gallery modes are confined at the lateral edge of the disk.
The main source of losses stems from the scattering by imperfections at the
disk edge. Improvements in the etching process have reduced the sidewall rough-
ness, allowing for Q factors as large as 17,000 in a disk with a diameter of 4.5 um [2].

—The photonic crystal cavities. These are based on a more sophisticated design
principle, using distributed Bragg reflection. These cavities allow for light confine-
ment at the fundamentally smallest scale in a dielectric environment, which is on
the order of Vi yp ~ (%)3 Moreover, cavities with Q factors up to several hundred

thousands have been fabricated, depending on the material [14]. The next section
discusses the basic principles of photonic crystals in more detail.

1.3.2. Photonic Crystals

In the last years a new frontier has emerged; that of the control over the optical
properties of materials. An enormous range of technological applications would be
possible if we could engineer materials or structures that would respond to light
waves in a certain way, by perfectly reflecting them, or allowing them to propagate
at certain directions, or perfectly confining them within a specific volume. In solid
state physics such properties are manifested in the crystal, the periodic arrangement
of atoms or molecules. The crystal presents a periodic potential for the electrons
that propagate through it and this determines its properties. Since the electrons
propagate as waves, there are certain conditions which determine whether they are
scattered or not, leading to gaps in the energy band structure of the crystal. The
optical analogue is the photonic crystal. There, there is a periodic modulation of
the refractive index n(r) = y/e(r) due to the different materials that alternate.
This can be in 1, 2 or 3 dimensions [15]. Similar phenomena as the bandgaps
in energy are now affecting the photons that propagate through the structure. If
Maxwell’s equations are applied to a structure with a periodically varying dielectric
constant, then the solution leads to the formation of photonic bandgaps. Light
cannot propagate at directions of certain k vectors and at certain frequencies.

In order to understand the formation of the photonic bandgap, we start from the
Maxwell equations that describe the propagation of light in a dielectric medium:
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V-B=0 (1.6)
10B
V-D=0 (1.8)
10D
H- """ 1.
V X - 0 (1.9)

where B and D are the magnetic induction and displacement fields, . and H are the
macroscopic electric and magnetic fields, and there are no free charges and currents.
We assume that the material is macroscopic and isotropic and we ignore any fre-
quency dependence of the dielectric constant. We also consider that in the photonic
crystal medium D(r) = e(r)E(r) and B = yoH. Then the Maxwell equations can
be simplified to:

V- H(r,t) =0 (1.10)

V x E(r, 1) + uoaHa(;’t) 0 (1.11)
V- [e(0)E(r, 1)] = 0 (1.12)

V x Hir, ) — =(r) aE;’t) ~0 (1.13)

If we now expand the fields into a set of harmonic waves, we have:

H(r,t) = H(r)e ™! (1.14)
E(r,t) = E(r)e ™! (1.15)

In order to find the equations governing H(r) and E(r) we insert the above equa-
tions into (1.10) -(1.13) and we find that the solutions should be transverse waves.
That is, for a plane wave H(r) = Hp - ¢/ and some k vector, we have Ho - k = 0.
From the two curl equations we can derive the Master equation:

w

)?H(r) (1.16)

C

1
Vx| —VxH(r)) =
(¥ <mm) =
Thus, now the problem can be seen as an eigenvalue problem: OH(r) = (£)*H(r)
with the hermitian operator:
A 1
O=Vx(—
e(r)
Since photonic crystals are periodic dielectric structures with discrete translational
symmetry, this can be exploited in order to categorize the electromagnetic modes of
the system. The basic step length is the lattice constant a and the primitive lattice
vector a, in one dimension. Because of the symmetry: (r) = e(r + R) where R
is a multiple of a. With these considerations and extending the symmetry to the
three dimensions, if we apply Bloch’s theorem we get the solutions of the Master
equation, which can be written as:
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Figure 1.3.: a) Schematic of the 2-dimensional hexagonal photonic crystal lattice
with circular air holes. b) The lattice vectors (ay, ds) in the direct space are shown.
c¢) The lattice vectors in the reciprocal space (51, 52) and the first Brillouin zone are
shown. (Figure taken from [16]).
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Figure 1.4.: Dispersion diagram for the photonic band states of a 2D hexagonal
lattice of air holes (Figure taken from [12]).

Hy (r) = ™ uy(r) (1.18)

where ug(r) is a periodic function with the same periodicity as e(r)
uk(r + R) = uk(r), for all lattice vectors R = la; + may + nag (,m,n are
integers). Also, the Bloch wave vector is: k = kiby + kobs + k3bs and lies in the
Brillouin zone, with (by, b, bs) the reciprocal lattice vectors.

If these solutions are inserted into the Master equation (1.16) we can find the
function u and therefore the mode profiles, subject to the transversality condition:
(1k + V) - uk = 0 and the periodicity condition. Because of this periodic boundary
condition (uk(r + R) = uk(r)), the eigenvalue problem can be restricted to a single
unit cell of the photonic crystal. This restriction to a finite volume gives rise to a
spectrum of discrete set of eigenvalues. For each value of k, an infinite set of modes
with discretely spaced frequencies can be found. Thus, the modes of the photonic
crystal can be described as a family of functions w,, (k), indexed in order of increasing
frequency by the band number n. This leads to the formation of the band structure
of the photonic crystal, which gives the information about its optical properties.

As the vector operator is not separable, analytical solutions are rare and numeri-
cal approaches are usually required to solve this problem and to calculate the band
structure. The most common is the Finite-Difference Time-Domain (FDTD) algo-
rithm which computes the discretized Maxwell equations in time and space on a
mesh that represents the structure.
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In this dissertation we used 2D photonic crystals, a schematic of which is shown
in Fig 1.3(a), where the hexagonal lattice of constant @ and radius r is shown. The
vectors in the direct and the reciprocal space can be seen in Fig. 1.3(b) and (c)
respectively. The first Brillouin zone is defined by the high symmetry points I,
M and K. In Fig. 1.4 the corresponding band diagram for light propagation is
displayed. The shaded region denotes the photonic bandgap: light in this frequency
range cannot propagate through the photonic crystal. The band above the bandgap
is the air band and the band below the bandgap is the dielectric band. By choosing
the lattice constant a and the air hole radius r, one can determine the size and the
position of the bandgap. More about the properties of photonic bandgaps will be
discussed in Chapter 2.

1.3.3. Photonic Crystal slabs

For a full three-dimensional confinement we need confinement in the z-direction as
well, thus a 3D periodic dielectric structure should be fabricated. This has been
implemented [17] but it is still technologically very challenging. An alternative
approach is to make use of the effect of the Total Internal Reflection (TIR) and
thus construct a membrane which will provide out of plane confinement. We will
present in detail the concept of this confinement in the next chapter. Here, we briefly
introduce the term of the light cone. If we consider a pure dielectric slab, the modes
are separated into the ones that are confined in the slab (guided modes) and the
ones that escape from the slab as radiative modes. The latter category corresponds
to the states with frequency w > ckj;. The angle by which these modes are impinging
on the slab interface is smaller than the critical angle defined by Snell’s law. The
corresponding region in the band diagram is called light cone and it comprises a
continuum of states, since w can take any value.

1.3.4. Localization of light: Photonic Crystal Cavities suspended
in air

A further development of all the above concepts is the formation of the photonic
crystal (PhC) cavities. This is the case when a defect is introduced into the photonic
crystal structure and thus changes the dielectric constant at a particular location and
breaks the translational symmetry of the dielectric function. The defect can be one
or more missing air holes. Light is confined and localized inside the defect due to the
presence of the photonic crystal around it, which acts as a mirror. The ”landscape”
of the density of states (DOS) is strongly modified now, since one or more localized
states are created inside the photonic bandgap. In Fig. 1.5(a) the SEM image of
an Hl-type of PhC cavity is shown, where only one hole is missing. In Fig. 1.5(b)
we show a scanning electron microscope (SEM) image of an L3-type of cavity where
3 holes in a line are missing in a hexagonal lattice. Finally, in Fig. 1.5(c) the
cross sectional SEM image of the fabricated PhC cavities is depicted, where the free
standing membrane can be seen. The substrate is located one micrometer below the
membrane. Careful engineering of the photonic crystal cavity design can give rise
to cavity modes where good confinement is achieved and where the modes have the
appropriate optical properties. In these designs, the fourier transform of the electric
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Figure 1.5.: Top view SEM images of a) an H1 and b) an L3 cavity, in a hexagonal
lattice of 240 nm lattice constant. c) Cross sectional SEM image of the photonic
crystal cavity suspended in air. The undercut region has a width of 1 pum.
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Figure 1.6.: Electric field intensity profile of an H1 photonic crystal cavity, for the
mode a) z-polarized and b) y-polarized, calculated with the FDTD method.

field has almost no modes with k vectors that are inside the light cone (leaky region).
An example of this is the optimized L3 cavity, as described in [14]. Finally, typical
in-plane field profiles obtained by FDTD simulations in the cavity region are shown
in Fig. 1.6, for two different polarizations.

1.4. Cavity Quantum Electrodynamics

1.4.1. QD-cavity coupling

As we mentioned in the beginning of the chapter, a major problem in solid state
quantum optics experiments is the low photon extraction efficiency of the self-
assembled QDs. A way to solve this problem is to embed the QD into a microcavity
[18]. In the case of a QD coupled to a cavity mode the photons are emitted in the
cavity mode and are efficiently funneled out of the GaAs through the mode radiation
pattern.

The model that describes the dynamics in the system of a QD coupled to a PhC
mode is the Jaynes Cummings model. The Jaynes-Cummings (JC) Hamiltonian [19]
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offers a nice description of a single two-level emitter with ground state |g), excited
state |e), transition energy we,, coupled to a single cavity mode of frequency w,.
In what follows we will derive this Hamiltonian. We start by expressing the total
Hamiltonian of the system as a contribution of 3 terms:

ﬁ = I:[field + I:[emitter + ﬁint (119)

where H.itter = fwegGee H fietld = hw.alé,, 61 = |e){g| is the atomic raising
operator, 6., = 0,0_ and the single cavity mode is described by the annihilation
operator a..

The interaction betwen the emitter and the field is described in the electric dipole
approximation by the dipole interaction Hamiltonian Hin [1, 20] which reads as
follows:

Hip = —M,, E(re) (1.20)
where Meg is the emitter dipole operator, l\/feg = ¢ - T, with ¢ the unit charge and
and 1 the position operator of the electron. If now we expand the dipole operator
in the basis of the emitter eigenstates |g), |e) we have:

M., = dey(le){g] + [g) (e]) (1.21)

with d., = (e|gf|g), the dipole matrix element.
In addition, the operator for the electric field inside the cavity can be written in
quantized form as:

E(r) = B (f (r)al + f(r)a.) (1.22)
where:
hw 1
JD— 2 1.23
(5 Vi 2 (1.23)

and f(r) denotes the spatial function of the cavity field, describing the field polar-
ization and amplitude. It is normalized such that |f(rm)| = 1 at the location of the
field maximum rp,. Also, n(r) is the refractive index of the structure. The effective
mode volume V, ¢ is defined as follows:

Vs = [ [ 21w s (1.24)

If we now substitute the above equations into (1.19) we derive the JC hamiltonian:

Hjo = hweyOee + hiw.alo, 4 hge(opae + o_al) (1.25)

where we define g, as the coherent emitter-field coupling given by:

w
N LR 1.2
g 2h60‘ reff g (re) ( 6)

From these equations we see that the magnitude of the coupling between the
emitter and the cavity field depends on the spatial alignment between the two and
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on the effective mode volume. That is why confinement in small effective mode
volumes is desirable.

The above Hamiltonian can be solved exactly: the eigenstates of the coupled
system are entangled emitter-cavity states and the spectrum is anharmonic: the
nonlinearity of the two-level emitter ensures that the coupled system is also anhar-
monic. However, the above system corresponds to an ideal closed system with no
decoherence and dissipation. In reality the emitter-cavity system is subject to de-
coherence mechanisms and dissipation channels. The origins of these channels are
mainly the spontaneous decay of the excited QD state at rate I'y, and the leakage
of light out of the cavity at rate .. Losses in photonic cavities arise mainly due
to absorption in the material (intrinsic losses), fabrication imperfections or imper-
fect vertical confinement. For the characterization of the cavity quality, . is often
linked to the dimensionless quality (Q) factor. This is defined as the energy loss per
optical cycle versus the stored energy. The intra cavity field intensity is decaying
exponentially and the ring-down time for the stored energy is given by:

I(t) = 1(0)e " (1.27)
with k. = %
In the presence of emitter and cavity dissipation the single two-level (anhar-
monic) emitter coupled to a single cavity mode can be described by the Master

equation for the time evolution of the system density matrix p:

i1
at” =

Ly
2

(2664 — 646_p — po26_) + "2 (2acpal — alap — pala)
(1.28)
which gives a nice mathematical description and analysis of the dissipative system.

The effective Hamiltonian is the non-Hermitian JC Hamiltonian which reads as:

)+

h h
Hjo = hwegOee + ﬁwcaiac + hge(orae + alo,) - Z§F3p0'ee — ziﬁcaiac (1.29)

+terms describing quantum jumps associated with the processes.

In that formula the first and the second term describe the free system hamiltonian
ﬁo and the rest of the terms represent the interaction Hamiltonian, f{mt. In ﬁmt
the first term is the coherent JC coupling, the second corresponds to the incoherent
spontaneous emission I'y, and the third to the incoherent cavity decay ..

In the above Hamiltonian all the dephasing rates 74, have been neglected, I'y,
denotes the dissipation rate due to spontaneous emission into electromagnetic modes
other than the cavity mode and k. represents the cavity photon loss rate.

In the limit of weak excitation, the luminescence spectrum for this system can be
calculated analytically, if only the three lowest states are considered and it reads as
follows, for the resonant case w. = w, [21]:

2
Oy — weg +17% _Q,—weg+z%

w—Qy w—Q_

S(w) (1.30)
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where Oy +172 = wey— (ke +T) 11/ 92 — (F277°)2 are the complex eigenfrequencies
of the system.

There are two distinct regimes depending on the relation between the coherent
coupling g. and the dissipative rates I'y, and k.. These are the Weak Coupling
and the Strong Coupling regime.

-In the weak coupling regime g. << |I'y, — k.|/4. There is a further distinction
into the bad emitter (I's, > k) and the bad cavity regime (k > I'y,). In typical
QD-cavity systems . ~ 100 GHz and I';, ~ 1 GHz, such that the dissipation of the
cavity is about two orders of magnitude larger than that of the QD. For this reason
the cavity dissipation is the main limiting factor for the realization of a coupled
QD-cavity system. Usually in the cavity-QD systems we are in the latter situation
and k., > Ty,

Now if g% > kI, then the system is in the Purcell regime, which will be discussed
in the next section. In that case, the complex eigenfrequencies of the system are:

r. Lsp  2¢2
Qeg + 7,7g = weg — Z( 2p + ?c) (131)
FC C
Qo+ 05 = wo— z% (1.32)

and they correspond to the emitter state and to the cavity state respectively. Already
from the above equation (1.31) we can see that the decay rate of the emitter is
modified in the Purcell regime:

2

4g
T, =T,(1 c 1.33
g p(1+ HCI‘S,,) (1.33)

-In the strong coupling regime the condition that should be fullfilled is:
9:>|T'sy — ke|/4. In that case the system’s new eigenstates are the polaritonic

eigenstates which are separated by the polariton splitting 24/ g2 — (%)2 and

each polariton branch is broadened, with a linewidth of %Fsp If the cavity

were perfect (no losses) the system would experience Rabi oscillation, periodically
exchanging energy between the emitter and the cavity mode. The observation of
strong coupling requires cavities with high @)/ V'V ratio and it has been observed in
photonic crystal cavities in [22-25].

1.4.2. The Purcell Effect

In this section, we will discuss the topic of Purcell effect in detail and we will
present a derivation of the Purcell factor. In 1946 Purcell [26] suggested that the
spontaneous emission (SE) rate of a dipole could be enhanced through coupling to
a cavity mode.

We start by estimating the radiative lifetime of a dipole emitter transition between
an initial state |¢) and a final state |f), using the Fermi’s Golden Rule:
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L= B Polees) (130

where is p(we,) the optical density of states at the emitter frequency w,, and |(f|H|i)|
is the transition matrix element that projects the initial state to the final one. This
approach is valid in the case of a quantum emitter and the quasi-continuum of states
which is provided by the cavity mode, which has a finite linewidth (broader than
the emitter linewidth). We use the Hamiltonian that we derived in the previous
section (1.29) and we consider only the interaction term Hmt, in order to evaluate
the matrix element |(f|H|i)|:

[(FIAL)] = (1, 9] = Meg B(re)[0,€)] = Epnas|dey - £(r)] (1.35)

For the case of the bulk material we take n as the refractive index, V the unit
volume used for the normalization and we assume an isotropic and homogeneous
material, |f(r)| = 1. The density p(k)dk of field modes is defined to be the number
of modes per unit volume V', which have their wavevector in the range k and k + dk:
p(k)dk = k*dk/m* [1]. The angular frequency is given by: w = ck/n. Thus, the
density of modes in the specific range is:

p(w)dw = wn’dw/m*c? (1.36)
Thus, in the cavity volume V' the density of modes or states (DOS) is given by:

w?Vn?

w23

Poutk(W) = (1.37)

Upon insertion of py,x(w) and equation (1.23) for E,,,, into equation (1.34), the
SE rate of the emitter in bulk is obtained:

1 21 w?n® w

== —|de,*1/3 1.38
Tohulk h m2c3 260 ‘ g| / ( )
The factor % stands for the random orientation of the modes with respect to the
dipole emitter.

In the presence of a cavity with a quality factor Q

Q = we/Aw. (1.39)

the SE rate is modified due to the following reasons:
First, ppur(w) is replaced by the cavity density of states pe.,(w), a Lorentzian
function centered at the mode energy and with unit area:

2Q) Aw?
= ¢ A4
Twe 4w — we)? + Aw? (1.40)

Peav(w)

At spectral resonance, peq,(w.) = 2Q/7w,.

Second, the mode volume V is replaced by the ultrasmall cavity mode volume,
thus increasing the strength of the electric field at the QD location (F,,, increases
due to the decrease in V' — V,,,). Finally, the cavity mode can be engineered to be
polarized parallel to the QD dipole moment, in contrast to the bulk case in which
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the coupling is averaged over all polarization angles. Therefore, the term |d.,|* 1/3
is replaced by |d.,- f(re)|?* accounting for the spatial overlap between the field at the
location of the emitter and the emitter’s dipole moment, as well as the polarization
matching between the two.

Thus, the expression we obtain for the SE rate is then given by:

1 2Qw Aw? )
= . c . de -f 1.41
Teav TweeoVeaw 4(W - wc)Q + Awg | 9 (I'e)| ( )

In the case of perfect spatial matching between the emitter and the cavity field,
perfect alignment to each other and at zero frequency detuning, the ratio of 7y,
OVeT T.q, gives the Purcell factor:

o Thulk o SQ ()\cav
Teav 4T Veay 1

Fp )3 (1.42)
This factor gives the maximum rate enhancement expected in the case of a QD
perfectly aligned to the cavity mode polarization and energy.

From the above analysis, we can see that in the case of the reduction of the
optical density of states below the bulk level, the radiative spontaneous emission
rate can also be inhibited. That is the case for frequencies inside the photonic
bandgap; pprot(w) is strongly attenuated as first pointed out by Yablonovitch in
1987 [27]. There are many reports of SE emission control by photonic crystals
which demonstrate the ability of drastically modifying the dielectric environment in
order to control the inherent properties of excitons coupled to the electromagnetic
field of the cavity, as for example in [28, 29]. The discussion about the experimental
observation of these effects will be done in Chapter 4. There, we will also discuss the
Purcell effect in the case of non-perfect photonic crystals which can support leaky
modes.

1.5. Spectroscopy Techniques

In this section we will give a detailed overview of the main spectroscopy techniques
in cryogenic temperatures used in order to investigate the optical properties of our
system. In order to investigate the spectroscopic properties of nanonstructures in
semiconductors we use two basic methods: the first is the Photoluminescence (PL)
and the second is Resonant Excitation (or Resonant Scattering, RS). The first tech-
nique corresponds to the case where an off resonant (above the bandgap of the
semiconductor material) laser is used and all the spectral properties of the system
under investigation are displayed. It is the most straightforward and commonly used
technique in spectroscopy of nanostructures. However, the luminescence spectrum
usually contains all the numerous different transitions that are possible in the struc-
ture, the nature of which is difficult to identify in many cases. In other words, it is
difficult to investigate the nature of a single transition with this method. Usually,
the study of the spectrum is done with a spectrometer (monochromator), whose
finite resolution is typically 30 peV .

The second technique, the resonant excitation (RS), allows for a more sophisti-
cated study of the system. In that case only one optical transition is addressed and
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Figure 1.7.: a) Schematic of photoluminescence spectroscopy: 1. Above bandgap
excitation of free electron-hole pairs, 2. trapping of carriers in the QD and non-
radiative relaxation into the QD states, 3. optical recombination of excitons, result-
ing in photon emission.

probed by a resonant laser, which is in most cases tunable. The spectral resolution
is solely provided by the tunable laser linewidth. This is a fundamental difference
to PL spectroscopy, since a well-defined frequency is driving the system. Thus, a
single channel power detector can be used instead of a spectrometer. Additionally,
this can allow for a coherent manipulation of the optical states under investigation.

1.5.1. Photoluminescence spectroscopy and deterministic
charging

The basic principle of this technique is depicted schematically in Fig. 1.7, for the
case of self-assembled quantum dots (QDs). A pump laser is tuned above the GaAs
bandgap and excites free carriers (photon absorption creates electrons) that relax
non-radiatively into the wetting layer and the upper QD states. This first step hap-
pens in timescales of tens of picoseconds. Upon creation of an electron-hole pair (in
the conduction and the valence band of the QD respectively), their recombination
results in the emission of a photon that corresponds to the energy of this recombina-
tion. This step occurs in a timescale that is determined by the lifetime of the exciton
and it is around 1 nsec. In order to avoid having phonon scattering dominate over
optical recombination, the system has to be cooled down to cryogenic temperatures,
preferably well below the threshold value of 50 K. Therefore, there is a need for a
system that allows optical access to the sample as well as cryogenic environment,
which is in our case the temperature of 4 K.

For this experimental approach we use the optical setup which is schematically
shown in Fig. 1.8, implemented in a confocal microscopy configuration. The laser
beam is focused on the sample through a high numerical aperture microscope objec-
tive, down to a nearly diffraction limited spot. Then the photoluminescence signal
from the sample and from the same diffraction limited spot, is collected by the same
microscope objective and is sent subsequently to a detector.

Depending on the charge configuration of the QD, different narrow optical transi-
tions are appearing in the spectrum. Fig. 1.9 shows a typical PL spectrum of a QD
in the p-i-n structure, with an excitation laser at 780 nm and an applied voltage
fixed at 1.7 V. This applied voltage creates an electric field along the QD growth



18 Cavity Quantum Electrodynamics with Self-Assembled Quantum Dots

. Excitation laser

v

Collection | microscope

signal  90:10 objective
BS

sample

Figure 1.8.: a) Simple schematic of the PL setup. The excitation laser beam passes
through a beamsplitter and is then focused on the sample in a diffraction limited
spot, using a high NA microscope objective. The luminescence from the same spot
is then collected and sent to a detector with the collection fiber.
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Figure 1.9.: PL spectrum of a single quantum dot in the p-i-n structure. The QD is
excited at 780 nm, at a power of P., = 1uW and at an applied voltage of Vies = 1.7
V. We identify the neutral exciton X" and the trion state X 1.

direction which compensates for the built-in electric field due to the p-i-n structure.
The flat band condition is required for PL to be observed. By changing the applied
voltage the tilt in the conduction and valence band changes, thus raising or lowering
the ground state of the QD with respect to the Fermi energy level of the n-doped
layer. This is schematically depicted in Fig. 1.10. Thus we can identify each line in
the spectrum to an exciton and therefore determine which excitonic state is coupled
to the cavity mode at a given applied voltage. This is a major advantage compared
to the other systems of a coupled QD and cavity mode in plane GaAs membranes,
where there is a multiple of charge configurations apparent at each time, because
they are created with almost equal probability. Additionally, in Fig. 1.11 we show
the PL images as recorded at the border between the etched and the unetched part
of the sample (see Chapter 3 about fabrication), at different values of the applied
voltage. At Vies = 0V, no PL is recorded from the unetched part of the sample. At
Viias = 1.1 V photoluminescence of low intensity starts to be seen and at V., = 2.5
V, photoluminescence from single QDs can be seen, as bright spots in the image.

Usually it is straightforward to identify the neutral exciton X° and the singly
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Figure 1.10.: Schematic of the band diagram of the p-i-n structure. The width of
the tunnel barrier (the distance between the QD layer and the n-doped layer) is
35 nm. a) At Vjius = 0 the QD is empty because the Fermi level is located below
the ground state of the QD, therefore no tunneling of electrons can occur. All the
photogenerated carriers are lost to the leads. b) At Vj,s > 0 an electron can be
tunneled into the QD and photoluminescence is observed.
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Figure 1.11.: Snapshots of QD photoluminescence at 3 different values of the ap-
plied voltage at an area comprising the etched and the unetched part of the sample.
The excitation laser is suppressed by a bandpass filter which ”cuts” the light that
is below 900 nm.

charged states X!, X*! because of the energy separation between them. In par-
ticular, the energy difference between the X° and the X! is given by the binding
energy of the extra electron, which corresponds to a red shift of ~ 4 nm in most
QDs, as we saw in a previous section. The difference between the X° and the X!
however, can vary substantially. Additionally, in order to identify the neutral biex-
citon X X, which comprises two electron-hole pairs, power dependence study of the
corresponding PL intensity is required. The excitonic states that include a single
electron-hole pair present a linear power dependence, whereas the biexcitonic config-
urations are characterized by a quadratic power dependence, as shown in Fig. 1.12.
Also, usually the biexciton luminescence is recorded for higher excitation powers.
It is a common procedure to acquire PL spectra for different excitation powers and
fit the data in order to determine the power dependence of the PL for the specific
charge configuration of the QD.

1.6. Experimental Setup for Photoluminescence

In this section we present in detail the main parts of the experimental setup used in
the PL experiments. We start with the system that provides the cryogenic environ-
ment for the sample, the Microstat He flow cryostat by Oxford Instruments. This
consists of a cold finger inserted into a vacuum chamber which allows for optical ac-
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Figure 1.12.: PL pump power dependence. The integrated PL intensities of the
XY the X!, and the X XY lines are shown as a function of excitation power. The
solid lines are power-law fits to the data for powers well below saturation.

Figure 1.13.: PL micrograph showing the emission from the photonic crystal cavity.
The numbers shown are also fabricated in the sample and define a field for the PhC
cavity. The latter is seen as a square in the image.

cess to the sample through a window. Continuous flow of liquid He* via a transfer
tube into the cold finger ensures that the temperature of the sample is ~ 4.3 K. The
optical setup consists of a cage system, divided in two parts: the excitation ”arm”
and the collection ”arm”, seperated by the beam-splitter. We refer to Fig. 1.8 for
a schematic illustration. The whole optical system (since it is a cage system) is
movable with 3-axis positioners from Melles Griot which have sub-micron precision,
such that the addressed position can be adjusted with high precision. Appropriate
lenses and the usage of a single-mode fiber allow the collection of the luminescent
light from a diffraction limited spot of ~ 1 um?. Additionally, the sample can be
illuminated with an LED and a high resolution image can be produced which en-
ables us to position the laser spot at the point of interest, as well as to record the
luminescence from the QDs and the PhC cavities. A typical image displaying the
photoluminescence stemming from the cavity mode is shown at Fig 1.13. In this
image the numbers shown are also fabricated on the sample in order to provide a
coordinate system for localizing the PhC cavities.
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We use a 780 diode laser for above bandgap excitation. The micro-PL signal
is collected through the same microscope objective (Nikon CF Plan 50X CR EPI,
NA=0.55) and finally coupled to a single mode fiber and sent to the detector. For
the time-resolved measurements we use a tunable pulsed laser at 860 nm with a
repetition rate of 76 MHz.

The experimental setup used for the RS measurements, will be presented in Chap-
ter 5, where we will also discuss in detail the corresponding measurements.

1.6.1. Detection Techniques

Spectrometer

As we mentioned before, usually the collected light of the photoluminescence
coming from the sample is directed to a spectrometer. Since this luminescence
comprises a large spectral distribution, the main characteristic of the spectrometer
is that it provides the way to analyze the spectrum. The principle of the system
is the following: light is focused on the entrance slit by using a lens whose NA
matches that of the spectrometer. The light hits a concave mirror that collimates
it and sends it to a diffraction grating. The first diffraction orders are directed to
another concave mirror and then each of them is finally hitting a Charge-Coupled
Device (CCD) at a different angle. The diffraction angles are determined by the
wavelength. Also, the grating can rotate in order to centralize the Oth diffraction
order at different wavelengths at a time. In that way the spectral distribution of
the collected light is displayed on the CCD. An appropriate software enables us to
control the position of the grating and the CCD display. We used a liquid Ny CCD
camera at T= -120 C. It is made out of 1340 x 100 pixels, each one of dimension 20
um x 20 pm. The spectrometer is an Acton SP2500i from Princeton Instruments,
which has a focal length of 50 cm and two different gratings: one with 300 grooves
and one with 1200 grooves. The latter provides higher resolution. The spectral
resolution is determined by the focal length and it is 56 peV in our case.

The spectrometer is also operating as a monochromator. In that case, a flip
mirror is placed in between the second concave mirror and the CCD and thus is
directing the light to a second (exit) slit. The opening of this slit is adjustable such
that the appropriate spectral filtering of the outcoming light can be achieved. For
example, in time-correlated measurements a single spectral line should be isolated
and sent to the Avalanche Photodiode (APD). The size of the APD chip, as well
as the magnification of the optical system, determines the spectral bandwith of the
light that is detected, if of course the exit slit is opened sufficiently.

Avalanche Photodiode (APD)

It is maybe the most challenging aspect to measure the optical recombination
times of the different QD transitions. This gives the important insight to the time
dynamics of the system and, as we will see later, is of major importance in order to
identify the QD-cavity coupling and the Purcell regime. The experimental technique
used to this end is the Time Correlated Single Photon Counting (TCSPC). A pulsed
laser above or in the vicinity of the bandgap is used to excite the QD. The PL signal
is then sent to the Avalanche Photodiode (APD), which is a single photon counting
module (SPCM).
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Figure 1.14.: Time resolved PL trace of a QD located in bulk. The curve can be
fitted with an exponential decay and a time constant is extracted.

The APD gives voltage pulses once a single photon is detected. This signal is
then sent to an electronics system for further analysis. This system includes a
time-to-amplitude converter (TAC) that measures the time difference between the
excitation pulse and the single photon detection (the start and stop pulse) and
converts it to a voltage signal of a proportional amplitude. A multichannel analyzer
card accumulates a histogram of the voltage pulses received from the TAC and this
gives rise to histograms such as the one in Fig. 1.14. In our experiments we use the
PicoHarp 300 system which includes the necessary electronics that we described.
The histogram formed shows the distribution in time of the coincidences of these
events as a function of their time delay. Thus, one obtains a decay curve of the
PL signal from the excitonic state as a function of time delay after excitation. This
is typically an exponential decay. The timescale depends strongly on the photonic
environment of the QD and the charge configuration as we will see in a following
chapter. A typical lifetime trace of a QD exciton is depicted in Fig. 1.14. This
measurement is performed on a QD located in the unpatterned area of the sample
(bulk).

The APD can detect single photons in the following way: it is a Si device which
consists of a p-i-n junction that operates at reverse bias conditions and close to the
breakdown voltage. This kind of operation is called Geiger mode. Upon absorption
of a photon, an electron-hole pair is generated and is accelerated by the built-in
electric field. This results in the excitation of additional electron-hole pairs in the
undoped region and a charge avalanche is built up. Thus, single photon sensitivity
is achieved. However, the single photon resolution is lost in that way. In order to
tackle this last issue, the following procedure is followed:

At time t = t; the APD is biased into the avalanche regime.
At time t = t5 the bias is reduced in order to get rid of the excess electrons.

The APD applicability and usefulness depends on many parameters. The most

important factors are the following:
-Quantum efficiency, which indicates how well incident photons are absorbed and
then used to generate primary charge carriers. This depends on the photon wave-
length. For the two different types of APDs that we used this value was 25% at 950
nm and 4% at 900 nm, respectively.
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-Total leakage current, which is the sum of the dark current, the photocurrent and
the noise. The components of the electronic dark noise are the series and the parallel
noise. Series noise, which is the effect of shot noise, is basically proportional to the
APD capacitance, while the parallel noise is associated with the fluctuations of the
APD bulk and surface dark currents. Here, we could also choose between an APD
with Dark Count Rate (DCR)=25 Hz and one with DCR< 2 Hz.

- Timing resolution, which determines the resolution with which the arrival of a pho-
ton is recorded. The two different APDs we used provided timing resolution of
~ 100 psec and 40 psec, respectively.

-Dead Time, the time frame during which the bias voltage at the diode is reduced
below the threshold voltage, such that the avalanche is stopped and the device be-
comes ready for detection of further photons. In the two different APDs we used
this time was 32 nsec and 45 nsec, respectively, including the initial output pulse
width.

Additionally, the APD is used in the Resonance Fluorescence measurements,
which will be presented in detail in Chapter 5. There, it is used for recording the
number of photons stemming from a cavity mode or a particular exciton transition,
in a certain time window.

1.7. Tuning methods

The ability to tune the optical properties of our system is very important, since we
aim at achieving QD-cavity coupling. This requires spatial and spectral matching
between the two, which implies that the QD is well positioned relatively to the
cavity field and that there are spectrally close. In previous experiments strong
emitter-field coupling was achieved by a deterministic positioning scheme based on
AFM metrology [23, 30].

Several strategies are employed for spectral tuning either the cavity mode or the
QD energy. Here we cite some of them: lithographic tuning, temperature tuning
by heating either locally [24] or by heating the entire chip [22], chemical digital
etching for fine tuning [31] of the cavity mode wavelength, tuning by gas adsorption
at cryogenic temperatures [32-34] and finally tuning of the QD excitons lines via the
DC Stark shift, when electrical control is possible [35]. However, it should be pointed
out that the ideal tuning strategy should affect only the wavelength of the cavity
mode and/or the QD, without having detrimental effects on their spectral properties,
such as Q-factor degradation, spectral diffusion or increase in the decoherence rates,
which results in decrease in the PL signal and line broadening.

In the following, we will present the main tuning strategies employed and in a
next chapter (Chapter 4) we will review the implementation of these techniques
during this project.

-Lithographic Tuning. In order to create an optical cavity for controlling the
emission properties of the quantum dots, the photonic bandgap of the photonic
crystal has to energetically overlap with the quantum dot optical transitions.
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Figure 1.15.: Cavity mode wavelentgth versus time. The red shift is due to gas
deposition due to the imperfect vacuum conditions of the cryostat.

Additionally, for the spectral tuning that we discussed, the PhC cavity mode
should be spectrally close to the emission wavelengths of the QDs. The parameters
determining the cavity mode wavelength are mainly the design parameters of the
photonic crystal, which are the lattice constant a and the hole radius r. Therefore,
the fabrication process determines the spectral position of the cavity mode. By
adjusting the lattice constant and the hole radius of the photonic crystal during
fabrication, the cavity modes can be tuned over a wide spectral range and at the
desirable wavelengths, that is in the spectral vicinity of the QDs. Of course at the
same time one has to take care of the spectral properties of the cavity modes in
order to achieve the best possible confinement.

-Tuning by Gas Adsorption. As mentioned previously, the cavity mode wave-
length is dependent on the exact photonic crystal parameters. Therefore any change
in the geometry of the structure, such as decrease of the hole radii or change in the
membrane thickness, is strongly affecting the mode wavelength. A way for this to
happen is the growth of additional dielectric material on the sample surface. When
this is happening the membrane thickness t is increased and the hole radii r de-
crease, resulting in a redshift of the cavity mode. This happens automatically in
our (imperfect) cryo-system. Even though the cryostat is evacuated at around 107
mbar before cooling, there are still molecules coming from dirty surfaces, such as the
cryostat window as also pointed out in [32], where the term mode walking was intro-
duced to describe this effect. As soon as the sample reaches temperatures around 4
K 1, it acts as an efficient cryogenic pump where all the residual gas molecules are
being deposited. Then the pressure inside the cryostat drops to 10~7 mbar. Thus,
the adsorption of all the gas particles on the sample surface forms a thin dielectric
layer. We have recorded the mode wavelength of a cavity, at constant temperature,
during several hours. The results are displayed in Fig. 1.15(b). We observed a
red-shift of the cavity mode of 1.5 nm after 5 hours.

Here we should note that the cavity mode shift is different for the different samples

In the specific cryostat and gluing technique we use to mount the sample on the cold finger,
the temperature is measured at the heat exchanger and it can di er significantly from the real
temperature of the sample.
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Figure 1.16.: Fine tuning of the cavity mode with nitrogen condensation. Peak
positions of the cavity mode versus the steps of nitrogen injection.

we used. This is due to the fact that the position of the sample relative to the
cryostat window cannot be exactly the same for all the samples. In particular, when
the distance between the sample surface and the window is reduced, the solid angle
which the sample sees is reduced, thus the particle deposition is reduced drastically.
As we will see in the following, this is also crucial for the controllable Ny tuning.
This mechanism can turn out to be a useful tool for some experiments, however it
presents several disadvantages: the tuning range is limited and of course it is totally
uncontrollable. Also for experiments that a longer integration time is needed this is
a major inhibiting parameter.

Following previous work [32, 33] we have implemented a setup where we can
tune controllably the cavity mode to longer wavelengths by adsorption of N, at
cryogenic temperatures. This is based on the gas feedthrough into the cryostat
that is used for the gas injection. The setup consists of a pre-chamber where the
pressure of nitrogen is set to a desired value and a Mass Flow Controller which
enables us to control the flow of the injected gas with very high precision. The
most crucial parameters in this technique are: the pressure in the pre-chamber, the
sample temperature and the distance between the sample surface and the window.
Lower pressure results in slower tuning, higher temperature results in larger shifts
and very large distances from the window reduce the efficiency of the tuning. In our
system the best results achieved include a tuning range of up to 7 nm for the cavity
mode with a step size that is limited by our spectrometer resolution, as shown in
Fig 1.16.

-Temperature Tuning. This technique uses the fact that the emission energy of
the QDs is temperature dependent (the bandgap energy depends on temperature).
A red shift of the QD emission wavelength can be achieved before increasing the
temperature so much that linewidth broadening occurs (in solid state increasing
the temperature leads to increased phonon scattering, thermal activation and
non-radiative recombination of carriers). In addition, as the refractive index of
GaAs is also temperature dependent there is also a shift in the cavity mode emission
wavelength. The dependance though, of the bandgap energy on temperature is
stronger, such that mainly the QD lines are affected, leading to a net red shift of
the QD emission energies with respect to the cavity mode. Thus, it can be a tool
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Figure 1.17.: Electric tuning single QDs using the DC Stark effect. Successive

photoluminescence spectra with increasing applied voltage.

for the spectral alignment of the two. However, the range of the tuning is limited
and a certain increase of the temperature can give rise to undesirable effects that
affect the lineshape, the PL properties and the lifetime of the QD transitions.

-Tuning via Applied voltage. In contrast to the previous techniques where the
the main goal was to tune the cavity mode frequency, here we can shift only the QD
exciton frequency. We already saw that the temperature tuning can result in a red
shift of the exciton lines, at the cost of the detrimental side effects discussed. Here,
the presence of the p and n doped layers in our structure gives us the possibility to
reversibly tune the QD transition simply by varying the applied voltage, through
the DC Stark shift. An applied voltage across the structure results in an electric
field with a value that is given by the equation: F' = (Vjs — Vi) /d where V; is the
built-in voltage, Vi, is the value of the applied voltage and d is the value of the
intrinsic region which is 95 nm in our samples.

The total shift of the optical transitions is then given by:

AE = —dpermF + BgaF?

which comprises a term linear in electric field d,e,.,, which appears due to the built-
in permanent excitonic dipole moment oriented along the growth direction, and a
quadratic term [,4, which is related to the polarisability of the QD [36].

As we will see in a following chapter, by means of the DC Stark shift we have
achieved to tune QDs on resonance with cavity modes. However, the limitation of
this method is the small tuning range, of the order of 56 GHz, or ~ 0.2 nm, which
is the DC Stark Shift of the QDs in these p-i-n structures.

Fig. 1.17 shows typical photoluminescence spectra recorded for below bandgap
laser excitation (780 nm) on a low quantum dot density sample. The spectra are
recorded inside a photonic crystal environment for an increasing bias voltage from
the bottom to the top, as indicated by the arrow. The single QD emission lines are
visible, which shift to lower wavelength as the applied voltage increases.

(1.43)



FDTD simulations of Photonic Crystal structures for higher collection efficiency of
photons 27

2. FDTD simulations of Photonic
Crystal structures for higher
collection efficiency of photons

2.1. Introduction

Photonic crystals (PhC) are nanostructured materials where the refractive index can
be periodically varying in up to three dimensions. In the brief discussion presented
in Chapter 1 we have seen that when they are designed properly, they exhibit a
photonic band gap - photons having energies in this range cannot propagate through
the crystal. As a general concept, photonic crystals can be used to manipulate
photons in a way similar to the control of electrons in semiconductor circuits. For
example, by introducing defects and dislocations into photonic crystal lattices, one
can build waveguides that guide light and "bend” it at sharp angles, or construct
microcavities that localize photons into extremely small volumes, even smaller than
a cubic optical wavelength. A variety of optical devices can thus be constructed and
integrated on a photonic crystal chip, including light sources, waveguides, filters,
and modulators. On the other hand, the ability to localize light into very small
volumes and with high quality factors in photonic crystal microcavities enables us
to study cavity quantum electrodynamics (cQED) phenomena in the solid state, as
well as to build novel quantum optical devices, such as efficient single or entangled
photon sources. Finally, they can be used as a tool for extraction of light out of the
emitters which can be later used for further manipulation and measurement.

For both of these properties, light confinement and extraction, careful optimiza-
tion of the PhC design should be made. Control over the mode wavelength, the near
and far field profile and the quality factor of the cavity mode should be achieved.
These parameters are determined by the geometric properties of the photonic crystal
and of the cavity defect. Fortunately, there are tools to predict in a very accurate
way the properties of a photonic crystal structure and thus allow for a design with
the desired characteristics. In Chapter 1 we had a first look at how the confine-
ment and the basic properties of the photonic structures are derived. Here, we will
present a more detailed discussion on how to compute the optical properties of differ-
ent types of PhC cavities, using the finite-difference time-domain (FDTD) method.
We will particularly focus on the study aiming at optimizing specific characteristics
of the structures. In contrast to other works, here the parameters are not tuned to
only achieve the highest QQ factor. Rather we consider subtle effects of changing the
defect’s geometry by, for example, fine tuning the holes’ position and size around
the cavity defect, which allow us to implement designs best suited to the particular
challenges of our material system, related to the enhancement of light extraction
from the PhC. The simulation techniques presented in this chapter have allowed us
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to design PhC cavities optimized for better collection efficiency, thus better light
extraction from the QD, preserving moderate quality factors.

Additionally, this chapter discusses the “robustness” of these modifications that is,
how sensitive is the realization of the optimized photonic crystal cavities, under the
real fabrication conditions and imperfections. Finally, we will motivate the further
study of new designs aiming at high collection efficiency of photons, that do not
necessarily follow the traditional design parameters of photonic crystal cavities, but
combine different aspects of nanofabricated materials.

2.2. Investigation of the Photonic crystal cavity
design

2.2.1. Two-Dimensional Photonic Crystal in a suspended
membrane

One of the most intriguing properties of the photonic crystals is the localization of
light in all three dimensions on the scale of the optical wavelength. Three dimen-
sional photonic crystals have been already fabricated achieving quality factors of
38500 [17]. However, the fabrication of these structures is very challenging. Since
a 2D photonic crystal only gives rise to a photonic bandgap for modes propagating
in the lateral dimensions, the additional photon confinement in the z-direction is
provided by a free standing air-GaAs membrane that confines and guides photons
by total internal reflection. In this section we focus on the 2D hexagonal pattern of
air holes in a suspended membrane (slab) and its properties.

As discussed in Chapter 1 and illustrated in Fig. 1.4, the photonic bandgap is
located between the lowest band (dielectric band) and top band (air band). An
important consideration for the design of the photonic crystal is the overlap in
energy of the photonic bandgap and the quantum dot transitions. In this case,
photons emitted from the QDs cannot propagate into the photonic crystal. Also,
the spontaneous emission rate of the quantum dot is strongly modified due to the
photonic bandgap. The properties of the 2D photonic crystal are determined by the
lattice constant a (periodicity of the lattice), the ratio r/a, where r is the radius of
the holes and the effective refractive index n.ss of the slab. The size of the photonic
bandgap is a function of the refractive index contrast between the bulk material and
the holes. When this contrast increases the bandgap opens up (increases). Here,
the two different materials are: the air holes (n,, = 1) and the GaAs (ngqas = 3.3
at 4 K) membrane. For a given refractive index difference, the ratio r/a determines
the size of the bandgap.

Since an optically thin slab is introduced, the properties of the photonic structure
are also determined by the slab thickness. If the slab is too thick, there can be
higher order modes supported, which will overlap with the fundamental modes, thus
destroying the bandgap. If the slab is too thin then it is only a weak perturbation in
the air background, thus the bandgap is very small. As a general rule, the optimal
slab thickness is of the order of half the wavelength.

The other important element is the light cone, which was first discussed in Chapter
1. This consists of states that are extended infinitely in the region outside the slab
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and they are referred to as radiation modes. On the other hand, guided modes are
the modes that are located outside the light cone and consist of states localized in
the slab. The optical modes with in plane k vectors that do not satisfy the condition
for total internal reflection are above the light cone, are no longer confined to the
membrane and they are subject to intrinsic radiative losses. On the other hand,
the guided modes are only subject to extrinsic losses due to material absorption or
fabrication induced disorder.

The photonic crystal structures studied in this work consist of a slab thickness of
200 nm for quantum dot emission centered at 950 nm. As it will be described in a
next chapter, the exact design of the membrane was determined by the requirement
to apply an electric field across the structure. The quantum dot layer was located
in the middle of the membrane, approximately at the antinode of the field. For the
given slab thickness, the photonic crystal parameters (lattice constant a and radius
of the holes r) were determined such that a bandgap that overlapped with the
quantum dot energy transitions was achieved. We chose lattice constants a = 240
nm and a = 245 nm. We fabricated devices with the r/a ratio varying between 0.2
and 0.33. This range of r/a was determined by fabrication limitations. If it was too
small (r/a < 0.2) then the electron beam lithography step that ”writes” the holes
would not be reliable, as we will see in the next chapter. Also, if r/a > 0.33 the
air holes would be too close to each other and this would induce two main effects:
first, due the very small interhole distance after the etching steps the PhC devices
would be very fragile. Second, the depletion length of the p-layer would become
equal or larger than the interhole distance which would then result in reduced hole
conduction in that area. This latter effect will be discussed in more detail in Chapter
3.

2.2.2. Analysis of the Q factor of 2D PhC cavities

FDTD algorithms are widely used to model electromagnetic systems by time-
stepping Maxwell’s equations over a spatially discretized structure. Using FDTD
one can accurately determine many salient optical properties of PhC cavities in-
cluding cavity mode wavelengths, Q factors, as well as near and far field spatial
distributions.

In this section we will give an overview of the photonic crystal structures we
analyzed in the simulations and we will present the procedure used to simulate
the different types of the photonic crystal cavities by 3D FDTD method, using the
Lumerical Solutions software. We studied L3 and H1 defect cavities: we considered
a 200 nm thin membrane consisting of GaAs and an AlGaAs layer (which is the
blocking barrier as we will see in the next chapter) suspended in air and a GaAs
substrate located 1 pum below the membrane. A hexagonal lattice (lattice constant
of 240 or 245 nm) of holes was introduced and the respective defect at the center
of the structure formed the photonic crystal cavity. For the purpose of the analysis,
the radius of PhC holes was varied in order to establish a dependence of the cavity
mode properties on the hole radii and location.

We start by discussing how a point-defect cavity in a 2D PC slab provides con-
finement of light in all 3 dimensions: The photonic-bandgap effect is used to confine
light in the in-plane direction and total internal reflection (TIR) at the slab-air clad
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interface confines light in the vertical direction. For these structures TIR in the
vertical direction is crucial for the realization of high-Q nanocavities.

The light confined in the small cavity volume can be mapped to the momentum
space by a 2D Fourier transform and can be decomposed into a set of plane waves
with a range of wavevectors k of magnitudes and directions. The tangential compo-
nent of the k-vector (|k/,|) at the slab-air clad interface determines whether or not
the TIR condition for this wave component is fulfilled. When |k,/| of each plane
wave lies within the range of 0 — 27/)\g, where \q is the wavelength of light in air,
the wave can escape from the cavity to the air clad because the conservation law for
'k, /| is fulfilled at the interface. On the other hand, when |k,/| is larger than 27/,
light is strongly confined inside the cavity because the conservation law for |k,/| at
the interface is not fulfilled (or the TIR condition is fulfilled). The TIR cutoff is
therefore |ky;g| = 2m/A¢ and defines a circle of radius 27 /Ag. This circle represents
the light line or leaky region, where the conservation law for [k,/| is fulfilled at the
cavity-air clad interface, leading to out-of-slab leakage of light, or radiative losses.

There has been theoretical and experimental work concerning the modification
of the cavity defect geometry in order to redistribute the lossy components of the
electric field outside the light line. Particularly in [14], it was shown that when
there is an abrupt change in the electric field distribution of the cavity, the TIR
condition at the cavity-air clad interface cannot be fulfilled. The modifications
allow for redistribution of the energy away from the GaAs-air interfaces, such as the
PhC holes, into the bulk GaAs. This minimizes the scattering and absorptions due
to fabrication imperfections, slight asymmetries and disorder at the air holes of the
PhC.

As it was discussed in the previous chapter, the Q factor of the cavity mode
is a measure of the confinement provided by the structure. The total radiated
power from the cavity is expressed as 1/Qy, and can be decomposed into a vertical
contribution 1/@);, which is the vertical radiation loss due to the coupling of the
cavity mode with the leaky radiative modes and an in-plane contribution 1/Q,/,
which represents the propagation loss of the guided mode through the slab. One
usually refers to 1/Q); as the inherent optical loss of the resonant mode because
the in-plane loss 1/Q),, can be arbitrarily reduced by increasing the number of
PhC layers surrounding the cavity. The optical loss of the resonant mode is
closely related to the in-plane field distributions. For graphical illustration of the
vertical loss, the momentum space intensity distribution obtained by the Fourier
transform of the in-plane field (FT[Ez])* + (FT[Ey|)? is calculated. This is
shown in Fig. 2.1. From the in-plane momentum conservation rule, only plane
wave components inside a light-cone k2 +k, = (w/c)? can couple to the leaky modes.

A fast way to estimate the Q) factor of a cavity mode is by computing the ratio
of the stored energy (energy outside the light line) to the radiated energy (energy
within the light line), as presented in [12]. Additionally, by plotting the electric field
distribution in momentum space, on a logarithmic scale and focusing on the region
inside the light line, we can determine the percentage of electric field modes within
the light line which are the radiative losses, as shown in Fig. 2.2.

A second way to calculate the Q factor is presented in the following paragraph.
We express the Q factor as:
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Figure 2.1.: Fourier transform of the electromagnetic field of a cavity mode. Mo-
mentum components within the light-line denoted by the white circle of radius kr;g
will radiate to the far field.
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Figure 2.2.: Fourier transform of the electromagnetic field of a cavity mode, pre-
sented in a logarithmic scale. Momentum components within the light-line denoted
by the black circle of radius k7;r are the lossy components.

We
@= FWHM
where w, is the frequency of the cavity mode and FWHM is the full width half

maximum of the resonance intensity spectrum. The time domain signal of the
resonance is described by:

(2.1)

BE(t) = u(t)elwe=r/2t (2.2)
where k is the decay constant. The fourier transform of E(t) is easy to calculate:

1
K24+ (w — w)?
from which we find that FW HM = k and substituting this value into the original
Q@ formula and solving for k, it gives:

|E(w)]* = (2.3)
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k= % (2.4)

Hence, the time decay signal in the cavity can be written as follows:
E(t) = u(t)elwe=we/2Q)1 (2.5)

Finally, we write the time signal in logarithmic scale in order to make the envelope
a linear function:
wet
logy,[|E(t)]] = 50 logyge = mt (2.6)
Q

As it can be seen, the Q factor can be calculated by measuring the slope m of the
exponential decay of the logarithm of the electric field of the cavity mode. However,
this method requires attention while calculating through the FDTD simulations.
First, separating the decay of the envelope from the underlying sinusoidal signal
is difficult, since the fields are typically real-valued. Second, if there are multiple
resonant modes, they will interfere with each other in the time domain, making it
hard to estimate the decay rate. The solution to these issues can be achieved by
accurately calculating the envelope of the time-domain field signal and by isolating
each resonance peak in the frequency domain using a Gaussian filter and then taking
the inverse Fourier transform to calculate the time decay separately for each peak.
The slope of the time decay is then used to calculate the Q) factor and obtain an
error estimate.

It is assumed in the simulations that the modes that lie outside the light line are
perfectly confined in the xy plane. This can be ensured by including an adequate
number of PhC layers in the simulation region. In other words, in the simulations we
set the in plane losses to zero and we calculate only the vertical losses by computing
the Q factor. Also in the following, the calculated Q factor corresponds to the
intrinsic Q factor that is, it does not include the losses due to absorption from
the material, as well as the losses due to the two conductive (doped) layers that
are incorporated in the structures we are actually using. This an important task
to do for the future analysis of PhC cavities in p-i-n diode structures. For this
reason, the discrepancy (a factor of 10) between the theoretical predicted and the
experimentally realized Q) factors of the structures is somewhat expected.

2.3. Far Field engineering of an H1 PhC cavity

Photons from the embedded QDs are funneled out of GaAs through the cavity mode.
Thus, the extraction efficiency depends on the radiation pattern of the cavity mode
which should be preferably within a narrow solid angle, such that it leads to high
coupling efficiency into a collection lens with a given numerical aperture (NA).
In order to engineer the far field profile of the cavity mode we have performed
systematic modifications of the design of an H1 PhC cavity, as we will show in this
section and the results are derived through 3D FDTD simulations.

As we already discussed in the previous section the total radiated power in the
half space above the surface of the photonic crystal is determined by the fourier
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components of the electric and magnetic fields in the cavity that are located within
the light cone [37]. Minimizing these components results in a reduction in the
radiation losses. In turn, the field distribution in k-space is dictated by the defect
geometry, because this determines the envelope function that is multiplied with the
sinusoidal wave and gives the the spatial distribution of the field in the cavity [14].
In the study that will follow we aim at redistributing the fourier components of the
field inside the light cone in order to not only increase the radiation losses, but also
engineer the far field profile. To this end, we apply modifications in the first layer
of holes around the defect, the inner holes.

It is highly desirable for our experiments to optimize the in and out coupling
efficiency in the direction orthogonal to the slab plane. Our microscope objective is
located above the photonic crystal slab and has an NA of 0.55. That means that
only light that is emitted within the half solid angle of 33 degrees can be collected.
Also, a Gaussian-like far field emission profile is generally preferable in order to
achieve a good modal overlap with the fundamental mode of a fiber. To define the
collection efficiency of a mode for a particular cavity design we use the following
formula:

CollectionE f ficiency = (2.7)

Ptotal
where W denotes the power integrated over the given solid angle that is defined by
the NA of the objective and P, denotes the total emitted power calculated in the
near field, for the half space above the surface. We point out that the theoretical limit
for the collection efficiency calculated with this method is 50%, since light is emitted
with the same probability upwards, towards the collection lens and downwards.

Recently there has been a versatile theoretical and experimental work towards
the optimization of far-field directionality profile for PhC cavity modes. Among the
reported results, Kim et al. [38] have discussed far-field optimization of hexapole
modes in H1 cavities, by modifying the cavity defect geometry and by placing a
distributed-Bragg reflector below the membrane to get constructive interference
of the vertically emitted beam. In [39] the first systematic numerical study of
simultaneous Q factor and far-field optimization is done, again mainly for the
H1 cavity. Optimization of Hl-type cavity far-field has been also addressed more
recently in [40] and of an L5 cavity in [41], by using the concept of band folding.
The same study has been done also for a L3-type cavity in [42] to demonstrate an
efficient single photon source with a single quantum dot. In the latter, an enhanced
collection efficiency could be achieved together with Q factors on the order of
10*. Finally, in [43] a systematic approach to simultaneously achieve the highest
possible QQ factor and an enhanced in and out coupling efficiency was presented
and experimentally verified. The PhC cavities employed there were of the Ln type,
fabricated on a standard Silicon-on-Insulator (SOI) chip.

2.3.1. Setup of simulations and results

The FDTD simulations have been performed using the Lumerical Solutions software.
Here, we will present stepwise the important parameters that are set during the
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simulation setup:

We first create the structure using a sampled data set for the complex refractive
index of GaAs and AlGaAs which is fitted to give an effective "material fit” for this
quantity. As a next step, the simulation region and mesh are set. We make
sure to include 600 nm of air above the membrane to minimize boundary effects.
The symmetry of the structure in x and y is used to reduce the simulation time by
an adequate setting of the boundary conditions and perfectly matched layer (PML)
absorbing conditions are applied to all boundaries. The simulation mesh is edited
in order to be dense enough to register the variations we carry out on the structure.
It is important to have only one material per mesh cell in order to minimize the
danger of numerical errors in the simulation. Additionally, we are using a coarser
mesh in the periodic outer region of the structure and a finer "mesh override” in
the defect region. It is desirable to set the simulation mesh in a way that there are
at least 10 mesh cells per wavelength. We are using a rather dense mesh with an
approximate width of 10 nm in the coarser outer region and refine it to below 5
nm (2-3 nm) where necessary. Reduction of the radius of the inner holes or small
changes/shifts in the structure serve as examples where such mesh refinement is
needed. It is important to ascertain that the simulation mesh setup respects the
symmetry of the structure. Additionally, we have paid special attention that there
is an integer number of mesh cells between structure holes.

We are using a single electric dipole source polarized in plane, located in the
defect. It is set to give a short single pulse which induces the cavity resonance we are
interested in. As a final step, monitors are included to record the simulation results.
Since we are particularly interested in Q factor, center wavelength and properties
derived from mode profiles at different locations, we are using time monitors and
profile monitors mostly.

A time monitor records the components of the electromagnetic field at specified
time intervals. The output is these fields and deducable quantities as a function of
time. Also, it directly yields the mode spectrum after the fourier transform of the
signal. We are using point-type monitors at several locations throughout the cavity.
The results presented below are based on a time monitor at the center of the cavity
at the maximum in the mode profile for L3 and H1 cavities. Time monitors have to
be set such that the initial source pulse from the recorded data is excluded, in order
to characterize the cavity mode and not the source.

A profile monitor is a frequency-domain monitor which records the spatial field
distribution. Since it can be set to record the Poynting vector, we use it to obtain
both the mode profiles and the field projections.

Monitor apodization applies a window function to the field data before per-
forming the fourier transform and allows to obtain stable data from a portion of
the time signal. This setting has to be used for most simulations of high-QQ cavities
since the simulations are aborted before the mode ring-down is complete.

The simulation time naturally denotes the simulated time interval. As a
rule of thumb, accurate ) factor determination of high-Q cavities requires longer
simulation times. We have been using simulation times of 10 ps to 15 ps for Q-factor
determination.
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Figure 2.3.: a) Top view SEM image of an H1 cavity with modified inner holes.
b) Corresponding electric field intensity of the two orthogonal dipole modes, as
simulated with the FDTD method. Parameters of the photonic crystal structure
used in the simulation: membrane thickness d = 200 nm, lattice constant a = 240
nm.

A standard procedure: In order to obtain the information about the cavity mode
properties such as the Q factor and collection efficiency, two steps of simulation are
required. First, we run a short simulation (in our case 1500 fs) with a broad source
to determine the spectrum of the cavity and locate the fundamental and higher
order modes. Having done this, we change the settings to a narrow source which
is aimed at exciting the fundamental mode only, or the mode of interest. A longer
simulation time is necessary to obtain accurate values. We therefore run a second
simulation with the adapted settings from which we obtain our data, deduced by
the different monitors. Appropriate scripts allow us to calculate the intended mode
characteristics.

The starting point in the study of the cavity structure modifications to engineer
the far field, is the H1 cavity. This cavity is a promising candidate for achieving
enhancement in the light extraction from QDs; it sustains two energetically degen-
erate dipole modes with a field maximum at the center of the defect and it can
"offer” both a low mode volume and high Q) factors, by fine-tuning the inner holes
[39]. Moreover, the H1 cavity dipole modes consist of considerable vertically-directed
momentum components that result in higher radiation losses, compared to an L3
cavity.

Without modification on the nearest holes around the defect, only the doubly
degenerate dipole mode can be excited. However, by reducing the radius of the
six nearest holes, other resonant modes within the photonic bandgap (PBG) can
be excited [44]. Especially, as indicated in [38, 44], the hexapole mode can have a
very high @/V value due to the whispering gallery nature of the symmetric field
distribution. We are mainly interested in those modes having an electric field in-
tensity maximum at the cavity center. Among the possible resonant modes, the
monopole mode and the dipole mode have relatively lower Q factors (on the order
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Figure 2.4.: FDTD simulation of wavelength and quality factor Q in an H1 PhC
cavity, versus the hole radius. Parameters of the photonic crystal structure used in
the simulation: membrane thickness d = 200 nm, lattice constant a = 240 nm.

of 10000, without optimization), because of the presence of dc fourier components,
at k /)= kL =0.

Additionally, based on the fact that modifications in the first layer of holes around
the defect can increase the intrinsic QQ factor, we try to find the best compromise
between the directionality of radiation modes and the quality factor.

The cavity membrane consists of a GaAs/AlGaAs/GaAs layer pattern along the
z-axis with respective thickness of 40/50/110 nm, following the parameters of the
actual structure used in our experiments. A triangular lattice of holes with radius
r is etched into this membrane pattern. The lattice constant is a = 240 nm. The
radius of the inner holes (the 6 holes around the defect) is changed to 7jper = 0.657.
This modified H1 cavity has substantially high Q factor, that is why it is our starting
point, since the unmodified H1 cavity has an intrinsic Q factor that is limited to just
a few hundrend. The cavity mode volume is V00 = 0.3(A\/n)3. A top view SEM
picture of the cavity structure is shown in Fig. 2.3(a). In Fig. 2.3(b) the simulated
intensity profiles of the two degenerate orthogonal modes of this type of cavity are
displayed. One micron below the membrane, we include a GaAs substrate.

We run a simulation series to establish a trend in both the Q factor and the
wavelength of the sustained dipole mode with a changing radius of the structure
holes and an appropriate change of the inner hole radius. The hole position was
fixed at the triangular lattice point. We varied the structure hole radius in 10 nm
steps between 50 and 80 nm while the inner hole radius took values of 32.5 nm, 39
nm, 42.5 nm and 52 nm, respectively (with ascending structure hole radius). The
results can be seen in Fig. 2.4.

We pick the layout with a structure hole radius of 70 nm for its @ factor and
wavelength value, which can also yield good results in terms of fabrication. The
modifications performed in the cavity geometry in order to study the enhancement
in the collection efficiency, were restricted to those that preserve the (g, symmetry
of the H1 cavity in the hexagonal lattice, such that the degeneracy of the dipole
mode is not broken !. In order to engineer the spatial profile of the fields in the

In practise, the degeneracy is lifted due to fabrication imperfections.
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shifted in the radial direction. b) FDTD simulation of quality factors Q and collec-
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crystal structure used in the simulation: membrane thickness d = 200 nm, lattice
constant a = 240 nm, holes’ radius » = 0.3a nm.
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Figure 2.6.: FDTD simulation of the far-field intensity angular distribution for each
of the shifts of the 6 inner holes: a) s =0 nm, b) s = 15 nm and ¢) s = 20 nm.

cavity and distribute them inside or outside the light cone we systematic alter the
cavity defect geometry by displacing the first layer of holes from their nominal
positions. In that way, the field profile is delicately tuned and the distribution of %
modes relatively to the light cone determines the vertical radiation. More precisely,
the intensity distribution between the negative and the positive field lobes can be
modified such that it results to a non zero dc component in k-space. For a far field
profile within a narrow solid angle, the presence of dc components at k, = k, = 0
is desirable. Similar study has been done also in [39, 40]. In addition, the other
beneficial aspect of this kind of modification is that the overlap of the field with
the GaAs/air interfaces (at the holes) is reduced. This results in reduced absorption
losses and scattering which in turn improves the intrinsic, radiation limited Q factor.

As a first step, we realize a systematic shifting of the inner holes in steps of 5
nm, as it is shown schematically in Fig. 2.5(a), while the inner hole radius is kept
fixed at 42.5 nm. The analysis of the Q factor and the collection efficiency/far field
profile for each modification is then done, in order to achieve the best compromise.

The calculation of the far field profile is done as follows: A dipole source is placed
at the center of the slab and at the location of the expected cavity mode maximum
such that it excites the cavity mode. The field intensity distribution is then recorded
at the location of the cavity and in the near field, at the slab surface. A near to
far field projection is used to decompose the near field data into a set of plane
waves propagating away from the structure at different angles. In order to calculate
the collection efficiency we integrate the power within a given solid angle which is
determined by the NA of the microscope objective (NA=0.55) and we normalize
that to the total emitted power for the half space above the surface.

It is important to note here that in order to register the small variations of the
inner hole position we included a denser simulation mesh in the cavity region. Fig.
2.6 shows the corresponding farfield projections for the shifts of 0 nm, 15 nm and
20 nm respectively.

In the range 0 < s < 10 nm the collection efficiency is very low, since the
far-field has a very asymmetric profile. Concurrently, the Q factor has a high value
which implies the absence of vertical radiation. This is expected since the 6 inner
holes have been already ”shrunk” in order to achieve a better confinement. For
a hole displacement of s = 15 nm there is an abrupt increase in the collection
efficiency; the far-field becomes more localized and starts getting closer to acquiring
a directional profile. In the range 15 < s < 50 nm the collection efficiency increases,
reaching the value of almost 70% (35% for the total space) for an NA of 0.55 and
the mode profile is approaching the T'Eyy mode. At the same time, for s = 25 nm
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Figure 2.7.: a) and b) FDTD simulation of quality factors Q and collection effi-
ciency, versus the inner hole radius (shrink). Parameters of the photonic crystal
structure used in the simulation: membrane thickness d = 200 nm, lattice constant
a = 240 nm, holes’ radius r = 0.3a nm. The shift of the inner holes is fixed at 20

nm.

the Q factor drops to half of its original value and continues to gradually decrease.
This implies that the distribution of the mode k vectors is mostly tuned inside
the light cone. For very large displacements, the holes will approach the second
layer of holes and the field is again overlapping with the air/GaAs interfaces, thus
the absorption losses increase again. Additionally, the cavity volume increases,
resulting in the shift of the mode inside the bandgap and approaching the band
edge. Furthermore, the in plane confinement degrades, since the field penetrates
more outside the displaced holes; the Bragg reflections at the cavity edges are
attenuated.

From the results plotted in Fig. 2.5 we pick the shift of s = 20 nm as a promising
trade-off between ) factor and collection efficiency. The next modification involves
the radius of the inner holes. Here, the idea is to reduce further the overlap of the
field with the GaAs/air interfaces, which is beneficial for the Q factor. Thus, we
explore the combination of this particular shift with different inner holes radii, in
terms of the balance between far-field optimization and ) factor increase.

We vary the inner hole radius in 5 nm steps between 40 and 70 nm keeping inner
hole shift and structure hole radius fixed at the chosen values. The corresponding
results, after plotting the @Q factor and the collection efficiency, are displayed in
Fig. 2.7. Finally, in Fig. 2.8 the far-field projections for the case of ri,pe = 40,
Tinner = 90, Tinner = 60 and 7, = 70 nm are displayed, such that the modification
induced by the engineering of the design is shown. The optimum inner hole shift
corresponds to a far-field intensity distribution that approaches the Gaussian profile,
which is desirable for the coupling to a single mode fiber. For rj,ne, = 70 nm we
have again the unmodified H1 cavity, which has a very low quality factor of some
hundrends. From this analysis, we conclude that the combination of a 20 nm shift
of the inner holes and an inner hole radius of 40 nm, corresponds to a design that
yields very promising results, both in terms of collection efficiency (~ 70% and
35% for the full space if we neglect the effect of the substrate), as well as Q factor
(Qtheoreticar=22000). These values are realistic and feasible within our fabrication
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Figure 2.8.: FDTD simulation of the far-field intensity angular distribution for each
of the radii of the inner holes: a) 7uner = 40, b) Tipner = 50, €) Tinner = 60 and d)
Tinner = (0 NN,

process.

The experimental verification of the simulated results can be performed by com-
parison between the Resonant Scattering (RS) efficiency of the cavity mode ? and the
simulated collection efficiency. However, to acquire a quantitatively accurate result
is a nontrivial task. This is due to the combination of the specific experimental setup
and the polarization properties of the cavity mode itself, which depend nontrivially
on the modification of the holes that introduce scattering of field components both
parallel and perpendicular to the cavity axis. This more advanced analysis will be
the topic of future work.

2.3.2. Effect of the position of the substrate

Here we investigate the position of the substrate relatively to the GaAs membrane,
which determines the air-gap size. Our aim is to define the size of the air-gap that
leads to a highly directional far field profile of the cavity mode [38]. Again the
cavity under study is the H1 defect cavity in a lattice constant of a = 240 nm. The
results are displayed in Fig. 2.9(a), where the collection efficiency is plotted versus
the air-gap size. The latter is expressed in units of the lattice constant a.

Although the reflectivity of the GaAs substrate is 30%, the interference between
the original wave and the reflected wave is noticeable. Upon inspection of the far-
field patterns in Fig. 2.9(b) one can find that the similar far-field patterns show up
again after an increment of ~ 2a which corresponds to around half the wavelength.
However, one should pay attention that the substrate is not too close to the slab,
because then the tail of the evanescent fields will ”feel” the substrate and plane waves
will be coupled to substrate propagating modes. Therefore, in order to prevent this
losses, the air-gap size larger than A\/2 is generally recommended. Moreover, we
notice that the air-gap size of 4.0a corresponds to ~ A and it yields very good
directionality in the far field. This is the size of the air-gap that the structures we
use have.

In principle, the downward propagating energy can be completely blocked by using
a highly reflective Bragg mirror [38, 42]. For example, a stack of 25 AlAs/GaAs pairs
gives a reflectivity more than 0.998. This is a very promising direction aiming at
the increase in collection efficiency.

2this will be discussed in Chapter 5
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Figure 2.9.: a) FDTD simulation of the collection efficiency as a function of the air-
gap size h and b) calculated far-field patterns for the various values of the air-gap
size h.

2.4. Effect of the AlGaAs layer

Simulations of L3 cavities where the membranes did not include the Al1GaAs blocking
barrier layer yielded much higher Q factors, of the order of 200000, than the L3
cavities with the AlGaAs blocking barrier. This motivated a study of the cavity
properties under different configurations for the material layers. Particularly, we
compared three different layouts: The pure GaAs membrane, a layout including one
AlGaAs layer, which is asymmetric under reflection across the source plane in z-axis,
and a layout including 2 AlGaAs layers which are symmetrically positioned across
z = 0 plane. The main results were obtained for an L3 cavity with 70 nm radius of
the holes in the structure and were supported by simulations for a L3 cavity with
50 nm structure hole radius. H1-type cavities also exhibit a drop in the Q factor
for an asymmetric layer pattern. This drop, however, is not as pronounced as for
the L3 case; the low-Q case amounts to ~ 65% of the high-Q case. A top view
SEM picture of the cavity structure is shown in Fig. 2.10(a) and in Fig. 2.10(b)
the simulated intensity profile of the fundamental mode of this type of cavity is
displayed. In Fig. 2.11 we present the results of the simulations for the Q factor
and the wavelength of the sustained mode with a changing radius of the structure
holes and an appropriate change of the inner hole radius, for the asymmetric layer
configuration. The structure hole radius is varied in steps of 10 nm between 50 and
80 nm while the radius of the two inner holes was always set to riner = 0.77 shifted
by s = 0.18c = 43.2 nm.

For the particular study of the vertical membrane structure we are using an
L3 cavity, with a structure hole radius of 70 nm, an inner hole radius 55.6
nm and an inner hole shift of 43.2 nm. This hole pattern is kept fixed while
the layer configuration of the membrane is varied between the three possibilities:
A pure GaAs membrane, an asymmetric GaAs/AlGaAs/GaAs and a symmetric
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Figure 2.10.: a) Top view SEM image of an L3 cavity with two modified inner holes.
b) Corresponding electric field intensity of the fundamental mode, as simulated
with the FDTD method. Parameters of the photonic crystal structure used in the
simulation: membrane thickness d = 200 nm, lattice constant a = 240 nm.

structure Q factor
asymmetric layer configuration 13376
GaAs membrane 210389

symmetric layer configuration 180583

Table 2.1.:

GaAs/AlGaAs/GaAs/AlGaAs/GaAs structure. The membrane’s total thickness is
kept at 200 nm; 1 um below the membrane a GaAs substrate is added. The source
is positioned in the center of the cavity in all 3 dimensions. Fig. 2.12 shows the
simple schematics of the different layer configurations we studied.

The calculated mode wavelengths and Q factors for the three configurations are
displayed in Tables 2.1 and 2.2. It can be clearly seen that the asymmetric config-
uration leads to a significant decrease in the Q) factor. In order to study the reason
of this decrease we calculated the amount of electromagnetic modes in k-space that
lie within the light line. For each of the 3 configurations we plot the results in Fig.
2.13, in a linear as well as in a logarithmic scale. The black circle denotes the light
line. It can be clearly seen and it is shown in Table 2.3, that in the asymmetric
configuration case, the percentage of EM fields inside the light cone is increased by
a factor more than 2, which clearly illustrates the increase in the radiative losses, in
this configuration.

We attribute the strong decrease in the Q factor to the effect of the introduction
of the asymmetry in the structure (in that case with the inclusion of the AlGaAs on
one side of the QD layer) in the vertical axis. A possible reason is that this broken
symmetry results in coupling of the TE modes to the TM slab modes, which in turn
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Figure 2.11.: FDTD simulation of wavelength and quality factor Q in a L3 PhC
cavity in the asymmetric layer configuration, versus the hole radius. Parameters of
the photonic crystal structure used in the simulation: membrane thickness d = 200
nm, lattice constant ¢ = 240 nm.
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Figure 2.12.: Simple schematic representation of the 3 different layer configurations

studied.
structure mode wavelength
asymmetric layer configuration 975
GaAs membrane 995
symmetric layer configuration 971
Table 2.2.:
structure % of EM field within the light cone
asymmetric layer configuration 0.0103
GaAs membrane 0.0046

symmetric layer configuration  0.0054

Table 2.3.:



FDTD simulations of Photonic Crystal structures for higher collection efficiency of

44 photons
structure Collection Efficiency (%)
asymmetric layer configuration 24
GaAs membrane 30

symmetric layer configuration 32

Table 2.4.:
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Figure 2.13.: Fourier transform of the electromagnetic fields of the L3 cavity mode
for each of the three different layer configurations. Upper line linear and lower
line logarithmic scale. a) Asymmetric configuration, b) GaAs membrane and c)
symmetric configuration. Parameters of the photonic crystal structure used in the
simulation: radius of holes » = 70 nm, membrane thickness d = 200 nm, lattice con-
stant a = 240 nm. The E, field contains significant vertically-directed momentum
components contributing to vertical loss for the case of the asymmetric configuration.
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Figure 2.14.: Far field projections of the L3 cavity mode for the cases of: a) the
asymmetric layer configuration, b) the GaAs membrane and c¢) the symmetric layer
configuration.

causes absorptive losses [45].

Finally, we calculated the far field emission profile of the fundamental cavity mode
for each configuration and induced the collection efficiency for a solid angle of col-
lection of 33 degrees. Despite the increase in the radiative losses, in the asymmetric
configuration the far field profile shows reduced directionality, as compared to the
other layer configurations, as displayed in Fig. 2.14 and in the Table 2.4.

2.5. Robustness of the PhC cavity engineering

Slight modifications in the PhC design characteristics can have substantial effect
in several parameters that determine the cavity mode properties, as we saw in the
previous sections. Thus, the question that arises is what is the sensitivity of these
modifications. Realization of the optimized designs in the laboratory under the ac-
tual fabrication conditions leads to results that potentially deviate from the original
parameters. Therefore one needs to study how much the expected optimized results
are affected by the fabrication imperfections. This is the topic under investigation
in this section. FDTD simulations are also used here, in order to introduce the
expected fabrication errors and to study the limits or the tolerance regime of these
imperfections. Additionally, we explore the possibility of a beneficial effect on the
far field profile (and subsequently the collection efficiency) induced by ”slight” dis-
orders in the inner holes around the defect, since we know that mainly these holes
affect the cavity mode properties.

To our knowledge, the effect of these modifications on the Q factor and far
field profile had not been studied previously. A recent study of the effect of
an imperfect lattice and hole ellipticity on lifting the degeneracy of the dipole
modes of an H1 cavity was done in [46]. Additionally, after we had performed the
study presented in this section, the work of [47] was published, studying the effect
of the deliberate PhC disorder on the wavelength and Q factor of an L3 cavity mode.

The origin of the disorders can be traced down mainly to two important fabrica-
tion steps: the electron beam (e-beam) lithography step and the ICP etching step.
More precisely during the e-beam step, as we will see in the next chapter, the pa-
rameters determining the accuracy of the symmetry of the hexagonal lattice, as well
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Figure 2.15.: FDTD simulation results for the wavelength, the Q factor and the
collection efficiency, as a function of the ellipticity of the 6 inner holes surrounding
the defect. The ellipticity factor is defined as: € = r, /7.

as the geometry and size of the holes are influenced by the system properties, the
lithography resist and the settings that the user chooses. Furthermore, during the
ICP etching step the final radius and exact shape of the photonic crystal holes are
determined. Achieving perfect shape and homogeneousity of the holes is a big chal-
lenge. Particularly, as soon as the size of the features gets smaller, the deviations
from the specific design can be substantially larger.

These considerations, as well as the fact that the modifications in the inner holes
can substantially alter the far field properties of the cavity mode, lead us to consider
two different kind of disorders: those corresponding to a small spatial range (in the
PhC structure) and those corresponding to a larger range in the structure. Particu-
larly, the small range errors affect the 6 inner holes, the ones that mainly influence
the mode properties. For the large range imperfections we consider modifications in
the entire PhC structure. In these, we first separately investigate the modification
on the geometry and size of the PhC holes by randomizing the radii values. Second,
we investigate the effect caused by the modification in the lattice geometry, when
there is no perfect hexagonal symmetry.

More precisely, the study is focused on the modified H1 PhC cavity, with the
parameters chosen for optimized collection efficiency and Q factor. Our goal is to
estimate the effects of these modifications on the far field profile (and collection
efficiency) of the fundamental mode, as well as on the Q) factor. The results of these
studies are presented in detail in the following.

2.5.1. Short range imperfections: inner holes’ ellipticity and
" shift-stretch”

We start with the H1 modified PhC cavity in a membrane of 200 nm thickness,
lattice constant 240 nm and nominal radius of the PhC holes, 70 nm. The 6 inner
holes are modified in order to achieve high collection efficiency, as we saw in the
previous section. Their radius is 40 nm and they are shifted by 20 nm in the radial
direction. First we consider the effect of the ellipticity of the 6 inner holes. For this
purpose we introduce the parameter € = r,/r, where r, and r, are the radii of the
inner holes in the x and y directions. The results of the FDTD simulations regarding
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Figure 2.16.: Far field projections of the H1 cavity mode for the different cases of
ellipticity factor of the 6 inner holes: a) e = 0.708, b) € = 0.805 and c) € = 1.41.
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Figure 2.17.: Schematic of the optimized H1 cavity, where the 6 holes around the
defect denoted as A,B,C and D are shifted but not correctly in the radial direction.
The "shift-stretch” factor is defined as: o = s,/s,.

the mode wavelengths, the Q factor and the collection efficiency, as a function of
the ellipticity parameter are displayed in Fig. 2.15 and the corresponding far field
radiation patterns are shown in Fig. 2.16.

Next, we consider the imperfect shift of the 6 inner holes. Normally, as we have
seen, for the optimized design these holes should be shifted by 20 nm in the radial
direction. If however, the shift is not done in the perfect hexagonal symmetry the
result would be a small area around the defect where the lattice is "stretched”. For
this purpose we introduce the parameter ”shift-stretch”, defined as o = s,/s,, where
s, is the shift in the z axis of the two holes A and D in Fig. 2.17 and is always
sz = 20 nm. The FDTD simulation results for the wavelength, the Q factor and
the collection efficiency, as a function of the ”shift-stretch” parameter of the 6 inner
holes surrounding the defect are displayed in Fig. 2.18.

It can be deduced from both these results that the Q) factor is very sensitive to the
ellipticity and the parameter ”shift-stretch” of the inner holes, whereas the far field
profile is quite robust to these imperfections over a significant range. Notably, in
the case of inner hole ellipticity the results of the simulations reveal an improvement
in the Q factor for the case of an non-zero ellipticity value. This can be explained
as follows: with this elongation of the inner holes along the y direction, the overlap
of the electric field in the cavity with the air/GaAs interface is reduced, which as
we have already seen, leads to a reduction in the absorption losses and thus to an
increase in the cavity mode Q factor.
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Figure 2.18.: FDTD simulation results for the wavelength, the Q factor and the
collection efficiency, as a function of the ”stretch” in the shift of the 6 inner holes
surrounding the defect. The ”shift-stretch” factor is defined as: o = s,/s,.

2.5.2. Long range imperfections

Here we consider again separately the large range error in the hole size and in the
lattice symmetry properties. First we study the random hole size. For that purpose
we generate a PhC lattice with holes whose radii instead of the nominal value of 70
nm, vary between 68 and 72 nm. In the second case the variation range is larger: 65
to 75 nm. As for the 6 inner holes, their radius varies between 38-42 nm and 35-45
nm in the second case. We use the Matlab function rand to generate the random
numbers for the values of the radii. The grid step size used in this simulations has
to be further decreased to 1 nm. This increases significantly the simulation time
requirements.

For the first case, the cavity mode is shifted to 970 nm (instead of the initial value
of 979 nm). After FDTD simulations we calculate the collection efficiency as 50%,
which corresponds to a small decrease in the original value. The corresponding near
and far field profiles are shown in Fig. 2.19(a) and (c¢). The calculated Q factor
decreases drastically to the value of only 1600.

In the second case with the larger range of randomness in the radii values, the
simulated far field profile is drastically affected and re-directed outside the collection
cone, thus the calculated collection efficiency is below 1%. At the same time the Q
factor of the mode supported in the structure (which is in that case shifted to 965
nm) is calculated to be 1100. Fig. 2.19(b) and (d) display the near and far field
profiles in that case. Notably, in the presence of this disorder, the Cf, symmetry in
the H1 cavity in the hexagonal lattice is broken, thus the cavity mode can couple to
incoming and outgoing light of any polarization. This is very well depicted in the
near field distribution of the cavity mode in Fig. 2.19(b). The effect is probably
too small to capture with the simulations in Fig 2.19(a).

Next we consider the lattice imperfections. As we did for the case of only the
inner holes, here we "modify” the lattice such that the hexagonal symmetry is
not sustained. More precisely, we introduce the parameter "lattice stretch” [, as
follows: [ = axo\‘/yg 7 For the case of the normal perfect lattice the parameter [ is 1
(a; = 200 nm and a, = 207.85 nm). The case | = 0.962 corresponds to a lattice




2.5. Robustness of the PhC cavity engineering 49

©
N—r

(b)

y (microns)
y (microng)

0.1 0.7 = E 0.1
x (microns) x (microns)

(d)

Figure 2.19.: Near and far field projection of the H1 cavity mode for the case of

random PhC holes, a) and c) for random holes in the range of 68-72 nm and b) and
d) for random holes in the range of 65-75 nm .

Figure 2.20.: Far field projections of the H1 cavity mode plotted in a logarithmic

scale, for the different cases of the "lattice-stretch” parameter: a) [ = 0.962, b) [ = 1
and c) | = 1.01.
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Figure 2.21.: i) Micrograph of the H3 PhC cavity and ii) Plot of the different sim-
ulated modes (a), (b), (¢) and (d) that are sustained in a H3 cavity of » = 60 nm
hole radius and a = 240 nm lattice constant.

with a, = 240 nm and a, = 200 nm and the case [ = 1.01 corresponds to a lattice
with a, = 240 nm and a, = 210 nm. The far-field projections for the three values of
the "lattice-stretch” parameter [ are displayed in Fig. 2.20, in a logarithmic scale.
It is clear how drastically the far field profile is affected in the case of the imperfect
hexagonal lattice. The collection efficiency in these cases is reduced below 1%.

These findings demonstrate how sensitive is the far field optimization in an H1
PhC cavity to parameters that have to do with long-range imperfections. Thus, the
electron-beam lithography step, as well as the etching process are critical and should
be done meticulously, in order to benefit from the design optimization, set though
the simulations.

2.6. PhC cavities with bigger defect: H3 type

Here we present the optical properties of a PhC with a considerably larger defect
size. In particular, we consider the cavity with 3 layers of holes missing, which
creates the so called H3 type of defect. A micrograph of this type of cavity is shown
in Fig. 2.21(a). Also, in Fig. 2.21(b) we display the modes sustained in an H3
cavity, with PhC hole radius of » = 60 nm and a = 240 nm lattice constant. This
type of cavities can have a substantial high Q factor. However, due to their large
mode volume V.5 ~ 1.2(A/n)3, the coupling strength g and the ratio Q/V are
smaller as compared to the smaller defect cavities. In this type of cavity several
modes can be supported and are displayed in Fig. 2.22, in the near field as well as
in their far field projection.

2.7. Harvesting of light

Experiments showed that the improvement in collection efficiency of photons that
is achieved when embedding the QDs within PhC structures is significant, yet not
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Figure 2.22.: a) b) ¢) d) Near field profile of the cavity modes, corresponding to
Fig. 2.21 and i) ii) iii) iv) corresponding far field projections of the H3 cavity modes
corresponding to (a)-(d).

sufficient for important directions in the QD spin physics research. We are thus still
limited by the fact that our QDs are embedded in the GaAs semiconductor material
and a big percentage of the photons emitted are lost either in other directions other
than the vertical one, or outside the collection microscope solid angle. Hence, it is a
major challenge to improve further the techniques aiming at enhancing the collection
efficiency of photons.

To this end, one significant improvement is the use of a Solid Immersion Lens
(SIL), as in [48]. In the PhC crystal context, another significant advancement is to
use a Distributed Bragg Reflector instead of a simple GaAs substrate located below
the PhC membrane [38, 42]. With this improvement the probability of photons emit-
ted upwards, towards the collection lens, is enhanced. The study of other structures
or configurations, that involve a DBR cavity together with a PhC pattern, is also
under consideration. In Fig. 2.23 we show the comparison between a simple DBR
structure forming a A cavity with 25 layers of AlAs/GaAs and the same structure
with a PhC cavity added. The idea here is to confine the in plane leaky modes.
How this in plane confinement is achieved can be clearly seen in Fig. 2.23 for the yz
plane. The same comparison is done for the xz plane in Fig. 2.24. In these cases,
specific care should be taken such that the resonance of the DBR cavity coincides
with that of the mode in the PhC cavity.

Last but not least, the study of other structures or configurations, that do not
necessary involve PhC pattern, is also under consideration.
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Figure 2.23.: Calculated mode profile at yz plane for the case of a) a DBR cavity
¢) a DBR cavity together with an unmodified H1 PhC cavity.
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Figure 2.24.: Calculated mode profile at zz plane for the case of a) a DBR cavity
c) a DBR cavity together with an unmodified H1 PhC cavity.
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3. Fabrication of gated photonic
crystal microcavities

3.1. Introduction

Given the particular requirements for this project, which can be summarized as the
need for both charge control of the QDs and high @ photonic crystal (PhC) cavities,
one of the most challenging aspects was the development of the sample fabrication.
The developed process comprises three different parts, which we mention here with
the order that are performed:

Quantum dot growth
Electrical contact of the p and n doped layer

Fabrication of the free standing photonic crystal membranes

The first step is the growth of a single layer of semiconductor quantum dots in
the intrinsic region of a p-i-n structure, using Molecular Beam Epitaxy (MBE).
The emission wavelength of the self-assembled InAs QDs studied in this work was
between 930 and 990 nm. In this chapter we will discuss in detail the two last parts
which were the focus of our work.

3.2. Sample structure

We start this section by pointing out that during the process of the project the
sample structure was subject to certain modifications, given the new insight that
was gained and certain issues that had to be considered. The initial structure, with
which we performed the first measurements will be presented first. In the next, we
will address the modifications we made, as well as the reasons behind them.

The first sample structure, as depicted in Fig. 3.1(a), consists of the following
layers:
First, 1 um of sacrificial layer AlysGag2As is grown on top of a GaAs substrate.
This is followed by 50 nm of GaAs spacer layer and then 15 nm of n-doped GaAs
(Si dopant, doping ~ 2 - 10¥cm=3). The intrinsic region consists of 45 nm GaAs
followed by 50 nm of Aly2GaggAs blocking barrier that prevents hole injection into
the QD and inhibits current flow. The thickness of the photonic crystal membrane,
which is formed after the etching of the sacrificial layer, is 200 nm and the QD layer
is located at the center of it. Finally, a 40 nm layer of p-doped GaAs (C dopant,
doping ~ 10%em=3) is grown to complete the structure. With these parameters a
built-in electric field of F' = V};/d = 107 kV /cm acts on the quantum dots, due to
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Figure 3.1.: Simple schematic of the structure of the p-i-n sample a) used in the
first set of experiments. b) used in the second set of experiments. The sequence of
the different layers is shown.

a built-in voltage of V}; = 1.4 V. Therefore, in order to observe photoluminescence
from the QDs, carriers should be captured, thus we need to apply an external voltage
compensating for this built-in field.

The next sample structure, depicted in Fig. 3.1(b) and used in the experiments
that will be presented in Chapter 5 was modified as follows:
First, the AlyoGaggAs blocking barrier was removed and was replaced by intrinsic
GaAs. Second, the thickness of the p-doped layer was reduced to 30 nm and the
level of doping was reduced to 5-10*¥cm ™. These modifications were done aiming at
an increase in the Q) factor of the cavity modes. The reason is that the introduction
of an asymmetry in the structure (in that case with the inclusion of the AlGaAs
on one side of the QD layer) is responsible for a significant reduction of the Q-
factor (almost half predicted by simulations done with FDTD and presented in
the previous chapter). The reason behind this is that the broken symmetry in the
vertical axis results in coupling of the TE modes to the TM slab modes [45], which
causes absorptive losses. This strongly decreases the cavity Q-factor. Additionally,
the decrease in the doping of the p-doped layers was done in order to reduce the
absorption coefficient for this layer, which in turn results in the reduction of the
absorptive losses. However, the latter modification results also in an undesirable
decrease in the conductivity of the p-doped layer. This implies that higher voltages
should be applied to the sample such that the necessary electric field for the trapping
of charges is present at the location of the QD. As a result, higher current densities
are flowing through the structure. This issue will be discussed in more detail later in
the chapter. Finally, another contribution to the increase in the current flow through
the second structure is made by the absence of the AlGaAs blocking barrier, which
enables the holes to tunnel easily out of the QD.
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Figure 3.2.: a), b) Top view scanning electron microscope (SEM) images of an H1
and an L3 cavity respectively. ¢) Cross-sectional SEM image of a fabricated photonic
crystal (PhC) cavity. The undercut region shown has a width of 1 um. d) Zoom-in
image on the cross section profile of the PhC.

3.3. Photonic crystal suspended membranes

Once the sample growth is done, the next challenge is the contacting of the two
doped layers separately, a procedure which will be described later in the chapter.
The final step is the fabrication of photonic crystal cavities with high Q factors
and this will be the topic of this section. The quality factor of the PhC cavities,
which is strongly related to its fundamental optical properties, is determined first,
by the appropriate design of the structures and second, by the fabrication process.
Since the dimensions of the structures are on the order of nanometers, it is obvious
that the fabrication process is highly sensitive to small deviations from the ideal
(designed) photonic crystal geometry. On the other hand, the optical properties of
the devices can be significantly improved by careful optimization of the parameters
of the fabrication process. In particular, a crucial goal is to achieve straight hole
sidewalls of the photonic crystal, as well as uniform hole size and shape. Once the
fabrication parameters are optimized, the optical properties of the cavity mode are
limited only by the effect of the material absorption.

In summary, the PhC defect cavities are fabricated using a 2 layer, soft (PMMA)
and hard (SiN) mask. The photonic crystal pattern is created by an Electron Beam
Lithography step and transferred into GaAs by two steps of dry etching. Having
fully developed our photonic crystal cavity fabrication technology at ETH Zurich we
have succeeded in fabricating defect cavities in p-i-n diode structures, in suspended
photonic crystal membranes with measured quality factors Q, as high as 6500. Fig.
3.2 shows the top view and the cross sectional SEM images of fabricated L3 and H1
PhC cavities. Additionally, H3 PhC cavities (where the defect is formed by three
missing layers of holes) have been fabricated. Notably, similar photonic crystal
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Figure 3.3.: Photonic crystal fabrication process: evaporation and patterning of a
S, N, mask by e-beam lithography (using PMMA as a photoresist) and RIE etching.
Then, removing the rest of the PMMA soft mask, pattern transfer to GaAs with
ICP etching and finally underetching with HF.

cavity structures fabricated by us in an undoped GaAs membrane yielded higher Q
factors, of the order of 9000, which shows the effect of the doped layers in terms of
losses.

The implementation of a photonic crystal microcavity suspended in air is a
process which includes several steps [12]. The schematic of the fabrication flow, is
shown in Fig. 3.3 and comprises the following steps:

1.  Deposition of a 90 nm Si,NV, thin layer by Plasma Enhanced Chemical
Vapor Deposition (PECVD) on top of the sample. This layer is then used as a hard
mask for the pattern transfer to GaAs since it provides high selectivity. In this step
a mixture of SiH, and N H; were used.

2.  Spin coating of PMMA (Polymethyl methalycrate) which is used as the
photoresist for the Electron Beam lithography step (soft mask). The thickness of
this layer is approximately 100 nm.

3. Electron Beam Lithography is used in order to "write” the pattern on the
resist. The system used in the FIRST cleanroom facilities is the RAITH150 TWO,
operating at 30 kV. In order to improve the quality of the exposure several steps
were peformed and will be described in a next subsection.

4. The pattern on the resist is developed in two steps of dipping in a solu-
tion of MIBK (MethyllsobutylKetone) and IPA (IsoPropanol).

5. Reactive Ion Etching (RIE), in order to transfer the pattern from the re-
sist to the hard mask (S5%,/NV,). In this process a mixture of CHFj3 and Oy were



3.3. Photonic crystal suspended membranes 57

used as etching gases.

6. Removal of the remaining (unetched) PMMA from the sample, using a
two step Acetone/IPA cleaning process and 3 min of a soft oxygen plasma step
(oxygen plasma ashing).

7. Inductively Plasma Etching (ICP). This is the step during which the PhC
pattern is transferred from the hard mask (Si,NN,) into GaAs. It is the most
crucial and difficult step, since during this the holes are formed into the het-
erostructure and as discussed earlier, this determines the quality of the photonic
crystal cavity mode properties. We used the Oxford ICP system and developed a
recipe that allowed for vertical hole profile in a reproducable way, with Cly, Ar and
N> as etching gases. The detailed description of our process follows in a next section.

8. After transferring the PhC pattern into the GaAs-AlGaAs heterostruc-
ture, the free standing membranes are formed by immersing the sample into
HF : HyO (1:5) for 35 sec. The acid flows into the holes and etches solely the 1
um of AlyoGaggAs, thus the air-suspended PhC membrane is formed. We used
an Al content of 0.8 since it has a very high etching selectivity compared to GaAs
when using HF. The undercut region varied between 0.5 to 2 pum, depending on
the exact time that the sample was kept into the acid and the size of the photonic
crystal holes. In Fig. 3.4(a) and (b) top view images of the fully processed photonic
crystals membranes are shown. The underetched regions are indicated as the light
yellow and the light gray regions around the structures, in the microscope picture
(Fig. 3.4(a)) and the SEM picture (Fig. 3.4(b)) respectively. Cross-sectional SEM
images of fully processed PhC cavities are shown in Fig. 3.5(a) and (b), where the
sufficiency of the HF wet etching is compared (In Fig. 3.5(b) the under-etching was
not sufficient). Finally, in Fig. 3.6 we show the top view and cross sectional SEM
images of the PhC cavity, after each main step of the fabrication process, before
the formation of the free standing membrane.

3.3.1. Electron Beam Lithography

With this first step the photonic crystal structure is ”written” on the photoresist.
Any error or deviation from the perfect lattice that is created in this step will be
"propagated” and enhanced through the following fabrication steps. That is why
it is very important to start with as optimum structure as possible. This involves
the morphology of the photonic crystal holes, as well as the lattice properties
(lattice symmetry). Both are important for the creation of a photonic bandgap
with minimum losses (in plane losses), as well as for the location of the cavity
mode inside the bandgap. More precisely, there are two important characteristics
that should be fulfilled concerning the PhC holes: their size and shape should be
homogeneous over a large range, but also each hole’s geometry and size should be
precise. Any disorder in smaller or larger scale disturbs the translational symmetry
of photonic crystal lattice, therefore induces losses. Additionally, control of the final
radius of the holes should be achieved. More particularly, special attention should
be given to the holes that surround the cavity defect and are modified (shifted
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Figure 3.4.: a) Top view microscope image of a fully processed L3 PhC. The light
yellow coloured area is the underetched membrane. b) Top view SEM image of
another fully processed L3 PhC. Here again the lighter coloured area shows the
underetched membrane, which is significantly smaller than the one in (a).

@ e

Figure 3.5.: Cross sectional SEM images of the PhC cavities after the formation of
the free standing membrane with HF wet etching. a) The underetch has worked
well. b) The HF wet etching was not sufficient for the underetch of the membrane.
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Figure 3.6.: SEM images of the PhC cavities after each main fabrication step, before
the formation of the free standing membrane. a) Top view of an L.3 PhC cavity after
E-beam lithography, b) cross sectional image of the PhC cavity after the E-Beam
lithography c) cross sectional image of the PhC cavity after RIE etching, d) cross
sectional image of the PhC cavity after ICP etching.

Figure 3.7.: Top SEM images of the PhC cavities after the E-beam lithography step.
a) Top view of an L3 PhC cavity after E-beam lithography where the homogeneousity
of the holes is seen. b) Zoom-in SEM image of the photonic crystal holes where the
circular shape can be observed.
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or shrunk) for an optimized design, since they are more sensitive to variations
from their exact size and shape. Here, we will present the different approaches we
followed in order to address these issues.

~In order to achieve the desirable homogeneousity of the holes, we used the
prozimity effect correction which has been established previously in the field of
photonic crystals [12, 49]. In the proximity effect, the exposed holes that are
surrounded by other holes (and thus are the ones located at the center of the
structure) become more strongly exposed than they would have been if only the
primary electron beam was present. In order to compensate for the proximity effect,
the exposure dose of the inner holes has to be reduced compared to the outer holes
of the photonic crystal. The modification of the holes’ exposure doses is done with
predictive computational methods. More precisely, we make use of a point spread
function (PSF) that characterizes the forward and back scattering electrons in the
system and whose parameters are optimized (with numerical methods) such that
the outcome is the required exposure dose distribution. This distribution corrects
for the proximity effect.

—The step size of the exposed feature was chosen to be 1 nm such that bet-
ter accuracy in the periodicity of the structures and in the hole size and shape
could be achieved.

—The particular system provides a circular mode for defining the exposure
structures, which we used. That feature gave nice circular holes. Fig. 3.7 shows top
view SEM images of the photonic crystal holes after the E-Beam lithography step.

~A smaller Write Field (WF) of 7 wm was used. In that way we achieved
two steps of improvement: first, the grid step size of the structures was smaller,
resulting in better accuracy in defining the structures and second since the electron
beam was deflected much less, (it is normally centered at the center of the WF)
better results were achieved in terms of focusing and astigmatism.

—In order to control the exact radius of the holes we varied the applied expo-
sure dose that was used for the "writing”. Generally the dose applied to each
exposed feature is proportional to the electron beam current I, the dwell time of
the beam at each point ¢, and a scaling constant D that we define when we set the
exposure. In our e-beam exposures we varied D between the values 1 and 4 in steps
of 0.25, in order to achieve the desirable accuracy. The electron beam current was
usually on the order of 300 pA resulting in a dwell time of around 10 msec. We
measured the radius r of the holes by taking SEM images after the final wet etching
step, for devices with different exposure doses, in order to calibrate our exposure.

3.3.2. Pattern transfer into GaAs

This is the most crucial step towards the fabrication of a photonic crystal structure.
It is the step during which the photonic crystal pattern is transferred from the hard
mask to the GaAs. As a hard mask, as we pointed out before, we used 90 nm of
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Figure 3.8.: SEM images of the ”cleaving” pattern. a) Top view SEM image where
each small white square corresponds to a PhC structure and each one of the different
"blocks” corresponds to a different hole radius and dose factor. b) Zoom-in and cross
sectional SEM image at finite angle, of the "cleaving” pattern. The cleaving has
been done such that one device in each "block” is cut through its middle.

Si, N, which gives good etching rates and selectivity. The sensitivity of this step is
high and the parameter range of the etching process that one can explore in order
to achieve the optimum result, is relatively large. Particularly, the aim is to achieve
the following features:

vertical (straight) sidewalls of the holes
sufficient etching depth (such that the GaAs membrane is fully etched)

avoid roughness and disorder of the holes.

Therefore there is a need of a systematic way of varying the parameters and
inspecting the results with the SEM.

For this systematic study the procedure was as follows: The samples were prepared
by an electron beam lithography step (L3 and H1 photonic crystal cavities) in a
staggered way, etched with a specific ICP recipe and cleaved through the array,
such that inspection of the cross sectional profile of the holes could be possible. We
tested several recipes where we varied different parameters until we finalized the
recipe which gave straight and smooth holes of 40 to 80 nm radius for a hexagonal
lattice of 240 nm and 245 nm lattice constant. Here we should point out that the
etching parameters are strongly dependant on the diameter of the holes. Fig. 3.9
displays the cross-sectional SEM images of the photonic crystal holes, after the steps
of RIE etching and ICP etching, where the residual SiN has not been yet removed
with HF. Clearly, vertical profile of the holes is transferred from the hard mask to
GaAs.

In the plasma etching mechanism, plasma is generated in a chamber at low pres-
sure by an electromagnetic field. This oscillating field ionizes the gas molecules,
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AlGaAs

Figure 3.9.: Cross-sectional SEM images of the cleaved devices after a) RIE etching,
where the pattern is formed in the SiN hard mask. b) ICP etching, where the holes
are etched into the GaAs. The etching depth is about 220-240 nm. In both cases
the hole sidewall profile is vertical.

thus forming the plasma. The electrons are accelerated up and down in the cham-
ber, striking the wafer and the chamber walls. At the same time the high energy and
more massive ions from the plasma attack the wafer surface and react with it. The
electrons that are absorbed by the wafer surface cause a charge build-up. There-
fore, a large negative voltage between the wafer and the plasma itself is formed,
which accelerates the ions. As a result, the ions react chemically but also they can
knock off (sputter) some material, transferring some of their kinetic energy to them.
This leads to the anisotropic etching. In particular, for the ICP etching the energy
for the generation of plasma is supplied by electrical currents which are produced
by electromagnetic induction that is, by time varying magnetic fields. Here, the
dense plasma is produced under relatively low bias conditions which improves the
selectivity of the etch. The main parameters that affect the pattern transfer during
etching with ICP include the flow rate of the etching gases (Cly, Ar and N,) into
the chamber, the ICP power used to create the plasma, the RF power used to ac-
celerate the plasma towards the sample, the corresponding DC Bias, the total gas
pressure maintained in the chamber, the temperature of the plasma in the chamber
and finally the total time of the process.

In the dry etching systems there are two kind of etching processes that are com-
peting: the chemical and the physical etching. The best results are produced by
a compromise between the two. Increasing the DC Bias and reducing the pressure
results in a more physical etching, whereas high concentration of Cly increases the
chemical etching. In Fig. 3.10 the holes’ sidewall profile is displayed for each case
of the two mechanisms being dominant, as well as for the case when the balance
between the two is achieved.

Here we summarize the effect of each of the etching parameters after the analysis
we performed of all the different variations.

Etching Gases: The primary chemical etchant is Cl,. We added Ar in or-
der to favor the physical etching. Since too high Ar concentration roughens the
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Figure 3.10.: Cross-sectional SEM images of the cleaved free standing membranes
of the devices after ICP etching and HF wet etching. a) The physical etching is the
dominant mechanism resulting in the conical shape of the holes’ sidewalls. b) The
chemical etching is the dominant mechanism, resulting in the u-shaped profile of the
holes. ¢) The balance of the two etching mechanisms results in straight sidewalls.

surfaces of the holes, thus deteriorating the quality factor, we found that decreasing
Ar rate and introducing H, instead improved the smoothness of the holes.

Gas Flow: Higher flows of the etching gases result in less smooth PhC side-
walls.

ICP Power: We chose the value of 600 W necessary for the creation of
plasma but we did not observe any strong effect on the outcome profile while
varying this value.

DC Bias: The most important factor that determines the sidewall angle.
For our process the optimum value is 210 V. Changing this value affects the
acceleration rate of the plasma towards the sample, thus affecting the angle at
which the particles are impinging on the surface.

Chamber Pressure: This was our fine tuning parameter for the sidewall
profile. Normally it should be kept low for straight sidewalls (below 4 mTorr), but
we also found out that by fine correction steps of 0.5 mTorr we could achieve a
perfectly straight sidewall profile. Fig. 3.11 illustrates how we achieved the fine
tuning of the sidewalls by small variations in the pressure.

Temperature: In general, we used low temperatures in the etching chamber
for our etching recipe. We obtained the optimum results for the temperature range
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Figure 3.11.: Cross-sectional SEM images of the cleaved free standing membranes
of the devices after ICP etching and HF wet etching, showing the effect of the
pressure on the fine-tuning of the sidewall angle of the holes. The pressure was
increased from a) 1.5 mTorr to b) 2.3 mTorr in order to achieve the best vertical
profile.

of 40 to 50 C.

Time: The duration of the etching step determines the depth of the etched
holes. For that we needed to test several samples for different times in order to
establish the etching rate of our process. The time that we finally used for the
etching step solely, was 35 sec, for a depth of 200 nm (thickness of the GaAs
membrane) with the parameters that we discussed previously. We note that during
the first 5 sec of this step were attributed to the generation of the plasma, thus no
etching was performed during that time.

An example of the improvement in the holes’ shape after the full processing is
shown in Fig. 3.12. Fig 3.12(a) shows the top view SEM image of the photonic
crystal holes after ICP etching and HF wet etching that do not have nice circular
shape, instead their shape is random. The optimized result is shown in Fig. 3.12(b).

Finally, we point out that for all the fabricated devices that would be measured
and be used in the experiments, there was a test sample with the previously men-
tioned staggered pattern of cavities that was processed in parallel, cleaved and in-
spected with the SEM. This was done in order to gain control of the relation between
the fabrication results/features and the measured properties of our devices. Addi-
tionally, the PhC cavities fabricated for characterization and measurements, were
designed to be at the center of a "number” field. This means that in parallel with
the cavity fabrication we fabricated numbers on the sample to create distinct fields,
similar to a coordinate axis. Thus, each cavity had individual coordinates; the two
numbers corresponding to each row and each column. This was an easy and con-
venient way to be able to localize the devices and then find them again after each
cool-down. A microscope image of the above approach is depicted in Fig. 3.13.
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Figure 3.12.: Top view and zoom-in SEM images of the fully processed photonic
crystal holes (after ICP etching and HF wet etching). a) The holes do not have
perfect circular shape, instead their shape is random. b) The holes have nice circular

and homogeneous shape.

Figure 3.13.: Microscope image of the fabricated PhC cavities and the respective
"number” field. Each cavity in the same row corresponds to the same exposure dose
factor and each cavity in the same column corresponds to the same radius of holes

(but different dose factor).
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3.4. Electrical Contacts

The system of a coupled QD to a cavity mode has been studied excessively over
the last years with the realization of very important experiments. In those, strong
emitter-field coupling was achieved by a deterministic positioning scheme based on
AFM metrology [30]. The quantum nature of the system was proved by studying
the quantum statistics of the emitted light [23]. However, in all cases the charging
state of the QD could not be controllably set.

Deterministic charging of the QD implies control over the number of excess elec-
trons that are located inside the QD. Usually for that purpose the self-assembled
QDs are embedded in a Schottky-diode, forming the so-called ”field-effect” device.
A gate voltage V; is applied between a top metallic gate (Schottky contact) and a
back contact which is formed by a n-doped layer below the QD layer, which acts as
an electron reservoir, creating an electric field along the growth direction. However,
if we were to follow this procedure and deposit metallic layers on top of the PhC
cavity, that would induce detrimental absorptive losses to the cavity mode. The
solution in order to avoid this, is to embed the QD layer in the intrinsic region of
a p-i-n structure [50]. With this approach and the presence of the doped layers
there is no need to deposit a metallic layer on top of the photonic crystal structures.
The charging of the quantum dots can be implemented in the same way as in the
usual ”Schottky” samples. However, the challenge is to establish electrical contact
to the two doped layers separately, such that the electric field will be present at the
location of the photonic crystal cavities. In the following, we will present in detail
the procedure we followed for contacting separately the two doped layers, as well
as the difficulties encountered. Moreover, we will discuss the issues to be further
considered.

The first step was to etch completely the p doped layer, only at a small area of
the sample. This was done by a photolithography step followed by wet chemical
etching. With photolithography we created a well defined area on the sample
(usually the first 2 mm of the sample) that would be subsequently etched. The
resist used was the MAN1045, a negative photoresist. Therefore, the area that
was not exposed, was removed after the development and thus later etched.
Then we dipped the sample into fosforic acid (H3POy : HyOs : HyO = 3 :
1 : 50) for 50 seconds. This was followed by a dip in distilled (DI) water for
30 sec. Measurements (with the Tencor Alpha-Step 500 profiler) showed that
this allowed to etch 50 to 70 nm of the structure, enough for etching out the
p-doped layer, therefore address solely the n-doped layer, when a metallic gate
was deposited on top of it.

Next, ohmic gates and Ti-Au top gates were deposited by the Univex evap-
oration system (Evaporation Univex 500) in the FIRST cleanroom facilities.
There, an electron gun evaporated the selected metal until the required thick-
ness of metal layer was deposited. The ohmic gates consisted of many layers
of Au, Ge and and Ni with a total thickness of 280 nm (150 nm Au) and they
were deposited on the etched part of the chip. Following deposition, the sam-
ple was heated in rapid thermal annealer (RTA) to diffuse the metal layer into
the sample in order to establish contact with the n-doped layer. The sample
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Figure 3.14.: Schematic of the sample structure after etching of the p-doped layer
and separate contacting.

was heated in the RTA up to 390 C. Next, the Ti-Au top gates were deposited
on the unetched part of the sample in a second evaporation step, establishing
contact with the p-doped layer. To obtain a good ohmic contact even without
annealing the contacts, the top p-layer of the sample was very highly doped
(p~ 10"%cm™3). Eventually, the sample presented a clear diode behaviour.

The device was then ready for the fabrication of the photonic crystals.

Fig. 3.14 depicts a schematic of the sample structure after the etching and gating
steps and it shows how the two doped layers can be addressed separately. In Fig.
3.15 we show the microscope images of the fabricated samples, after all the steps
have been performed. In Fig. 3.15(a) the field of the different cavities is shown
together with the two ohmic contacts. The two different colors on the sample cor-
respond to the etched and the unetched part. Fig. 3.15(b) depicts the zoom-in
microscope image of the area between the etched and the unetched part. The line
shown corresponds to the border between the two areas. Finally, Fig. 3.16 displays
the I-V characteristic recorded from the p-i-n structure at 4 K. Notably, the onset
voltage of the photodiodes is typically ~ 1 V instead of the 1.5 V, expected for a
GaAs p-i-n structure. This discrepancy is reported also in other relevant works [35]
and the reason is still to be defined. A possible explanation is that it can be due
to a "parasitic” diode that is connected in series with our diode and has smaller
threshold voltage and area. This kind of diodes display a premature turn-on due to
leakage through either surface states at the perimeter of the diode chip or defective
regions within the junction. This is displayed in Fig. 3.17, where the I-V charac-
teristic for the p-i-n junction is recorded at room temperature. In order to pinpoint
the origin of this ”parasitic” diode, we consider the way of contacting separately the
two doped layers. We argue that the etching of the p-doped layer, forming a ”step”
on the sample structure, as it can be seen in Fig. 3.14 could be a source for the
formation of this parasitic diode. However, in order to establish this, further study
of the contacting method of the doped layers is in progress.
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Figure 3.15.: Microscope image of the fabricated PhC cavities on the sample after
the ”contacting procedure”. a) The field of the different cavities is shown together
with the two ohmic contacts. The two different colors on the sample correspond
to the etched and the unetched part. b) Zoom-in microscope image on the area
between the etched and the unetched part; the line shown corresponds to the border
between the two areas.
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Figure 3.16.: Typical I-V characteristic recorded from the p-i-n structure at 4 K.
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Figure 3.17.: I-V characteristic recorded from the p-i-n structure at room temper-
ature, where the two diodes, the "good” and the parasitic are shown.

3.5. Diode characteristics and resistance in the p-i-n
samples

In this section we will address the important parameters that determine the electrical
and diode behavior of the p-i-n samples, as well their displayed resistance. These
are:

- the dopant concentration of the n and p doped layers.

- the thickness of the doped layers.

The combination of doping concentration and thickness of the two conducting
layers should be, in one hand, high enough such that the layers can have a sufficient
conductivity, since surface depletion regions are formed in all n or p GaAs/air in-
terfaces. The higher the dopant concentration is, the shorter the depletion length.
On the other hand, a big increase in the doping concentration can induce significant
optical losses (especially since the n-doped layer is located very close to the QD
layer and thus to the cavity field maximum). The absorption coefficients for n and
p doped GaAs for the wavelengths under study are on the order of 10 em ™! for the
n-doped layer and 50 cm ™! for the p-doped layer. As an indication of the optical
losses induced by the doped layers, we point out that the devices we fabricated in
undoped GaAs membrane samples displayed Q factors a factor of around 2 higher
than the devices fabricated under the same conditions in p-i-n samples. In order
to estimate the total absorptive losses o = )\ga’zs we need to estimate the Qs first.
If we write the total QQ factor as the sum of the intrinsic losses and the absorptive
losses:

SR O S — (3.1)
Qtotal Qim‘,r Qabs,GaAs Qabs,doping .

or in other terms:
S — (3.2)
Qtotal Qundoped,GaAs Qabs,doping ‘

The contribution from the intrinsic and absorptive losses without doping,
Qundoped,Gaas can be found from the measured Q factors of the cavity modes in
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n-doping and thickness n-n resistivity (K2)
3-10%em ™2, 15 nm 1
1-10%em=3, 30 nm 1.3

Table 3.1.:

p-doping and thickness p-p resistivity (KQ)
5-10%em =3, 30 nm 10
5-10%em ™2, 40 nm 7

9-10%em =2, 40 nm 3.8
1-10Y%em =3, 40 nm 1.7

Table 3.2.:

undoped GaAs membranes. Taking the experimental values of Q;.: = 8000 and
Qotar = 4000 we estimate that o = 50 em ™.

The doping concentration of the n-doped layer determines the density of the elec-
tron reservoir which in turn is an important factor affecting the electron co-tunneling
rate. The latter determines the spin pumping rate [51]. Therefore, a compromise
should be obtained for these effects. Starting from low doping concentration and
small layer thickness, we gradually increased these, in order to achieve better con-
ductivity of the doped layers. In the tables 3.1 and 3.2 we show the results of the
measurements of the resistances between the two contacts, for each of the doped
layers, n and p, as were performed in different samples. The different samples had
different configurations of doping concentration and doped layer thicknesses. From
these tables it is clear that since for the p-doped layer no annealing is done, the
resistances are higher and thicker layer as well as higher doping concentration are
required to establish good contact to that layer.

Apart from the depletion layer induced at the membrane-air interface, the presence
of the photonic crystal holes also creates a depletion layer around them. The width
of this depletion region § will depend on the doping level, the material (GaAs in our
case) and the etching parameters [52]. The resistance of the structure, or in other
words, the available volume for conduction, will then depend on the depletion width
around the holes and at the air-slab interface and on the PhC lattice parameters
(lattice constant a and radius of holes r). For a certain r/a ratio depending on
the depletion width, the interhole distance relevant for electrical conduction will be:
lag = a—28 —2r. Thus, if § is sufficiently large, then the material between the holes
can be completely depleted of carriers, resulting in very high resistivity.

In order to measure the additional resistance induced by the photonic crystal
holes for different parameters, we performed the following measurements along the
lines of reference [52]. We measured the resistance of the doped layer with and
without the presence of the PhC pattern and for several different radii (keeping the
lattice constant the same, a = 240 nm). The sample we used for this measurement
had the following parameters:

—Thickness of the n and p layer: 15 and 30 nm, respectively.
~Doping of the n and p layer: 3-10'® and 5 - 10®¥cm ™2, respectively.
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Figure 3.18.: Measured resistance of the PhC field as a function of the r/a ratio,
for fixed lattice constant a = 240 nm.

In Fig. 3.18 we show the resistance of the PhC for the given lattice constant
and doping level, as a function of the ratio r/a, after measuring the radius of the
fabricated holes with the SEM. Also, the resistance that is displayed as Rpp¢ is the
difference between the measured resistance and the resistance of the sample before
the fabrication of the photonic crystal structures, Re;.

From the previous measurements we can conclude that the presence of the PhC
structures is not increasing drastically the resistance of the sample, with the given
lattice parameters and etching process. Thus, the high currents (~ 1 mA) that are
measured in our samples when photoluminescence or resonant signal from the QDs is
observed (in and out of the PhC structures) cannot be explained by this. Moreover,
emission from the QDs is observed when the diode seems to be forward biased and
above the turn-on voltage (above ~1 V), something that is not expected, as in
these conditions current should flow through the sample and therefore the charges
should not be trapped. An explanation to this is that there is a voltage drop across
the sample which results in a much smaller voltage difference at the location of
the QDs, such that the effective field that the QDs 7see” corresponds to a value
below the turn-on of the diode. This can be seen also from the slope of the QD
lines at these voltages (due to the DC Stark shift), which implies that the high
current is flowing through a parallel conduction channel, as we already discussed.
We argue that this can be due to the contacting procedure to the doped layers, as
we mentioned before; the contact pads are located further away from the location
of the PhC structures and also are intercepted by an etched surface (where the p
layer is etched). Fabrication of new contact pads, closer to the PhC structures is
currently under study, in order to examine the effect on the current and bias voltage
conditions required for emission from the QDs.
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4. Control of the Spontaneous
Emission Rate of a QD in a p-i-n
PhC cavity

4.1. Introduction

Many applications in the field of photonics and quantum optics are based on the pos-
sibility to manipulate the spontaneous emission rate of emitters and to guide energy
into certain optical modes. This effect using cavity structures was first proposed by
Purcell [26] and later, with the introduction of photonic crystals [15, 27] the pho-
tonic bandgap was used to control light propagation. In this chapter we will discuss
how the modification of the spontaneous emission rate of quantum dots (QDs) em-
bedded in photonic crystal (PhC) cavities in p-i-n structures is achieved. Compared
to other systems, here we have the novel possibility to tune both the cavity mode
and the quantum dot spectrally with respect to each other, such that the Purcell
regime (discussed in Chapter 1) can be controllably reached, as demonstrated also
in [35]. This yields an unprecedented control of the fundamental properties of the
system. Additionally, the system we study entails a PhC cavity mode coupled to a
precise excitonic state of a QD, controlled by an external voltage and for the set of
experiments described in the present work, this is the starting point. In the follow-
ing sections we will show how the QD-cavity mode coupling was tuned in order to
bring the system into the Purcell regime, in both H1 and L3 PhC cavities in p-i-n
structures. The particular benefit of these experiments is mainly the enhancement of
the spontaneous emission rate of the QDs, due to the coupling to the cavity mode.
This, along with the improvement in the collection efficiency of photons through
the cavity mode profile (discussed in Chapter 2), result in an enhancement in the
extraction efficiency of photons from the QDs.

4.2. Background

4.2.1. Sample Structure

First we will present the exact sample structure, including both the characteristics
of the heterostructure and the photonic crystal cavities. We note that all the
devices studied and presented in this chapter were fabricated in the the same type
of heterostructure, which is displayed in Fig. 4.1(a) and in summary is the following:

A single layer of InAs QDs is embedded in the intrinsic region of a p-i-n diode
structure. The photonic crystal membrane is grown on top of 1 um AlGaAs sac-
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Figure 4.1.: a) Schematic of the p-i-n structure used for these experiments. b), ¢)
Top view scanning electron microscope (SEM) images of an H1 and an L3 cavity
respectively.

rificial layer, which is later removed by selective chemical etching, to give rise to a
free standing membrane. The thickness of the membrane is 200 nm and the QD
layer is located at the center of it. The p-doped layer has a thickness of 40 nm
and the n-doped layer 15 nm. An AlGaAs blocking barrier is introduced above the
QD layer, in order to prevent holes from tunneling out, with a thickness of 50 nm.
Additionally, the tunneling barrier (that is the distance between the QD layer and
the n-doped layer) is 35 nm. The intrinsic region has a width of 95 nm.

The PhC cavities are fabricated as described in Section 3.2 and their SEM images
are depicted in Fig. 4.1(b) and (c). A schematic of a fabricated device is illustrated
in Fig. 4.2(a) and in Fig. 4.2(c) and (d) the cross-sectional SEM images of the
fabricated devices are displayed. In these samples we achieved Q-factors as high as
6000 for L3 and 4000 for H1 cavity modes. We note here that for similar fabrication
conditions in samples without any doped layers the highest Q-factor achieved was
9000, which shows the effect that the doping has, in terms of introducing absorptive
losses to the cavity mode. Additionally, the focus of the design optimization we did
with the FDTD method was not aiming at an increase in the Q-factor, but rather
at an increase in the collection efficiency of photons, as we have already discussed
in a previous chapter.

4.2.2. Experimental techniques

Here, the optical properties of the photonic crystal H1 and L3 defect cavities are
investigated at 4 K, with the methods that were described in a previous chapter
(Chapter 1). For micro-photoluminescence (pPL) experiments excitons are gener-
ated optically with a continuous wave laser operating at 780 nm, e.g. above GaAs
bandgap. The laser beam is focused on the sample with a high numerical aperture
(NA) of 0.55 microscope objective which results in a nearly diffraction limited spot
size. The same microscope objective is used to collect the pPL, which is then dis-
persed in a 0.5 m spectrograph and detected with a nitrogen cooled CCD camera.
The spectral resolution of the system is 50 peV. Typical PL spectra from H1 and
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Figure 4.2.: a) Schematic of the device structure. The quantum dot (QD) layer is
located in the intrinsic region of a p-i-n structure of 200 nm thickness. Bias voltage
is applied between the p and the n-doped layers. b) Cross-sectional SEM image of
a fabricated photonic crystal (PhC) cavity. The undercut region shown has a width
of 1 um. ¢) Zoom-in image on the cross section profile of the PhC.

3000 700

(b)

- BOO-M—JM
T T T T _A T
940 950 960 970 925 935 945 955
Wavelength (nm) Wavelength (nm)

Figure 4.3.: PL spectra at 4 K at high excitation power and at V,,,; = 1.7 V of an
a) H1 and b) L3 PhC cavity. The insets display the corresponding SEM top view
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L3 PhC cavities at 4 K and at finite value of the applied voltage are shown in Fig.
4.3(a) and (b). As expected from the theoretical considerations, the integrated PL
intensity of the H1 cavity modes is much larger than the one of the L3 cavity mode.
This is because the H1 radiative losses are larger than the ones of the modified L3
cavity, thus this cavity shows a lower Q) factor.

For time-resolved spectroscopy we use a time-correlated single photon counting
(TCSPC) setup and a pulsed Ti:Sapphire laser (790 nm, 76 MHz). The lifetime
measurements are performed using an Silicon avalanche photodiode (APD) and the
spectrometer is used for the desired spectral selection of a single QD emission. We
could choose between two different APDs, one with temporal resolution on the order
of ~ 100 psec and one with 40 psec. The first one has significantly higher quantum
efficiency (QE), 25% at 950 nm, while the second one has a very low dark count rate
(DCR) < 2 Hz but very low quantum efficiency ~ 4% at 900 nm.
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Figure 4.4.: a) Typical I-V characteristic recorded from the p-i-n nanocavity pho-
todiode. b) Schematic of the band diagram of the quantum dot (QD). Electrons are
added to the quantum dot one by one as the applied voltage between the p and the
n doped layers changes. ¢) Photoluminescence spectrum at 4 K of a single quantum
dot and of an L3 cavity mode in the p-i-n structure as a function of applied voltage.
The different charging states of the QD are denoted as X° for the neutral exciton
and X! for the singly negatively charged exciton, while the cavity mode is denoted
as C. The emission of the cavity is independent of the applied voltage but the ex-
citonic transition wavelength differs for each charging state. Additionally, the DC
Stark shift is observed. The brighter emission for the negatively charged exciton is
a sign of coupling to the cavity mode.



4.3. Tuning of the Cavity-QD coupling and control of the spontaneous emission
rate 7

4.3. Tuning of the Cavity-QD coupling and control of
the spontaneous emission rate

In this section we start by describing briefly how the control of the charging state of
the QDs is achieved in the p-i-n structure. Normally in the QD spectroscopy mea-
surements, in order to ensure that the QD has a single excess electron at any given
time, it is embedded in a Schottky-diode. A gate voltage Vg is applied between
a top metallic gate (Schottky contact) and a back contact which is formed by a
n-doped layer below the QDs, creating an electric field along the growth direction.
To avoid the detrimental absorptive losses on the cavity mode due to the metallic
layers, we use the p-i-n structure [35, 50, 53]. By applying a bias voltage to the
two doped layers separately, the sample presents a diode behaviour, as can be seen
in Fig. 4.4(a), where the I-V characteristic curve for a fabricated sample (including
many PhC cavities) is displayed. The modification of the electric field between the p
and the n doped layers causes tunneling of electrons from the n-doped layer, which
acts as an electron reservoir, to the QD. This is schematically illustrated in Fig.
4.4(b), where the band diagram for a charge tunable QD in a p-i-n diode structure
is shown. The applied voltage selects the number of resident electrons in the QD,
therefore it defines its charging state and its emission energy. In PL measurements
we observe discrete emission energies which can be attributed to different charging
states denoted as X, X!, referring to a neutral exciton (bound electron hole pair)
and a negatively charged exciton (two electrons and a hole). Fig. 4.4(c) displays a
typical photoluminescence spectrum at 4 K of a QD and a cavity mode in the p-i-n
structure as a function of applied voltage. Several sharp emissions lines are observed,
all of which shift to lower wavelengths as the applied voltage increases. In addition,
a prominent broad line is observed at the wavelength of 987 nm, which is unaffected
by the bias voltage. We identify the broad line in Fig. 4.4(c) as the fundamental
cavity mode of the L3 defect nanocavity. The other lines showing wavelength
shifts with applied voltage are the single excitonic transitions from various QDs
located in the focal spot of our excitation laser. Typically the X ! state appears at
more positive voltage and shows a characteristic red shift of 4 nm with respect to X°.

The modification of the spontaneous emission (SE) rate of a QD implies that it is
located inside a photonic bandgap (PBG) and in certain cases is coupled to a cavity
mode. In such a case, there is an enhancement in the SE rate of the QD, which
is described by the Purcell effect. A first indication of QD-cavity coupling is the
enhancement in the PL emission intensity from the QD. An easy way to identify
the QDs that are more likely to exhibit this coupling, is to perform the so called
"gatesweeps”. These are measurements where the PL emission is recorded as a
function of applied voltage. Two examples of these measurements are displayed in
Fig. 4.5(a) and (b) for an H1 and L3 cavity respectively, performed at low excitation
laser power (below or at saturation of the QD), such that cavity mode emission is
not prevailing over the ”weaker” QD lines.

In order to achieve QD-cavity coupling, spatial and spectral matching is re-
quired. Spatial matching requires a precise positioning of the QD inside the cavity
defect such that it is located at the field maximum. This has been implemented
successfully [30], but it is not a trivial task. Furthermore, it is more important for
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Figure 4.5.: PL spectra at 4 K and at low excitation power as a function of applied
voltage of an a) H1 and b) L3 PhC cavity. The white dashed lines denote the cavity
modes. In Fig. 5(a) the QD exciton emission can be seen in between the two H1
modes. In Fig. 4.5(b) the charging states of a single QD can be identified. The
brighter QD lines reveal a coupling to the cavity mode.

achieving the strong coupling regime rather than the weak coupling. Here, we used
samples with QD density which varied (from medium up to high) and we fabricated
hundreds of PhC structures in order to find the ones that had a certain number
of QDs inside the cavity defect region (the size of which is less that 1 pum) and in
the spectral vicinity of the cavity mode. Usually this number was between 1 to 5
QDs, sufficient for our experiments. Naturally, this involves lengthy measurements,
attributed to device characterization (cavity mode wavelength, Q) factor, spectral
localization of the QDs in the defect region).

For spectral matching between the QD and the cavity mode we need to actively
tune the cavity mode or the QD transition frequency. As it has been already
discussed in Chapter 1, the techniques we used are the following:

For coarse tuning between the two, we change the design of the PhC cavities.

For fine tuning of the QD energy, we use the DC Stark shift via the applied
voltage.

For fine tuning of the cavity mode, we use the Ny deposition technique.
For fine tuning of the two, we vary the temperature in fine steps.

In the following we discuss each of these techniques in more detail.

4.3.1. Lithographic tuning-Design of PhC cavities

Lithographic tuning implies design and fabrication of PhC cavities with different
parameters. More precisely, we vary the radius of the PhC holes in order to achieve
a blue shift of the cavity mode, as shown in Fig. 4.6(a) and (b) for H1 and L3 PhC
cavity respectively. In that way, the cavity mode can be tuned relatively to the QDs
by several nanometers. Since we keep the lattice constant the same (240 nm or 245
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Figure 4.6.: Tuning of the cavity mode by modification of the r/a ratio. Cavity
mode emission wavelength as a function of the radius of the PhC holes for a) the
two modes of an H1 cavity, denoted by the red dots and the blue triangles and b)
the L3 cavity mode, denoted by the red dots. The lattice constant in both cases is
fixed (a = 240 nm) and the radius of the PhC holes is varied. The corresponding
error bars originate from the error in the SEM measurement.

nm), the modification of the radius r changes the filling factor F (this is the ratio of
air hole to unit cell area) and therefore changes the size and position of the photonic
bandgap. When r increases, the filling factor F increases and this results in a blue
shift of the cavity mode (for both H1 and L3 cavities). In Fig. 4.6 the values for
the PhC holes’ radii are measured with the SEM. This measurement has an error
of +£2.5 nm due to the finite resolution of the SEM. Another observation is that the
splitting between the two orthogonal modes of the H1 cavity varies between a value
that is not resolvable with the spectrometer and 2 nm.

Fine tuning modifications of the cavity design also influence the mode frequency.
For example, the fine tuning of the holes surrounding the cavity defect that we
performed for the H1 cavity for engineering the far field pattern results also in such
shifts. We have seen this effect in Chapter 2, in the simulation results.

4.3.2. Electrical tuning

Apart from being able to define the charging state of the QD inside the PhC cavity,
the electric field that is applied along the structure can also be beneficial for the
QD-cavity tuning. Applying a voltage across the p-i-n junction modifies the electric
field along the growth direction of the QDs [35]. Each QD transition energy can
be reversibly tuned simply by varying the bias voltage, through the DC Stark shift.
Fig. 4.7(a) displays a photoluminescence spectrum at 4 K of a QD coupled to a
cavity mode as a function of applied voltage. The effect of tuning the QD transition
on resonance with the cavity mode via the DC Stark shift is shown. Clearly, the
exciton line is fine tuned through the cavity mode by means of applied voltage and
an enhancement in its PL emission intensity is observed. This enhancement is an
indication of the Purcell effect. In order to confirm that, lifetime measurements
of the particular QD are performed. The measured decay dynamics displayed in
Fig. 4.7(b) show the Spontaneous Emission (SE) rate of the particular excitonic
transition as a function of applied voltage. The drop in the lifetime of the exciton
for bias voltage of 1.5 V, when the QD is exactly on resonance with the cavity mode,
is a demonstration of the Purcell effect.
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Figure 4.7.: a) Photoluminescence (PL) spectrum at 4 K as a function of applied
voltage and at low excitation power of a coupled cavity mode-quantum dot (QD)
exciton. The QD is tuned in and out of resonance with the mode via the DC Stark
shift. A clear enhancement of the PL signal at resonance can be observed. b)
Lifetime measurements for the QD as a function of applied voltage, demonstrating
voltage controlled Purcell enhancement of the radiative decay rate of the QD. The
red line corresponds to the Lorentzian fit to the data, following the cavity linewidth.

In Fig. 4.8 we show two other examples of voltage-controlled coupling of a QD to
the cavity mode. In these cases an enhancement up to 4 times in the PL emission
intensity of the QD is observed. Fig. 4.8(a) and (b) correspond to a L3 PhC cavity
and Fig. 4.8(c) and (d) correspond to a H1 PhC cavity. Fig. 4.8(a) and (c) are PL
spectra of the studied devices (in false color plot) at 4 K as a function of applied
voltage at low excitation power, where the dashed lines denote the cavity modes.
Fig. 4.8(b) and (d) correspond to the individual spectra taken at two different bias
voltages, when the QD is detuned and tuned to the cavity mode, respectively.

4.3.3. Tuning of the cavity mode

By using the nitrogen tuning technique, as described in Chapter 1 and in [32], we
have studied several devices. One of these measurements is displayed in Fig. 4.9.
Here, we studied an H1 PhC with the two modes, at 932.2 nm and at 932.6 nm.
Spectra taken at different times corresponding to two successive nitrogen deposition
steps show the red shift of the cavity modes and the tuning on resonance with the
excitonic lines.

Additionally, we have tuned a H1 cavity towards resonance with a particular
QD and have monitored the decay rate as a function of dot-cavity detuning. Fig.
4.10(a) and (b) show the photoluminescence spectrum of the cavity mode and
different QDs, before and after the nitrogen deposition step. In particular, the red
and the blue arrow indicate the cavity mode and the QD that is coupled to it,
respectively. Other QD lines are also seen in the spectrum and initially the PL
intensity is similar for all. After the nitrogen deposition step the cavity mode is
red shifted by more than 2 nm (Fig. 4.10(b)) while the QD lines remain spectrally
at the same positions as before. The QD indicated by the blue arrow is now tuned
on resonance with the cavity mode and there is a clear enhancement of its PL
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Figure 4.8.: a) Photoluminescence (PL) spectrum at 4 K as a function of applied
voltage and at low excitation power of an L3 cavity mode (Cavity A, denoted by
the dashed line) and a QD that is tuned spectrally close to the mode via the DC
Stark shift. b) Individual spectra taken at two different bias voltages, when the
QD is detuned (black curve) and tuned (red curve) to the cavity mode. A clear
enhancement of the PL signal can be observed for the case of Vs = 1.6 V. ¢)
Photoluminescence (PL) spectrum at 4 K as a function of applied voltage and at
low excitation power of an H1 cavity mode (cavity B, the two modes are denoted
by the dashed lines) and a QD that is tuned in and out of resonance with the mode,
via the DC Stark shift. d) Individual spectra taken at two different bias voltages,
when the QD is detuned (black curve) and tuned (red curve) to the cavity mode. In
this case as well, the enhancement of the PL signal from the QD at resonance can

be seen.
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Figure 4.9.: Tuning of the H1 cavity modes by Ny condensation technique: False
color photoluminescence plot of (a) before and (b) after a Ny deposition step. The
two cavity modes have been spectrally red shifted by 1 nm. The QDs that have
been tuned into resonance with the two modes after the deposition step, show an
enhancement in the PL emission intensity.
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Figure 4.10.: Photoluminescence spectra of an H1 cavity (a) before and (b) after
tuning of the mode by injection of nitrogen. The red arrow corresponds to the cavity
mode and the blue arrow to the studied quantum dot (QD). b) Inset: Radiative
decay rate of the QD as a function of the cavity-QD detuning, showing Purcell
enhancement. The red line corresponds to the Lorentzian fit to the data.

intensity, as compared to before and to the other QD lines. This is a signature of
the Purcell effect which is again confirmed by means of lifetime measurements. The
results of these measurements are shown in the inset of Fig. 4.10(b). The measured
decay rates that correspond to various detunings between the cavity mode and the
QD follow the Lorentzian lineshape of the cavity mode.

In Fig. 4.11 another system of a coupled QD-cavity system is shown. In that
case, we study an H1 cavity mode which has a Q factor of 4000 and after several
successive Ny deposition steps it is tuned into resonance with the QD. Throughout
the tuning steps, the emissions from the cavity mode and the QD do not overlap
and show two well-separated peaks, which is an indication of anticrossing and a
signature of strong coupling. This can be also observed by plotting the position
of the peaks after fittings, corresponding to the two polariton branches. We then
extract from the fittings to the experimental data the value for the coupling constant
g, which is 100 peV. With the given the Q factor of the cavity mode we get k = 355
wueV. This gives a ratio of g/|k — | = 0.29 > 1/4 which is sufficient to fulfill the



4.3. Tuning of the Cavity-QD coupling and control of the spontaneous emission

rate 83
(a) (b)
" G - N—
JL“» QD Upper branch
_E e ~935201 & 3 o o 0 o
c:é H»A/L,VH E, cavity
=t 1 £ 935,154
= SR N -
2} SN U I
EL 3 @ 935,10
T 1 & o
il 2 , o
F N2 deposition 935105'CaVity ° o 0 °
i c/Map 3 0 Lower branch QD
E ‘ ‘ ] 935 ——T—1—
933 934 935 936 937 0 2 4 6 8 10
Wavelength (nm) Deposition steps

Figure 4.11.: Photoluminescence spectra of a QD coupled to a cavity mode, for
successive Ny deposition steps which result in a red shift of the cavity mode. We
observe an indication of anti-crossing between the cavity mode and the QD. The
notations QD and C above the emission peaks indicate that those peaks arise from
QD and cavity-like emissions respectively. b) The positions of the two peaks at the
successive nitrogen deposition steps are plotted after fitting with a Lorentzian.

strong coupling condition. This, given the moderate () factor of the cavity mode, is
quite surprising. However, for the H1 cavities the mode volume V,,, is almost two
times smaller than the one of the L3 cavities. This smaller V,, results in an increase
in g, since g ~ Q//V,, [54]. Strong coupling of a QD to an L3 PhC cavity in a p-i-n
structure has been observed in Ref. [35]. However, we were not able to confirm or ex-
clude the strong coupling regime due to the small tuning range of this measurement.

4.3.4. QD decay dynamics inside and outside the photonic
bandgap

The study of the spontaneous emission rate of QDs inside and outside the photonic
bandgap conveys important information about the effect of the photonic crystal
structure on the decay dynamics of the emitter, as we also will see in the next
chapter. In order to measure the time dynamics of optical recombination in a
QD, we use the technique of time-correlated single-photon counting (TCSPC) as
described in Section 1.6.1. To this end, the QD is excited by a pulsed laser and
the photoluminescence signal of a filtered QD line is directed to a single-photon
counting module (SPCM). We use an avalanche photodiode (APD) in Geiger mode
(see Sec. 1.6.1) that provides voltage pulses when a single photon is detected. The
time differences between the recorded photon detection events and the corresponding
excitation pulse are registered and stored in a histogram that shows the number of
coincidences as a function of time. In this way we obtain a photoluminescence decay
curve that shows the evolution of the population of a certain excitonic state as a
function of time delay after the excitation pulse. This signal is described by an
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exponential decay, as it can be seen in Fig. 4.12(b), upon initial excitation by a
laser pulse of 76 MHz repetition rate, centered at A.,. = 790 nm and can be fitted
with the following curve:

t—to
EL

As lifetime of a QD exciton we define the time constant of this exponential decay,
at which the PL emission decays to approximately half of its initial value. The
rising edge of the curve corresponds to the timescale of excitation of the exciton
upon absorption of the excitation laser pulse. This timescale corresponds to the
intra-dot relaxation time and is typically faster than the timing resolution of the
APD.

In Fig. 4.12(a) we present the measured lifetimes for different QDs recorded for
different spatial positions; in an H1 PhC cavity, inside the photonic bandgap but
on the PhC membrane and in bulk. Starting with the QDs that are located in
the unpatterned bulk material, next to the cavity, we recorded monoexponential
decays. From this measurements we obtained 1.6 nsec (7% = 1.6 nsec) as an
average lifetime. Next, we moved to the photonic crystal (patterned) membrane
where a difference in the dynamics was observed. A monoexponential decay was
recorded but the measured lifetime was significantly longer, reaching values as high
as 12 nsec and with an average value of 7 nsec. This reflects the reduction in the
local density of photonic states inside the photonic bandgap. Finally, similar time-
resolved measurements were recorded at the position of the cavity for QDs emitting
at different wavelengths. As the QD approached spectrally the cavity mode the
decay rate increased, with measured lifetimes as short as 0.3 nsec (17'¢ = 0.3

res

nsec), due to the Purcell effect. For the cases of QDs detuned from the mode, the

measured lifetimes (7'1}’}?68) were as long as 2.5 nsec. Indicative time-resolved traces

are shown in Fig. 4.12(b). We can now calculate the Purcell factor corresponding
to the previous case: Fp = 774 /7PhC — 533 for the particular PhC cavity. This
value deviates significantly from the theoretical predicted one, for the case of perfect
spatial and spectral matching. For this cavity mode, that has a Q factor equal to
2200 and mode volume: V,oq. = 0.4(\/n)? we calculate the theoretically predicted

Purcell factor for the case of perfect spatial overlap and zero detuning:

Ix = I)(?)exp(—

3Q A
Fcav = T (N3 418 41
47T2VCM( n ) (4.1)
and
Thulk 3@ /\cav 3 Aw2 9
= . c . d& . f 4.2
Teav 47r2‘/cav n ) 4(&) — WC)Q + Awg | g (T)| ( )

where the two last terms describe the spectral and the spatial mismatch respec-
tively, between the QD and the cavity mode. The enhanced and inhibited SE
rates reported here, show an experimental control of the SE dynamics of single QD
excitons embedded in PhC cavities.

However, in order to describe accurately the dynamics of the QD emission we
should also take into account the fact that the PhC is not perfect. In a simplified



4.3. Tuning of the Cavity-QD coupling and control of the spontaneous emission

rate 85
y b
(aio- 0 © ®) 1. [ Membrane |
OO —_ — Bulk

@ ©o 3
E 1o o 8
Q o 2
El A @
2 bulk g
- 8 muembrane a g
A cavity 0

0-1°510°930 930 940 950 960 970 0 2 4 6 8 10 12 14

Wavelength (nm) Time (ns)

Figure 4.12.: Lifetime measurements for different quantum dots located in the H1
cavity (blue triangles, the two cavity modes are at 962 and 966 nm), on the pho-
tonic crystal membrane (red circles) and in the bulk (black squares). The decay
times demonstrate the Purcell effect for the dots coupled to cavity mode. b) The
corresponding PL decay curves for the 3 different positions of the QDs.

picture, we can write the total SE rate of the QD as the sum of rates into the cavity
modes and all other modes that leak out of the photonic crystal:

Ftotal - Fcav + Fleak (43)

Therefore, the modification of the SE rate can now be written as:

Toulk o 3Q /\cav )3 Awg
d(w — we)? + Aw?

where Fleor = Touik/ Tieak a0d Licar = 1/Ticak

Teaww  4m2V n deg £()* + Fiean (4.4)

The coupling efficiency [ into the cavity mode can be defined as the fraction of
emitted photons from the QD that are captured by the single cavity mode [28, 55]
and it can be estimated as follows:

B=1—71/00 rtIC., ~ 88% (4.5)

res

This is a promising result, since it shows that the photons from the QD can
be collected through the cavity mode and that field modes leaked into the PhC
environment are highly suppressed due to the reduction in the number of density of
states in the photonic bandgap (PBG). Furthermore, if the emission rate into the
cavity mode is high, then the QD photons will be more efficiently collected by our
optics, since they are escaping the semiconductor interface through the cavity mode.

In the next chapter we will consider the case of a non coupled QD to the cavity
mode and see how the inhibition in the SE rate due to the photonic PBG results
in the energy redistribution in the photonic crystal slab. This has important effects
in the extraction efficiency of photons, as it will be supported by our experimental
observations. To introduce this new concept of the use of the PBG alone to control
the directionality and the extraction efficiency of the QD photons, we may write,
along the lines of Ref. [29]:

1—‘total - Fnom"ad + Fz + Fx,y (46)
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where I', and I'; , denote the emission rates coupled to the vertical and the in plane
modes respectively and I',,.rqq¢ 1S @ new parameter that has been introduced to
describe the non-radiative recombination rate. Usually, the latter is negligibly small
as compared to the other rates. However, in certain cases it can have a significant
contribution, thus limiting the total SE rate. This can be the case for example, of
surface recombination at hole edges.

In the case of the unpatterned membrane: I', << I'y,. As a result, I'ipy is
dominated by the coupling to the guided modes in the slab waveguide. When the
2D-PBG is introduced, then the in-plane emission is strongly inhibited due to the
depletion of the density of states. Thus, I';, ~ 0 and I'tptar = I'nonraa + I'z, which
can be shown by FDTD simulations. Therefore, the total SE rate is dominated by
the radiation into the vertical emission channels, despite the fact that 'y, is small.
We can then write the photon extraction efficiency as: n ~ I', /T'jo1a1. To extend the
previous arguments, we can conclude that the presence of the PBG alone efficiently
redistributes the energy stemming from the spontaneous emission rate of the QDs
and hence enhancing the photon extraction efficiency compared to the unpatterned
material, with the prerequisite that the non-radiative recombination is negligible.

In conclusion, in this chapter we presented the techniques employed to tune the
cavity-QD coupling in a controllable way, by fine shifting either the QD or the cavity
mode emission. Achieving a Purcell enhancement of the radiative decay rate of the
QD gives rise to the desirable enhancement in the number of the emitted photons.
If together with this the effect of the PBG that we just described is added and if
the cavity design is engineered such that a directional far field profile is achieved,
we expect a significant increase on the overall signal detected from the QD.



Resonant Spectroscopy of a QD in a Photonic Crystal Cavity Structure 87

5. Resonant Spectroscopy of a QD
in @ Photonic Crystal Cavity
Structure

5.1. Introduction

Semiconductor QDs embedded in microcavities offer unique opportunities to inves-
tigate quantum optical effects in the context of cavity quantum electrodynamics
(QED), as well as for quantum information applications and single photon sources.
Despite the large number of phenomena that have been studied, resonant manipu-
lation of a precise excitonic state of a QD integrated in a photonic crystal (PhC)
cavity had not been demonstrated. This had been achieved for QDs without cavities
using techniques such as the differential transmission (DT) or reflection (DR) [56]
and resonance fluorescence (RF) [48, 57, 58]. Additionally, the strongly coupled
QD-PhC cavity system has been addressed resonantly [24] without controlling the
QD’s charging state. However, it had remained a challenge to combine deterministic
charging and resonant excitation/detection of a QD in a PhC cavity.

One of the key goals of this dissertation was to achieve resonant excitation of
a precise QD exciton embedded in the PhC cavity. In the previous chapter we
presented photoluminscence (PL) measurements from which we derived useful in-
formation about our system properties, as well as studied effects such as the Purcell
enhancement of the QD spontaneous emission (SE) rate. However, these experi-
ments were limited because with the above band gap excitation all possible config-
urations of electron-hole pairs are generated, therefore the investigation of only one
optical transition is not possible. Additionally, if one wants to use the cavity pho-
tons as a spin readout channel, this can only be done when the optical transitions
are addressed in a resonant way.

This is a challenging task due to the following reasons: First, there is back re-
flection of the laser light from the solid state environment that is resonant with the
scattered light from the emitter and is orders of magnitude stronger. This is not the
case in PL since there the laser wavelength is far detuned. Second, the emitted light
from a single QD is very weak, because of the QD’s small absorption cross section
[1]. Third, the extraction efficiency of photons emitted from the QD is very low due
to the high refractive index difference between GaAs and air, as we have already
discussed in previous chapters.

In the case of the QD-photonic crystal cavity system two different channels can
be addressed resonantly:

the photonic channel, which entails probing the cavity mode.

the quantum emitter channel, which entails probing the QD.
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Figure 5.1.: a) Schematic of the experimental setup for the crossed-polarization
scheme. b) Resonant scattering in a PhC cavity using the crossed-polarization
scheme. The resonant signal from the cavity modes is denoted by the red points.
The corresponding PL spectrum (black points) is added to the plot as a reference.
With a Lorentzian fit the Q factors for both cases is 365 and 795 for the two modes.

We performed both kinds of experiments. For the second case however, we worked
in a bath cryostat system, details of which will follow in section 5.3. The reasons
for that can be summarized to the improved stability of this system as compared
to the flow cryostat, which is required for the single QD resonant spectroscopy !,
the possibility to move the sample relative to the microscope objective in finer steps
and to achieve focus of the laser spot with nanometer precision 2, the fact that the
microscope objective is located after the cryostat window, as well as the already
existing possibility of applying a magnetic field.

Usually the QD resonant measurements rely on the interference between the Gaus-
sian laser light and the light emitted from the QD. Two different techniques are used:

The Differential Transmission (DT) or Reflection (DR) spectroscopy.

The Resonance Fluorescence (RF).

5.2. Cross-polarized resonant excitation of a PhC
cavity mode

In this section we present the measurements where the photonic channel of the
system was addressed, as it was done in [32]. We started by performing resonant
excitation of the PhC cavity mode in both H1 and L3 cavities. The motivation for
this was the exhibited larger coupling efficiency of a focused Gaussian laser beam
to a cavity mode, as compared to a QD. Notably, this coupling efficiency can be
further improved; in order to achieve a good mode overlap of the probe beam and
the intra-cavity field, the far-field pattern of the cavity mode should be as close to
Gaussian as possible. We remind here (as it was first discussed in Chapter 2) that

IThe cold-finger in the flow cryostat is connected to the transfer tube that provides the liquid

He.
2with the use of the attocube positioners as compared to the manual focus in the flow cryostat.
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many research activities in the community aim at increasing the coupling efficiency
to microcavity modes, by means of engineering the cavity design [38-40, 43]. The
study we performed with the FDTD method was presented in Chapter 2.

The experimental setup used for these measurements was based on the one used
for the PL measurements in the flow cryostat, as described in Section 1.5. How-
ever, due to the specific requirements for adequate laser suppression, the following
modifications were done: We used 2 polarizers (Thorlabs LPNIR series), one at the
excitation and one at the collection arm, together with a 50:50 polarizing beam-
splitter cube (Thorlabs CM1 PBS252) that does not rotate the polarization. The
incident laser light polarization was set by the excitation polarizer, therefore the
laser reflected light from the sample (that was located in the flow cryostat) was
extinguished by the collection polarizer, which was set orthogonal to the first polar-
izer. In that way, high degree of laser background suppression was achieved. This
is the crossed-polarization scheme, the schematic of which is shown in Fig. 5.1(a).
Subsequently, the signal in the collection fiber was sent to an avalanche photodiode
(APD, Perkin Elmer SPCM-AQR-14) that exhibits photon detection efficiency of
25%.

For this type of experiments a resonant laser was required. For that purpose we
used the tunable diode laser Thorlabs INTUN TL980-B which had a mode-hop free
tuning range from 935 to 985 nm. Additionally, we implemented a laser stabilization
setup based on an acousto-optic modulator (AOM).

Here we should point out the following: the cavity mode emission is linearly
polarized. That implies that we had to ensure that it would not be supressed by
the polarizer at the collection path. The solution was, as done in [32], to mount
the sample in 45 degrees with respect to the excitation axis. In that way, the laser
beam was polarized at an angle of +45 degrees with respect to the polarization of
the cavity mode and the polarizer at the collection was polarized at an angle of
-45 degrees with respect to this. Therefore, all the laser back reflected light was
suppressed, while approximately half of the cavity mode signal was going through
the collection arm and towards the detection.

With this setup, we could suppress the laser reflected light in the bulk by a factor of
~ 10°. However, this factor was smaller in the case of the PhC cavities. Fig. 5.1(b)
shows the resonant excitation measurement of an H1 cavity in the cross-polarized
scheme. The two orthogonal cavity modes are shown, together with the correspond-
ing PL spectrum plotted as a reference. In this experiment we could achieve a laser
suppression factor of 6 - 10°, resulting in a significant signal to background ratio.
For this measurement the system was driven with a laser power of P, = 100 nW
impinging on the sample surface. We could fit the two peaks with Lorentzian curves
and derive the Q factors of 365 and 795 for the two modes, which agree well with
the PL measurement.

We should note that the technique described above is very much device dependent.
We studied several H1 and L3 PhC cavities and the laser suppression factor was
varying significantly from device to device. Additionally, in the same device the
degree of laser suppression was strongly dependant on the exact location of the QD
in the defect region of the PhC cavity. This is related to the degree of proximity
to the photonic crystal holes, which strongly influence the laser reflection pattern,
given our diffraction limited laser spot size. Furthermore, another important aspect
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Figure 5.2.: SEM top view images of the PhC holes in a hexagonal lattice. The
blue circle denotes the region of the laser focal spot and the arrows denote the two
polarization axes.
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Figure 5.3.: Reflected laser signal from the bulk recorded at the APD, as the laser

was scanned in a 2 nm range.

is the overlap of the focused beam with the photonic crystal holes, as depicted in
Fig. 5.2. It can be seen that the two polarization axes, horizontal and vertical, are
not equivalent due to the hexagonal lattice symmetry. An indication of the previous
arguments is supported also by the following observation: by moving laterally the
focal spot on the cavity defect in steps of 200 nm, which is the resolution of the
nanomovers in the optical setup in the flow cryostat system, the laser suppression
was changing almost by an order of magnitude.

Another observation was the following: although the excitation laser was stabi-
lized for constant power, the reflected signal exhibited a modulation as a function
of the laser wavelength, as depicted in Fig. 5.3, for both cases in bulk and in the
PhC cavities. This wavelength dependence was introduced by imperfections in the
beam splitter and the cryostat window. Since the period of these modulations was
known, one could later subtract them from the spectrum of the resonant signal and
consider them as background.

Finally, H1 cavities usually presented a better signal to background ratio than the
L3 cavities. This agrees with the modifications that were done in the H1 design in
order to improve the collection efficiency.

In Fig. 5.4 we show the results of all the reflection measurements we performed
for the different cavities. The data represent the ratio of the peak reflectivity over
the background reflectivity. The behaviour is similarly reported in the literature
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Figure 5.4.: Signal to laser background ratio for different PhC cavities emitting at
different wavelengths. Clearly there is a trend of improved signal to background
ratio as the mode wavelength increases.

[59] and shows the dependance on the wavelength of the cavity reflection.

Notably, concerning our efforts in the cavity resonant excitation we encountered
certain limitations. Summarizing, the main difficulties were the following:
-First, we could not achieve a high degree of laser suppression for all the studied
PhC cavities.
-The signal to background ratio was much lower than in other cases reported in the
literature [24, 32].
-It was difficult to find a device with a QD coupled to the PhC cavity together with
high degree of laser suppression background.
As a result, the effect of the QD emission when it was coupled or tuned to the cavity
mode could not be observed in resonant excitation as in other experiments [24].

5.3. Resonant excitation of a QD exciton embedded
in @ PhC cavity

As a further step, we aimed at addressing resonantly a QD exciton transition that
is embedded in a photonic crystal cavity. For cavities with very with small defect
regions such as the H1 or L3 cavities, that we usually fabricated and in low QD
density samples, the probability of finding more than one QD inside the defect
region and far away from the photonic crystal holes was relatively small. Therefore,
due to the need to enhance the degree of laser suppression, as we saw in the previous
section, this probability had to be increased. Thus, the idea was to fabricate photonic
crystal cavities with bigger defects, namely the H3 cavities. These are formed by
three layers of PhC holes missing. In that case, more QDs can be found in the
defect region and, notably, higher degree of laser suppression can be achieved, since
the laser spot can be tightly focused on an area as small as the cavity defect, which
is crucial for the resonance fluorescence (RF) measurements, as we will see in the
following paragraphs. The Q factors of the H3 cavity modes are equal or higher than
the ones of the other cavities, but since the mode volume is approximately 4 times
larger, the QD-cavity coupling decreases. However, for the experiments presented
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Figure 5.5.: a) Photoluminescence spectrum at 4 K of the H3 cavity mode in the
p-i-n structure at high excitation power and at bias voltage equal to 4 V. The cavity
supports a mode at 935.5 nm with a @ factor of 1000. Inset: Top view image of the
H3 PhC cavity. b) Typical I-V characteristic recorded from the p-i-n diode structure
at 4 K.

in this section this was not important; rather the opposite was pursued. In other
words, here we aimed at studying the effect of the photonic bandgap in terms of
favoring the resonant spectroscopy measurement on a single QD charging or spin
state. The beneficial role that the photonic bandgap has, as it will be described in
the following, consists of two major aspects; the first is the increase in the extraction
efficiency of photons and the second is the prolonged lifetime due to the depletion
of the optical density of states.

In what follows, we will present the resonant spectroscopy measurements of QD
excitons and trions located in the defect region of an H3 photonic crystal cavity, using
differential reflection (DR) as well as resonance fluorescence (RF) methods. Since the
QD was detuned from the cavity mode our measurements revealed the modification
of the QD optical properties due to the photonic bandgap. We performed similar
measurements in the unpatterned (bulk) region of the p-i-n sample and we estimated
the extraction efficiency of photons emitted from the exciton, that is provided solely
by the photonic crystal structure.

The inset of Fig. 5.5 shows the top view image of the studied H3 cavity. With
the given air hole radius (r/a = 0.3), the studied device supports a mode at 935.5
nm, as it is shown in Fig. 5.5, in the corresponding PL spectrum.

5.3.1. Sample Structure and Experimental Setup

In the following experiments we used a slightly modified sample structure, as com-
pared to the one used in the experiments presented in Chapter 4. The corresponding
schematic is shown in Fig. 5.6(a) and the IV curve is depicted in Fig. 5.5(b). A
single layer of InAs QDs was again embedded in the intrinsic region of a p-i-n struc-
ture. The photonic crystal membrane was grown on top of 1 um AlGaAs sacrificial
layer. The thickness of the membrane was 200 nm and the QD layer was located
at the center of it. The p-doped layer had a thickness of 30 nm (instead of 40 nm)
and the n-doped layer was 15 nm, as in the previous structures. However, there was
no AlGaAs blocking barrier and the intrinsic region had a width of 105 nm. Addi-
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Figure 5.6.: a) Schematic of the p-i-n structure used for these experiments. b)
Photoluminescence spectrum as a function of gate voltage in the unpatterned region
of the sample (bulk). The two different charging states of a single QD can be
identified. They are denoted as X° for the neutral exciton and X'~ for singly
charged exciton (trion). Additionally, the DC Stark shift is observed.

tionally, the tunneling barrier (that is the distance between the QD layer and the
n-doped layer) was 35 nm as before. The reason for removing the AlGaAs blocking
barrier stemmed from the simulations we performed, where a big decrease in the Q
factor of the cavity modes was observed when the AlGaAs layer was included (as
presented in Section 2.4), due to the introduced asymmetry in the structure. Also,
the decrease in the thickness of the p-doped layer was done for the sake of the Q
factor.

In Fig 5.6(b) we display the photoluminescence (PL) spectrum as a function of
gate voltage in the unpatterned region (bulk) of this sample. The two different
charging states of a single QD can be identified. They are denoted as X° for the
neutral exciton and X'~ for the singly charged exciton (trion). Additionally, the
DC Stark shift is observed. For all the neutral excitonic states of the QDs studied,
the PL emission started above 1.5 V and continued up to 4 V, where the voltage
range of our measurement stopped.

The experiments that we will present in the following, were carried out in a liquid
helium bath cryostat, with an immersed confocal microscope setup, at a temperature
of 4.2 K, more details of which can be found in [60]. The main features of this system
are the following:

The microscope lens has a numerical aperture (NA) of 0.55 which results in a
nearly diffraction limited laser spot size.

Piezoelectric positioners (attocubes) allow for a movement of the sample in
XYZ with about 100 nm accuracy.

A superconducting magnet can apply a magnetic field along the growth (z)
direction of the sample (Faraday geometry) up to 10 Tesla.
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Two linear polarizers are used in the excitation and the collection arms. The
crossed-polarization scheme is also used here for the RF measurements, with
a laser background suppression factor which exceeds 10°.

5.3.2. Photoluminescence of QD charged states in PhC cavities,
in the bath cryostat

In order to perform resonant excitation of QDs we need first to identify the QD
charging states using the photoluminescence (PL) measurements. In that way, the
energy range where the resonant laser should be tuned, as well as the applied voltage
range are specified, important requirements for the resonant experiments. In Fig.
5.7 we show an example of such a measurement (the so called 'gatesweep’), recorded
at the defect region of an H3 PhC cavity. In that experiment we also applied an
external magnetic field of 3 T to the sample, in order to record the behaviour of
the different QDs under the presence of magnetic field. Here, we should note the
following:

First, all the apparent QD lines exhibit a Zeeman splitting under the external mag-
netic field. Additionally, the PL spectrum differs from the one in the bulk, shown in
Fig. 5.6(b). Notably, different QD lines show different applied voltage dependence
and different DC Stark shifts. More precisely, the start of the X plateau is for
some QDs above 1.5 V (similar to bulk) and for other QDs below 1 V. This be-
haviour was also observed in the previous p-i-n samples and is present in all studied
PhC cavities. This can be explained as follows: as we have already discussed, in
the PL measurement the laser is tuned to the vicinity of the GaAs bandgap and
excites free carriers that relax non-radiatively into the QD states, from which they
recombine optically, resulting in the PL emission. Therefore, the charging environ-
ment around the particular QD is an important parameter affecting the PL photons.
More precisely, regarding the PhC cavities, the presence of trapped charge states
at the air-hole surfaces strongly modifies the charging environment around the QD,
thus it is different than in the bulk, or further away from the holes. Consequently,
the proximity of each QD to the PhC holes is an important aspect determining the
applied voltage where PL emission is observed. Notably, this is not the case for the
resonant measurements, since there the laser is tuned exactly to each specific QD
transition. Thus, the latter approach allows us to get a precise knowledge of the
exciton and trion behaviour inside the PhC defect region. This is the topic of the
following sections.

5.3.3. Differential Reflection in QDs in and out of a photonic
crystal in the p-i-n structure

Differential Transmission and Reflection (DT and DR) are very important techniques
used in QD spectroscopy [61]. Whereas in the photoluminescence measurements the
spectrum of all allowed transitions and charge configurations is obtained with the use
of a spectrometer, with a typical resolution of 30 ueV" at best, in DT/DR a specific
transition is addressed by the resonant laser and the absorption or reflection of the
light that interferes with the QD emission is measured, as the detuning between the
laser light and the transition is varied. Thus, access to individual transitions and
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Figure 5.7.: Photoluminescence spectrum as a function of applied voltage of QDs
located in the H3 PhC cavity under applied external magnetic field of B =3 T. All
the apparent QD lines exhibit a Zeeman splitting. Notably, the different QDs show
different applied voltage dependence and different DC Stark shifts. We attribute this
to the proximity of each QD to the PhC holes which affect the charging environment.

spins is possible. Additionally, features such as the exciton fine structure splitting
are resolvable. The detuning can be modified in two ways: either by sweeping the
emission wavelength of the excitation laser, or by altering the quantum dot emission
energy by means of the DC Stark shift. The interference signal, which is the response
of the QD to the light field that impinges on it, is measured with a photodiode. If
the laser field is resonant with the QD transition, the optical field scattered by the
QD interferes with the laser field and the response can be absorptive or dispersive.

The transmitted or reflected signal is usually on the order of 107° to 10~ of the
background signal and therefore it is very difficult to distinguish it from the laser
intensity fluctuations and background noise, which has a 1/f type of behavior. This
background noise can be partially overcome by the use of a lock-in detection scheme.
For this purpose, the coupling between the dot and the laser field is modulated at
an appropriate frequency. In the transmitted or reflected signal one keeps track of
the Fourier component at the same frequency.

The modulation is done in the following way: a square wave signal is added to
the applied voltage. If the value of the voltage applied to the sample is such that
due to the DC Stark shift it moves it into resonance with the laser, the transition
jumps in and out of resonance periodically. The signal at the photodetector then
will have a non-zero component at the lock-in frequency. This component is the
difference between the transmitted or reflected signals in and out of resonance.
The photocurrent output of the transmission or reflection detectors is then passed
through current-to-voltage converters of gain 10® to 10 V/A and demodulated by
the lock-in amplifier. This value is then normalized by the total power at the
photodetector and the contrast dI'/T or dR/R can be derived. The resolution
of these techniques depends only on the spectral bandwidth of the excitation laser
and on the uncertainty in the applied voltage and it can be on the order of 0.04
pev.

In our experiments, we first resonantly excite a QD in the bulk (QD A) and carry
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Figure 5.8.: Identifying the charging states of a quantum dot (QD A) in the p-i-n
structure using resonant excitation. Differential reflection (DR) signal as a function
of applied voltage and laser frequency detuning at 4 K and B = 0 T, of QD A,
located in the unpatterned region of the sample (bulk). The two different charging
states are shown, namely the neutral and the singly charged exciton, denoted by X°
and X'~ respectively. The laser detuning is measured relatively to the center of the
X'~ plateau, at 311.67 THz. The bias voltage dependence is due to the DC Stark
shift. Each transition appears twice in the measurements due to the applied voltage
modulation.

out DR measurements, after having identified the QD charging states in PL. The
DT measurement is not possible, because of the large noise at the transmission
photodetector, which is due to the high voltages required for the resonant excitation
in the p-i-n sample. This happens because this photodetector is located below the
sample, while the one used for the reflection is coupled to the collection fiber and it
is located outside the cryostat, with no connection to the sample.

Fig. 5.8 displays the measured DR signal for the neutral (X°) and singly charged
(X17) exciton at B =0 T, as a function of applied voltage, while the resonant laser
is scanned across each exciton energy. A square wave with an amplitude of 200 mV
at a frequency of 377 Hz is added to the applied DC voltage. This modulation shifts
the QD in and out of resonance with the laser via the DC Stark effect. A lock-in
amplifier is used to detect the resulting modulation amplitude of the laser. Each
transition appears twice in the measurements due to the bias voltage modulation
used in DR measurements. A large DC Stark shift for both X° and X'~ (up to 28
GHz/V for XV) is observed. As shown in Fig. 5.8, the X ! state appears at more
positive bias voltage and shows a characteristic red shift in energy [62] of ~ 5.5 meV
(~ 1320 GHz) with respect to X°.

Next, DR measurements are performed in the photonic crystal defect region at
B =0T and at higher magnetic fields. In Fig. 5.9(a) and (b) we show the DR signal
from the singly charged exciton as a function of applied voltage and laser frequency
at 0 T and 1 T, respectively. Different applied voltage modulation is used in these
measurements: at 0 T the modulation is 200 mV and at 1 T the modulation is 100
mV.
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Figure 5.9.: Identifying the singly charged state (trion) of a quantum dot (QD B)
in the H3 cavity in the p-i-n structure using resonant excitation. a) Differential
reflection (DR) signal as a function of applied voltage and laser frequency at 4 K
and B =0 T of QD B, located in the defect region of an H3 photonic crystal cavity.
The singly charged exciton, denoted by X'~ is shown. The bias voltage dependence
is due to the DC Stark shift. Each transition appears twice in the measurements
due to the applied voltage modulation. In this case the applied voltage modulation
is 200 mV. b) Differential reflection (DR) signal as a function of applied voltage and
laser frequency at 4 K and B = 1 T of QD B. The two Zeeman splitted lines are
shown and the applied voltage modulation is 100 mV.
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5.3.4. Resonance Fluorescence in QDs embedded in and out of
a photonic crystal in the p-i-n structure

Resonance fluorescence is another technique used for QD resonant spectroscopy and
it has been proposed as a method for revealing the spin state of an electron [48, 58]
in short timescales. It is more difficult to achieve, since no modulation technique is
employed and sufficient suppression of the laser background, which is much larger
than the QD fluorescence, has to be attained. Unprecedented suppression of the
laser background has been recently demonstrated in the experiments reported in
[48].

We perform RF measurements in a QD located in the H3 PhC cavity defect re-
gion. The RF signal is detected from the X and X'~ excitonic states of QD B
which is far detuned (34 meV) from the cavity mode. For the RF measurements
the sample is excited with a linearly polarized laser light. The RF photons are col-
lected and sent to an avalanche photodiode (APD). High degree of laser background
suppression is achieved with a cross polarized scheme; the collection polarizer is
oriented perpendicular to the laser polarization. High level of suppression of the
laser reflected light is only attained by careful alignment of the microscope optics.
In Fig. 5.10(a) we display the RF plateaus of the X° and X'~ excitonic states at
B =0 T. The laser is scanned across each transition and we record the fluorescence
counts detected by the APD as a function of bias voltage. In the case of the lin-
early polarized X° we observe the two exchange-split peaks that are characteristic
of the exciton fine structure (x-y splitting). The polarizer at the collection path
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Figure 5.10.: Demonstration of controlled charging of the quantum dot (QD B) in
the photonic crystal cavity in the p-i-n structure using resonance fluorescence. a)
Resonance fluorescence (RF) signal as a function of bias voltage and laser frequency
detuning at 4 K of QD B, located in the photonic crystal (PhC) H3 defect cavity but
detuned from the mode. At B = 0 T the two different excitonic states are shown,
X% and X!, The second line of lower intensity at the neutral exciton plateau is
indicative of the exciton fine structure splitting. The laser detuning is measured
relatively to the center of the X'~ plateau, at 310.985 THz. b) The RF plateau at
B = 0.5 T for the singly charged QD (X'7) in the PhC. The two Zeeman splitted
lines are shown. By repeating the measurement at different magnetic fields up to
B =3 T (data not shown), the exciton g-factor is found to be 1.7.
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(collection polarizer) extinguishes less than half the photons of one polarization and
more than half of the other, which then appears as a peak of lower intensity, since
the excitation laser is well above saturation. On the other hand, the emission of
X'~ is circularly polarized, therefore half of the RF photons are eliminated by the
collection polarizer.

It is important to note that similarly to before, the degree of laser suppression is
strongly dependent on the exact location of the QD in the defect region of the PhC
cavity and related to the degree of proximity to the photonic crystal holes. Even
though the level of suppression is not as high as the one in the bulk (more than
10°), it is possible to achieve a factor exceeding 10° for this particular QD in the
PhC cavity. Notably, as we mentioned in the beginning of this section, in the case
of the H3 cavity the defect region is significantly larger than the one in L3 or H1
type of cavities, which is an advantage for these measurements.

For B > 0 each exciton is subject to the Zeeman splitting and the linearly po-
larized laser light addresses both splitted lines. In Fig. 5.10(b) we show the RF
signal from X'~ in the PhC under magnetic field of B = 0.5 T. After performing
the same measurement for higher magnetic fields the exciton g-factor is found to
be 1.7. Contrary to our initial expectations, we did not observe any spin pumping
[51] in X'~ for magnetic fields up to B = 3 T. Similar behavior was also observed
in several QDs in the bulk. This may originate from the relatively fast spin decay
observed in QD samples grown under similar conditions; we attribute the decay to
spin relaxation by undesirable background doping. Another possible reason could
be the high current that flows through the structure at the bias voltages where the
QD emission is observed.

As a further step, we investigate the extraction efficiency of photons for QDs in
and out of the photonic bandgap region. For this comparison we use the resonance
fluorescence (RF) signal and more precisely the APD counts detected from a par-
ticular QD line at different laser excitation powers. We focus our study on the X!~
state and compare the RF signal from QD A and QD B for this particular charging
state. Fig. 5.11(a) and (b) display the RF signal detected from the two QDs at bias
voltage that corresponds to the middle of the X'~ emission, at B = 0 T. The laser
power is chosen to be equal to the saturation power for each QD. Both lines have
Lorentzian lineshapes with full width at half maximum (FWHM) of 0.62 GHz and
0.85 GHz for QD A and QD B respectively. The broadening in the RF linewidth of
QD B compared to QD A stems from the fact that it is embedded in the photonic
crystal environment. This environment is strongly modified due to the processing
(i.e. etching) which potentially lead to additional trapped charges and thus to a
dephasing channel, broadening the QD emission line.

Notably, as shown in Fig. 5.11(c), the detected RF signal from QD B is larger
than the one detected from QD A, for every value of the laser power below, at and
above saturation. The ratio of this enhancement is almost a factor of 2 and it cannot
be accounted to Purcell effect, since this QD is far-detuned from the cavity mode.

A reduction in the spontaneous emission rate due to the presence of the photonic
bandgap is expected for the case of the QD that is detuned from the cavity mode,
because of the depletion in the density of states, as we have already discussed in
the previous chapter. In order to show this, we perform lifetime measurements for
different QDs in the photonic crystal cavity and in bulk, displayed in Fig. 5.11(d).
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Figure 5.11.: Comparison of the resonance fluorescence signal from quantum dots
(QDs) inside and outside the photonic crystal. Resonance fluorescence (RF) signal
of a singly charged exciton (X'7) located a) in the bulk (QD A) and b) in the
photonic crystal (PhC) defect cavity (QD B) at B = 0 T and at bias voltage
corresponding to the middle of the plateaus, as the laser frequency is scanned along
the energy transition. The laser power is equal to the saturation power for each
QD. The linewidths of the excitonic lines are Lorentzian with full width at half
maximum (FWHM) of 0.62 GHz and 0.85 GHz, for QD A (bulk) and QD B (cavity)
respectively. The ratio of the QD RF photon counts stemming from QD B to that
from QD A is 1.9. Inset: Photoluminescence spectrum at 4 K of the H3 cavity mode
(denoted by the black arrow) at low excitation power and at bias voltage equal to
4.2 V. The studied QD (QD B) is denoted by the red arrow and is detuned from
the mode by 24 nm. ¢) Comparison of the measured RF signal from QD A (bulk,
blue data points) and from the QD B (cavity, red data points) for powers below, at
and above saturation. d) Lifetime measurements of 4 QDs in the bulk (blue data
points) and 6 QDs in the H3 photonic crystal cavity (red data points). The ratio of
the averages is 2.2. The red data point indicated by the circle corresponds to QD
B.



5.3. Resonant excitation of a QD exciton embedded in a PhC cavity 101

The red data points correspond to the lifetimes of 6 QDs located in the PhC cavity
but spectrally and/or spatially detuned from the cavity mode. The inset of Fig.
5.11(b) shows the PL spectrum at 4 K of the H3 cavity mode (denoted by the black
arrow) and the QDs with the measured lifetimes, at low excitation power and at bias
voltage equal to 4.2 V. In this inset QD B is denoted by the red arrow. The lifetime
of QD B is indicated by the red data point in the circle, with a value of 1.6 nsec.
The blue data points correspond to the lifetimes of 4 QDs in the bulk, which have
an average value of 0.8 nsec. This average value is a factor of 2.2 shorter than the
average lifetime of the QDs in the cavity. Therefore, we tentatively conclude that
QD A also exhibits a lifetime shorter by a factor of 2 compared to QD B. This value is
similar to reported values in other works [28, 55], but smaller than other cases where
the lifetime in the PBG was prolonged by a factor of 10 [29, 63]. The reason behind
our findings is suspected to be the increase in the non-radiative recombination rate,
creating an additional energy loss channel apart from the spontaneous emission (see
Section 4.3.4). This can be related to the sample growth or to fabrication, such
as interface roughness or disorder induced scattering losses at the edges of the air
holes.

The combination of the previous measurements shows that there is an increase
in the detected RF signal from QD B in the PhC, despite the inhibition of the
apparent spontaneous emission rate inside the PBG. We tentatively argue that this
enhancement is indicative of an enhancement of light extraction efficiency provided
by the photonic bandgap. This enhancement can be very important; a number of
experiments aiming at the optical investigation of QD spins is limited by the low
extraction efficiency of the QD emitted photons, which is due to the high refractive
index difference between GaAs and air.

5.3.5. Towards a quantum nondemolition (QND) measurement

In the following, we briefly discuss how the presence of the photonic bandgap can
be beneficial for the measurement of a single electron spin. We study the case
where the sample exhibits perfect spin pumping at the middle of the X'~ plateau,
at finite magnetic field as in [48, 51]. The corresponding 3-level diagram of the
QD states is shown in Fig. 5.12(a). Then, the lifetime of a particular spin state,
i.e. spin up [1) will be limited by the laser induced spin decay rate (since the
cotunneling rate in the middle of the plateau, at these conditions of magnetic field
and applied voltage is assumed to be very small). We estimate (along the lines of
Ref. [48]) the detection probability of a photon given that the electron is in the
spin up state |1). This calculation is particularly done for the studied QDs, QD A
and B, in the bulk and in the PhC cavity respectively, as well as for the case of a
QD inside a PBG, that exhibits 10 times longer lifetime than the one in the bulk.
In a simplified picture we define the detection efficiency as Py; and the RF signal
from each QD as Irp, with the units of APD counts/sec:

Per = Igp - At (5.1)



102 Resonant Spectroscopy of a QD in a Photonic Crystal Cavity Structure

B>0T o 5’ 14! ‘o : (c:g\\;iigwitﬁxlo longer Tifetime
o> 1e> % ] @ bulk
‘©
&= 1,01
Y E ]
c
I  Soel ¢
Qg B
9 E [
8o2] ° .
1> o ° ° 3
K v__
(@) ‘\LL‘." I () 0 1 2
P/Psat

Figure 5.12.: Comparison of the detection efficiency of photons from the spin state
of a singly charged QD inside and outside the photonic crystal. a) Energy level
diagram for a QD charged with a single electron at finite external magnetic field.
b) Detection efficiency of photons for QD in bulk (QD A, blue data points), in
the H3 PhC cavity (QD B, red data points) and in the case of a QD located in
the PBG exhibiting 10 times longer lifetime (green data points). For the latter
case, the estimated detection efficiency exceeds 1, which enables a single shot spin
measurement.

where At is the measurement time, limited by the laser induced spin flip rate. For
each power below, at and above saturation, the population of the excited state pe.
is known, therefore we can calculate At as:

1

At=———
peE'n'F

(5.2)

where 7 is the branching ratio n ~ «v/T" as in [48] and I' is the spontaneous emission
rate of the QD which is different for bulk and cavity. Here, we have made the
assumption that: n=1/250 is the same for all QDs, as measured in [48].

The Igr (RF counts/sec) are taken for each power from the experimental data.
Additionally, we have taken I'.,, = %FO for the spontaneous decay rate of QD B
in the cavity, where I'y is the spontaneous emission rate in the bulk, given the
lifetime measurements that we presented in the previous section. The results of
these calculations are shown in Fig. 5.12(b). We should note here that in the
Irr the effect of the collection efficiency due to the cavity as well as the prolonged
lifetime are included.

For the single-shot spin measurement we need to achieve a photon detection
efficiency equal to 1. This, as we see from the above analysis can be achieved
with a PhC structure where the QD lifetime is prolonged by at least a factor of
10. Alternatively, this could be achieved by a significant increase in the overall
collection efficiency, by further engineering of a microcavity structure. We note
that an optical single shot electron spin measurement has been realized already, in
a double QD structure, where the optical transitions from one QD give information
about the electron spin residing in the other QD [58].
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In conclusion, the measurements described in this chapter realize the goal of res-
onant excitation of a precise excitonic state of a QD in a photonic crystal cavity,
fabricated in a p-i-n diode structure. Our findings could enable the combination of
cavity QED with spin physics towards the implementation of quantum nondemoli-
tion measurement [20, 64] of an electron spin in a cavity. Naturally, to this end, the
limitations discussed before should be mitigated. One important prerequisite is the
perfect spin pumping, the lack of which hindered our experiments. Another major
aspect is the further increase in the collection efficiency of RF photons, by employ-
ing new design approaches. For example, the combination of a photonic crystal
structure and a DBR mirror as a substrate could be greatly beneficial.
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6. Photon-Quantum emitter
Interaction

6.1. Introduction

So far our work was motivated by the advantageous effect that the cavity can have
in terms of the interaction between the light and the quantum emitter: not only
this interaction is strengthened, but also a quantum emitter strongly coupled to a
cavity mode could be used to perform quantum logic operations on single photons
[18, 65]. In general, optically thick systems such as an ensemble of atoms or a single
atom in a cavity play a key role in quantum optics. Various applications of those
schemes have been proposed, such as nonlinear optics using slow light [66], mainly
discussed in the case without cavity and flying qubit to stationary qubit conversion
[67].

On the other hand, the situation is different for a single emitter in free space.
Even though the scheme seems relatively simpler, the requirements that should be
fulfilled such that a single emitter in free space has a notable effect on the state of
the light field are not so straightforward. These schemes involve focusing of the light
field with a high numerical aperture lens on the emitter. It is typically assumed that
a single emitter in free space will only have a small effect on incoming radiation.
The strength of the interaction between the light field and the emitter is formulated
in terms of the absorption cross section. For an ideal 2 level quantum system this is
given by the following formula: ¢ = % Thus, one may assume that focusing light
in a spot size A < ¢ would achieve optimal interaction and the strongest coupling.
Theoretical work has explored the limit in how much light of a given wavelength A
can be focused on the atom and has aimed at understanding the fundamental limits
on the strength of the single photon-single emitter coupling [68, 69], as well as at
developing novel methods for strong light focusing [70]. It was pointed out that
when going to such small spot sizes the polarization effects of light become very
important and should be taken into account.

Experimental results in single QDs and single molecules in the solid state, already
show that laser extinction of up to 12% is possible [71-73]. It was shown in [74] that
matching the dipole emission profile of an emitter with a focused laser is a necessary
condition for achieving perfect absorption and according to Ref. [75], this is not
sufficient. However, more recent theoretical work [69] has revealed different results;
more precisely it has been shown that a directional dipole wave can be perfectly
reflected by a single pointlike oscillating dipole and that in the case of a strongly
focused plane wave the limit in reflection can reach up to 85% of the incident light.
The discrepancy in the previous results of the two published works seems to lie on
the way that the incident intensity impinging on the dipole emitter is determined.
Ref.[76] provides a rigorous discussion about these results.
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The aim of this chapter is to study the fundamental limits in the photon-quantum
emitter interaction, without the presence of the cavity. In our theoretical work that
will be presented here, we discuss a scheme where we can transfer the quantum state
from the light field of a single photon to a single emitter in free space. This can
be seen as a way to map the quantum state of a photon onto an excited state of a
single quantum emitter.

The main idea that will be presented in the following sections is that if the emitter
is a 3-level A system, then having equal spontaneous emission rates on both optical
transitions, along with matched dipole emission and focused laser profiles is sufficient
for perfect extinction of light, thus maximum interaction between the light and
the emitter. The scheme we will describe does not require any additional coherent
coupling and in this way it is distinguished from EIT type systems [77]. In particular,
we consider the interesting limit of single photon absorption and extend our study
in the possibilities of intra-conversion of a flying qubit to a stationary qubit and
entanglement of distant qubits.

6.2. System properties

We consider our quantum emitter as a 3-level A system whose lower states have
a long coherence time. Our scheme is very general: it could be the case of a
single trapped atom/ion, or a quantum dot, provided that the two lower states
are spin states. Thus, we have a quantum system (target emitter, T) driven by
another quantum system (single photon). A simple schematic of our scenario is
depicted in Fig. 6.1. Using the source-field expression, we express the incident
photon annihilation/creation operators using the time-retarded dipole operators of
its source. We further assume that this source S consists of a three level quantum
system whose |0) — |3) transition is driven resonantly via a classical laser pulse
Qp(t), Gaussian shaped, with central frequency wy:

Qp(t) = Qyexp (= (t — 19)?/72) and wiy) = wp.

We assume that this probe field is turned on in a time that is short compared to
the radiative decay time, i.e. no scattering takes place during the turn-on. A single
photon Gaussian shaped pulse is then emitted from the |3) — |1) transition, which
is proven numerically, since only one collapse event happens (photon emission) and
the distribution in time is Gaussian.

Additionally, the |2) — |1) channel of the target atom is supposed to be sup-
pressed. In other words, the spontaneous decay of the |2) — |1) transition (75?) is
very slow compared to the timescales of the measurement and the laser field.

The single-photon pulse emitted from the |3) — |1) transition (wéf)) of the source

couples to the target atom and drives its |1) — [3) transition (assuming that wg) =
wéf)). Following van Enk [75], we introduce a parameter 1 to describe the overlap
between the incoming single-photon field and the dipole emission profile. In this
formalism, the positive frequency component of the electric field operator can be

written as the sum of two parts, one that corresponds to the relevant dipole mode
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Single photon source

Figure 6.1.: Schematic of the cascaded system analyzed in the text. The source
atom on the left, generates a single-photon pulse upon excitation by a coherent
laser field. The generated single photon is focused on the target atom to ensure
maximum overlap with the target’s atom dipole emission pattern. The Faraday
rotator (F) ensures unidirectional coupling.

and a second for the remaining modes,

ES) =E) + B (6.1)

dip nondip
If we consider an incoming coherent field such that <E§Z}> = (8 and <E7(;T)Ldip> =«
then 7 is a dimensionless number that relates the intensity of the field at the target’s
position to the contribution of the dipole field:

Ell

(RWENRTETE 62)

The value n = 1 implies perfect overlap between the focused field and the emission
pattern of the emitter.

6.3. Cascaded Quantum Systems

6.3.1. Overview of the Cascaded Quantum Systems approach

Describing the interaction of non classical light with a quantum system is not a
trivial task. In order to analyze the single-photon absorption, we use the cascaded
quantum systems approach [78]. In this approach [78-81] the complete system
S ® T is comprised of the source subsystem S which will generate the photon pulse
and the target subsystem T which will interact to the photon. The subsystems
have free Hamiltonians Hg and Hrp respectively and couple through the quantized
electromagnetic field which is denoted as the reservoir with Hamiltonian Hgi. The
quantum trajectory theory is then applied in order to describe the dynamics of the
system.
The complete Hamiltonian reads as:

H = Hg+ Hr + Hsgr(o) + Hrrry) + Hr (6.3)

where Ry is the location of the target atom. Hence, the two subsystems interact
with the same reservoir with the interaction Hamiltonians Hgg() and Hrg(r,), but
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at different spatial locations. The output from the source system appears at the
target after a delay 7 = Ry/c and couples to it.

We can eliminate the spatial separation by using the Born-Markoff approximation
in the Heisenberg picture. We define a unitary operator Ug(7) which will relate the
electric field operators at the two different locations:

Us(r) = exp/MHs+HrtHsro)7 (6.4)

If x(¢) is the density operator that evolves according to (6.3) we may define the
source-retarded density operator:

/(t) = Us(r)x(®)Ts () (6.5)

which satisfies the Liouville equation with the new Hamiltonian:

Hr = Hg+ Hr + Hsr + Hgpo) + Hrro) + Hr (6.6)

Source and target couple now to the reservoir at the same location. They also
couple to each other directly with a new coupling constant. This formalism allows
coupling from the first system to the second one without allowing coupling in the
reverse direction.

The corresponding Master equation can be derived easily for the source-retarded
reduced density operator p/ = Trp[y/|:

d 1 1 N FA SN
@pl = %[HS + Hr + Hgr, p/] + 5 %:(Ckp/CkT — CkTCkp/ — p/CkTCk) (67)

with €, the collapse operators that denote an emission of a photon from a particular
channel, as we will see in the following section.

The master equation can be used directly to solve the problem of a quantum sys-
tem interacting with non classical light and it can be the starting point for analytical
calculations. However, the quantum trajectories defined by this master equation pro-
vide a powerful computational tool. In quantum trajectory theory p/(t) is replaced
by an ensemble of stochastic wavefunctions |W.(¢)) which describe the state of the
system conditioned on the realization of a particular history of signals at an ideal-
ized detector that monitors the radiated fields. These fields enter the definition of
the corresponding collapse operators and the detector monitors the superposition of
fields coming from both the source and the target system. The evolution of |W.())
is given in terms of the unormalized wavefunction |E(t)> which between emissions
satisfies the Schrodinger equation:

2 T0) = 5 Hegs [T200) (©5)

with the non-Hermitian Hamiltonian given by:

1h Ao
Hepp = Hs + Hy + Hs = o Ek: CrtCh. (6.9)

This effective Hamiltonian includes an interaction that annihilates photons from
the source S and creates them in target T; the reverse process does not occur. The
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emission times are determined in a Monte Carlo fashion using the rate functions
r(t) = (Ve(t)|CrtCx[V,(t)) and each emission is accompanied by a wavefunction
collapse |W.(t)) — Cy|¥.). This evolution is the topic of the following subsection.

6.3.2. Quantum Monte Carlo Simulation

This is a computational method [82] that allows to study the dynamical evolution of
the total system’s wavefunction according to the non-Hermitian Hamiltonian. This
evolution is interrupted at random times by wavefunction collapses, or quantum
jumps which are interpreted as emission of photons from the total system. The
quantum jumps are described by the collapse operators C; of the system to denote
the detection of a photon which is emitted from one of the possible transitions.
The procedure of Quantum Monte Carlo Wavefunction Method (QMCWFEF') can
be outlined by the following steps:
First we choose the initial state of the system |¥,). Then, we evolve the combined
source-target wavefunction for a time step dt. The stochastic evolution in discrete
time is described as follows:

_ H, _
[W.(t+dt)) = (1 - Z%dw [T.(1)) (6.10)
This state is not normalized because the Hamiltonian is not Hermitian.

The second step is to check whether an emission event has occurred. To do this,
we compare the probability of a decay event in the time interval (¢,t + dt):

dp=1— (U (t +dt)|V.(t + dt)) (6.11)
to a random number e. If dp < € then we conclude that the measurement was
negative, thus no quantum jump had happened. In that case we set:

|W.(t + dt)) |We(t + dt)) (6.12)

1
- V1I—dp
and we get the normalized wavefunction.
If dp > € then we conclude that the measurement was positive, which means that a
quantum jump had happened and thus an emission of a photon.
The third step is to decide which one of the different quantum jumps had taken
place and therefore determine the corresponding trajectory of the system. To do

that, we calculate the probability dp; = <E|CA‘ZTCQ |Vc> dt of each one of the collapses

to happen and compare the normalized probability P; = dp;/dp with a second
random number ¢/. If dp; > e/ the evolution according to the collapse operator

C; is then given by:
| dt
|W.(t+dt)) = dp-Ci |W.(t)) (6.13)

Finally, we repeat the previous steps for a desired length of time T' (T' = t,+n-dt)
and finally the previous procedure is done N times to generate a distribution of
outcomes (trajectories). From the equation of motion of the ensemble of these
stochastic wavefunctions we can derive the master equation of the total system and
determine the probabilities of finding the total system in each state at ¢t — oc.
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6.3.3. Model and Hamiltonian

Here, we apply the method described above in the system that we actually study,
depicted in Fig. 6.1 and we establish that the cascaded quantum systems approach
provides a description of the dissipative dynamics of the system that is equivalent
to the master equation. The stochastic wave-function describing the system evolves
according to the Schrodinger equation and reads as:

L elt)) = = Hgs 1(0) (6.14)

with the non-Hermitian Hamiltonian (we rewrite (6.9)):

1h A oA
Hepp= HS+HT+HST—2;C,§Ok (6.15)

This coherent evolution of the stochastic wavefunction is interrupted by gedanken
measurement events described by the collapse operators C’k In H.¢¢, Hg, Hy denote
the free source and target Hamiltonian and Hgp describes the interaction between
them, which is given by:

1h
Hsr = =5 \[TG T5 nlot; it — hecl (6.16)

The collapse operators are in turn given by:

G = TS 41Dy oD (6.17)
Cy = JIA—1n) off) (6.18)

C; = /Il (6.19)

where 7 is, as we have seen, the overlap parameter. By substituting the expressions
for Cy’s, we find [78]:

S) , (5) Féf) e rs +0% o [pS) @, (8)_(T)
Hepp = n(t )(‘703 +o3 ) —th——033 — hfasz«; —h\/ '3’ T'g1'n 015703
(6.20)
where we assumed that the laser is resonant with the |0)y — |3) ¢ transition of the
source atom, o;; = |i) (j| are the projection (i = j) or the lowering/raising (i # j)
operators for the atomic states and I';; denote the spontaneous emission rates of the
source and target atoms.

The last term of the effective Hamiltonian (6.20) is explicitly unidirectional, since

it is proportional to 053)& ) which corresponds to the excitation of the target atom

by the single photon generated by the source. However, there is no term 031 ag)
which would account for the reverse process: the target atom absorbs photons emit-
ted earlier in time by the source atom, while the backward scattered photons from
the target atom do not interact with the source. Experimental implementation of
this unidirectional feature of coupling is achievable using a Faraday rotator placed

in between the source and the target emitters, as depicted in Fig. 6.1.
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Quantum jumps described by the collapse operators correspond to the detection
of a photon with a definite energy and emission profile. The collapse operator C
denotes the gedanken detection of a scattered photon in the incoming mode; such
a detection event has contributions from photons emitted in the [3)4 — [1)4 and
13); — |1), transitions. However, a photon emitted in the latter transition has
a probability 1 for coupling into the incoming mode. The collapse operator 62
accounts for a photon that is emitted by the target atom, that does not couple to
the incoming radiation mode. Finally, C5 denotes the detection of a photon emitted
in the |3), — |2), transition.

Initially, both emitters (source and target) are assumed to be in their ground
states; |¥;,) = |0g, 17). The consequence of the desired deterministic photon ab-
sorption process is the projection of the two-emitter wave-function to a state where
the source atom is in state |1) and the target atom is in state [2) (|Uy) = |1g,27)).
By simulating the dynamical evolution of the system wavefunction according to the
effective non-Hermitian Hamiltonian, interrupted at random times by wavefunction
collapses [20, 78, 82, 83|, we determine the probability of single-photon absorption as
a function of relevant system parameters, such as 1 and the ratio of the spontaneous
emission rates of the target emitter. In our Monte Carlo wavefunction (MCWF)
numerical simulations we have Chosen a gaussian laser pulse with peak Rabi fre-

quency §2, which is of the order of F31 and bandwidth which satisfies: 7! < F(T).
By keeping the quantity €,/ F31 small, we assure that the generated single photon
pulse is Gaussian and that it has a width 7 Fg). This assumption ensures
that the target atom is never saturated.

First we consider the case n = 1: the only p0881ble collapse events in this case are
due to the operators 01 and C’g If F(T) #+ F32 , there is a finite probability for the

two-emitters being projected into either state |1g, 17) or |1g,27). However, if these

ph pulse

two spontaneous emission rates are equal, then the collapse events due to C never
occur because of a destructive quantum interference between the two paths leading
to the state |1g, 17). The detailed results of the Quantum Monte Carlo simulations
will be discussed in Section 6.4.

6.3.4. Field in a coherent state

To understand the origin of the interference effect that was mentioned in the previous
subsection, we first consider the simpler case of weak coherent light incident on the
target atom. We are interested in the part of the incoming light that is coupled to the
atom and we describe the input field by just two amplitudes: one that corresponds
to the relevant dipole part that is coupled to the atom and one for the rest.

Hence, we can assume that the input fields satisfy:

bin(t) |B) = Bexp(—wwit) |B) (6.21)
ain(t) o) = aexp(—wwrt) |a) (6.22)

with 8 the amplitude of the dipole part that is coupled to the atom.
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Following the approach of Ref. [75] and generalizing to the 3-level system we
derive the Optical Bloch Equations for the target emitter, which depend only on
the amplitude 5,

(Ga1) = (A1~ F“JQFF‘”) (031) — /T518 (011 — 033) (6.23)
(0m1) = (10— F;l) (021) — V/T518 (023) (6.24)
(032) = (1Dg— F232) (o31) + V/T318 (012) (6.25)
1) = 2 ow) +m (om) — VIa(B (0w) = (o)) (620)
(022) = Ff (033) — 721 (022) (6.27)

where Al = Wy, — Ws1, AQ = WL — W39 and § = W39 — Ws3q.

For the solutions in steady state we obtain:

VT35 (02)

s = ATty v (6.28)

@5 <U23>

(021),, = W (6.29)
(o), = VT2 (6:0)

2

where (0,),, = (011 — 033).

In the case of maximum coupling (n = 1) we study the conditions under
which we can achieve total absorption of the incoming field. Analytically:

If n =1 then ayy = a; = 0 and by = by, + /I'31{031) and the mean output field
is:

~ NS
<E£:)> =B+ VTa1 (o31) = = 20—

A Ty
where we have evaluated (o3;) using the Optical Bloch Equations (6.23-6.27).
Clearly, <E(+)> = 0 provided Fg? =T g)

out

(6.31)

To analyze the single-photon absorption we could alternatively use the Optical
Bloch Equations to evaluate the output photon flux due to the C; channel, denoted

s (CHOC0) = (BB,
In the limit of Fg";) = Fg) and Fgll <t < Q' Tiaser, we find analytically that
<61T (t)@l(t)> = 0, implying perfect destructive interference. Equivalently, the prob-
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ability amplitude for detecting a photon with energy wg) that is emitted by the tar-
get has the same magnitude but opposite sign as that of detecting a source photon
transmitted without scattering.

6.4. Numerical calculations-Results

In our numerical calculations we propagate the composite wavefunction of the system
until a steady state is achieved. For the sake of generality, in order to apply our
results to generic quantum emitters all parameters are given in units of I' g?, which
means that time is mesured in units of the excited state lifetime for the target atom
and therefore all rates are dimensionless.

The procedure is the following:

1. We prepare our atom in the ground state.

2. We apply a laser field which drives the |0)s — |3)¢ transition.

3. One photon of energy w?()f) can be emitted due to the |3)g — |1)g transition.

So the initial state in terms of the system atom state-photon number is: |1)s®
(K[0)pn + A[1)pn)-

4. The photon is sent to the target atom and assuming that wéf) = g) it can

drive the |1)7 — |3)7 transition with probability that depends on the coupling
parameter 7.

5. The target atom can decay either to state |1)7 or to state |2)7. According to
our results the target atom finally ends up in state |2)7 with high probability,
for values of 7 close to 1. Thus, the final state of the system is: |0),,® (k|1)7+
A12)7). The photon is absorbed and its quantum state has been transferred
to the state of the second atom.

Given that for Fg) = Fg) and n = 1 the only possible collapse event is the
projection of the system into |¥f) = |1g, 27) and that all the other state occupancies
are decreased by a "no-collapse” event due to H,yy, the system necessarily absorbs
the incident photon. Since the target emitter occupancy changes as a result of this
process, we could also consider the absorption process as ”mapping of the incident
photon to an atomic excitation” [84]. Fig. 6.2 shows the numerical calculations
based on an ensemble average of many quantum trajectories in the limit n = 1: we
observe that deterministic single-photon absorption is robust against small variations
around the value 1 of the ratio Fg) / Fg).

Next, we consider the dependence of the absorption probability on the dipole-
emission overlap parameter 7: simulations depicted in Fig. 6.3 confirm that the
fidelity of single-photon absorption is linearly proportional to 7.

To have a complete description of the dynamics, we would also need a collapse

operator Cy = 1/ Fég)a(()g) describing light scattering on the [3)4 — [0) ¢ transition.

We have set Fég) = 0 and thereby neglected these collapse events since, up to this
point, we have been mainly interested in absorption b;/ the target atom, of a photon
pulse that is generated by an ideal source. If Fg‘g # 0, then the source atom
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Figure 6.2.: Fg) / Fg) dependance of the probability of single photon absorption,

defined as the steady state expectation value of the desired state (|¥y) = |1g,27))

Here, 'Y = 1, I'{Y = 10057, 447 = o,

population (prr = limy_,o (orf(2))).
Qr(t) = Qoexp (—(t — t0)?/7%), Qo =1, 7 = 10, to = 20.
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Figure 6.3.: Overlap parameter n dependance of the probability of single photon
absorption. The parameters used in the simulation are the same as the ones used

in Fig. 6.2.
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will still act as a unity-efficiency single-photon source, albeit with an uncertainty
(jitter) in the emission time of the single photon pulse [85]. This jitter however, has
consequences for single-photon absorption: we find in our simulations that choosing
Fég) = Fg) leads to a ~ 10% decrease in the absorption probability of the target
atom. This decrease can be traced back to the fact that destructive interference
prohibiting collapse events described by C, is no longer perfect.

6.5. Applications: Entanglement and Quantum State
Transfer

One immediate application of near-deterministic single-photon absorption is in intra-
conversion of a single-photon polarization qubit to a localized (spin) qubit. We
consider a generalization of the target emitter energy level diagram for the case of
polarization-spin conversion; we would in this case need two optically excited target
atom states |37), and |37), which are coupled to the state |1), by a right and left
hand circularly polarized photon, respectively (the relevant target atom energy level
diagram is depicted in Fig. 6.4). If these excited states decay into metastable states
127), and |27), by emission of an identical photon, respectively, then we would
achieve the state transformation:

W) = |17 @ (kyak + kol ) [vac) —

W finat) = (51]25) 1 + K2]27)7) ® b [vac) (6.32)
upon deterministic absorption of the incident photon. Here, dl, al correspond
to the photon creation operators, where the index + (-) labels right (left) circular
polarization and |vac) denotes the vacuum state of the photon field. Similarly,
b' [vac) denotes a photon emitted on the [3%), — [2F),. or [37), — [27), transition
of the target emitter.

In the case of n < 1, the intra-conversion will fail with a finite probability; how-
ever, if the emitter has a recycling transition typical for alkali atoms, then we can
determine if the target is in ground state |1),. or in a subspace orthogonal to it, after
the absorption is completed. This would allow us to determine if the single-photon
absorption succeeded without compromising the faithful intra-conversion, should we
determine that it was successful.

Another potential application of the scheme analyzed in this work would be in
the entanglement of distant spin qubits with a high-success probability [86, 87].
Until now, we have considered an ideal source which generates a photon that can
be collected with unity efficiency (ns = 1). This assumption has to be relaxed
when we consider realistic spin entanglement. To this end, we consider a source,
which is initially in state |0)¢ (Fig. 6.4) and upon linearly-polarized laser excitation
generates a single right (left) hand circularly polarized photon by Raman scattering
into state [1*)¢ (|17)4). Clearly, the end-state of the emission process is an emitter-
photon entangled state [17) ¢ ® al. [vac) + [17) ¢ @ @l |vac). If the photon generated
by such a source emitter is absorbed by a target emitter as described earlier, then
the end-result of single-photon absorption is the generation of the entangled state,
117)g ® |27), + |17)g ® |27),. The success probability for generation of this state
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Target

Figure 6.4.: Schematic of a free-space coupling scheme that achieves entanglement
of distant spin qubits. Following laser excitation, the source atom emits a single
photon whose polarization degree of freedom is entangled with the final source atom
state. Upon absorption of the single photon by the target, the two atoms are pro-
jected onto a ’spin-entangled’ state.

is p ~ n% for challenging but realistic values of n ~ 0.3 [68, 75], this would yield an
entanglement generation probability of ~ 10%, which compares favorably with the
previously proposed probabilistic long-distance entanglement schemes [86, 87]. The
ability to carry out recycling transitions to determine whether or not the incoming
single-photon is absorbed, is crucial for this application *.

Last but not least, we point out that the findings presented in this chapter
could substantially simplify previous protocols for quantum state transfer based on
emitters embedded in cavities [67]. We consider a variant of the scheme of Ref. [67]
and replace the coherent field coupling (Q2(t)) of the recipient (target) atom by
spontaneous emission I, on the |r)y — |e)y transition 2. We assume k > ¢ and
adiabatically eliminate the cavity mode: in the Purcell limit g* > kI, we find
that the cavity-+atom system is equivalent to an ”effective single emitter” for which
n ~ 1. If the Purcell enhancement is such that I',. = ¢?/k, then the cavity+atom
system can absorb the incident single-photon with unity efficiency, without the
need for a coherent field that should have been synchronized with the incoming
single-photon pulse and the need for perfect overlap between the incident field and
the dipole emission profile (n = 1). This is the beneficial aspect that a "bad” cavity
in the Purcell regime can provide in this context.

In conclusion, in this chapter we have analyzed the quantum state exchange be-
tween light and matter in free space, at the level of single quanta. The formalism
presented here is general and can be applied to various quantum systems such as
atoms, QDs and molecules. In a more general concept and if we do not consider the
case of a cavity, then the most important challenge, after the analysis we performed,
is the enhancement of the overlap parameter n; possible methods include change
of the emission profile of the dipole/atom by using dielectrics. Another possibility
involves a scheme proposed by Leuchs et al. [70] to achieve tight focus of an incident

LAn advantage of the proposed scheme comes from the fact that measurements based on atomic
recycling transitions are more e cient than those based on single photon detection.
2\We use the notation of Ref. [67] .
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radially polarized field. For applications involving intra-conversion of polarization
and spin qubits, an additional challenge is to achieve high 7 for both polarizations
at the same time.
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7. Conclusions and Outlook

The central point of this thesis is the fabrication and spectroscopy measurements of
a charge tunable quantum dot-photonic crystal nanocavity system, in a p-i-n diode
structure. The coupling of the cavity mode to a precise excitonic state of a QD is
investigated and measurements of the time dynamics of the QDs are performed. The
DC Stark shift is employed as a means for easy and reversible fine spectral tuning
between the QD and the cavity mode and both the cases of the Purcell effect, as well
as the effect of the photonic bandgap are studied in detail. Moreover, previously
established high resolution QD spectroscopy techniques, the Differential Reflection
and Resonance Fluorescence are performed on single QDs inside and outside the
photonic bandgap, in order to unravel the physics behind the effect of the photonic
structure on the extraction efficiency of photons. Based on FDTD simulations we
explore different photonic crystal designs in terms of improving the @ factor of the
cavity mode along with the far field profile and the subsequent collection efficiency of
photons stemming from the QDs. Finally, the interaction of a single photon with a
quantum emitter in free space is analyzed through the Quantum Cascaded Systems
approach.

During the course of this work, many of the questions arising have been answered,
but there are still several that require future study. Additionally, certain technolog-
ical limitations that hindered the implementation of a single shot spin measurement
in a QD embedded in a PhC cavity have become apparent. A key issue that has to
be addressed is the need to apply very high voltages in order to observe QD excitons,
which in turn result in high currents flowing through the structures. Despite the
high currents, the diode at the location of the QDs in not forward biased at these
voltages. The exact origin of this effect requires extensive study, mainly through
the implementation of new contacting schemes to the two doped layers. If this issue
is resolved and if the samples grown overcome the reasons that hindered the spin
pumping in the past, then a resonance fluorescence spin dependant measurement in
a PhC cavity is attainable.

Now that the resonant spectroscopy on QDs embedded in PhC cavities has been
implemented, combining the deterministic charge and spin state of a QD in a cavity
together with a major increase in the collection efficiency of photons remains a
challenge. Despite the fact that we have recorded the beneficial effect that the
photonic bandgap can have towards the enhancement of the signal extracted from
the QD and towards a single shot spin measurement, further study should be made in
order to engineer advanced cavity designs and combine different photonic structures,
such that an improvement by a factor of more than 10 of the signal extracted from
the QDs can be achieved, through a more directional emission profile. In addition,
the use of a waveguide could also greatly increase the collection efficiency [88].

Finally, a different issue is the relatively low cavity Q that the devices in the p-i-n
samples have, which does not allow to achieve a strong coupling regime, important
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for some cavity-QED experiments. What is limiting the ) factor in these devices is
mainly the optical losses due to the doped layers, since we have observed a factor of
2 difference in the Q factors of cavity modes fabricated in undoped GaAs. At the
same time, an optimization of the Q) factor should not be done at the expense of the
collection efficiency of photons. Additionally, the QD density on the samples studied
varied between low to medium. One future direction could potentially be to employ
the active positioning of QDs in the PhC cavity as was done in the works of Badolato
et al. and Hennessy et al. [23, 30]. In that way, one could envision experiments with
two QDs inside a cavity, coupled through the cavity mode or two QDs in different
cavities and demonstration of spin-spin entanglement. Such a system would initiate
novel experiments in the context of quantum information science.
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the 3 different positions of the QDs. . . . . . . . .. ... ... ...

a) Schematic of the experimental setup for the crossed-polarization
scheme. b) Resonant scattering in a PhC cavity using the crossed-
polarization scheme. The resonant signal from the cavity modes is
denoted by the red points. The corresponding PL spectrum (black
points) is added to the plot as a reference. With a Lorentzian fit the

Q factors for both cases is 365 and 795 for the two modes. . . . . . .

SEM top view images of the PhC holes in a hexagonal lattice. The
blue circle denotes the region of the laser focal spot and the arrows

denote the two polarization axes. . . . . . . . ... ... ... ....

Reflected laser signal from the bulk recorded at the APD, as the laser

was scanned in a 2 nm range. . . . ..o ...

Signal to laser background ratio for different PhC cavities emitting
at different wavelengths. Clearly there is a trend of improved signal

to background ratio as the mode wavelength increases. . . . . . . ..

a) Photoluminescence spectrum at 4 K of the H3 cavity mode in the
p-i-n structure at high excitation power and at bias voltage equal
to 4 V. The cavity supports a mode at 935.5 nm with a Q factor of
1000. Inset: Top view image of the H3 PhC cavity. b) Typical I-V
characteristic recorded from the p-i-n diode structure at 4 K.

a) Schematic of the p-i-n structure used for these experiments. b)
Photoluminescence spectrum as a function of gate voltage in the un-
patterned region of the sample (bulk). The two different charging
states of a single QD can be identified. They are denoted as X°
for the neutral exciton and X'~ for singly charged exciton (trion).

Additionally, the DC Stark shift is observed. . . . . . ... ... ..

Photoluminescence spectrum as a function of applied voltage of QDs
located in the H3 PhC cavity under applied external magnetic field
of B =3 T. All the apparent QD lines exhibit a Zeeman splitting.
Notably, the different QDs show different applied voltage dependence
and different DC Stark shifts. We attribute this to the proximity of
each QD to the PhC holes which affect the charging environment.
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5.8.

5.9.

5.10.

Identifying the charging states of a quantum dot (QD A) in the p-
i-n structure using resonant excitation. Differential reflection (DR)
signal as a function of applied voltage and laser frequency detuning at
4 Kand B=0T, of QD A, located in the unpatterned region of the
sample (bulk). The two different charging states are shown, namely
the neutral and the singly charged exciton, denoted by X° and X'~
respectively. The laser detuning is measured relatively to the center
of the X1~ plateau, at 311.67 THz. The bias voltage dependence
is due to the DC Stark shift. Each transition appears twice in the

measurements due to the applied voltage modulation. . . . .. . ..

Identifying the singly charged state (trion) of a quantum dot (QD
B) in the H3 cavity in the p-i-n structure using resonant excitation.
a) Differential reflection (DR) signal as a function of applied voltage
and laser frequency at 4 K and B = 0 T of QD B, located in the
defect region of an H3 photonic crystal cavity. The singly charged
exciton, denoted by X!~ is shown. The bias voltage dependence is
due to the DC Stark shift. Each transition appears twice in the
measurements due to the applied voltage modulation. In this case
the applied voltage modulation is 200 mV. b) Differential reflection
(DR) signal as a function of applied voltage and laser frequency at 4
Kand B=1T of QD B. The two Zeeman splitted lines are shown

and the applied voltage modulation is 100 mV. . . . . . ... .. ..

Demonstration of controlled charging of the quantum dot (QD B)
in the photonic crystal cavity in the p-i-n structure using resonance
fluorescence. a) Resonance fluorescence (RF) signal as a function of
bias voltage and laser frequency detuning at 4 K of QD B, located
in the photonic crystal (PhC) H3 defect cavity but detuned from the
mode. At B = 0 T the two different excitonic states are shown, X°
and X!=. The second line of lower intensity at the neutral exciton
plateau is indicative of the exciton fine structure splitting. The laser
detuning is measured relatively to the center of the X'~ plateau, at
310.985 THz. b) The RF plateau at B = 0.5 T for the singly charged
QD (X'7) in the PhC. The two Zeeman splitted lines are shown. By
repeating the measurement at different magnetic fields up to B = 3

T (data not shown), the exciton g-factor is found to be 1.7. . . . . .
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6.2.

6.3.

Comparison of the resonance fluorescence signal from quantum dots
(QDs) inside and outside the photonic crystal. Resonance fluores-
cence (RF) signal of a singly charged exciton (X'7) located a) in the
bulk (QD A) and b) in the photonic crystal (PhC) defect cavity (QD
B) at B =0 T and at bias voltage corresponding to the middle of the
plateaus, as the laser frequency is scanned along the energy transi-
tion. The laser power is equal to the saturation power for each QD.
The linewidths of the excitonic lines are Lorentzian with full width
at half maximum (FWHM) of 0.62 GHz and 0.85 GHz, for QD A
(bulk) and QD B (cavity) respectively. The ratio of the QD RF pho-
ton counts stemming from QD B to that from QD A is 1.9. Inset:
Photoluminescence spectrum at 4 K of the H3 cavity mode (denoted
by the black arrow) at low excitation power and at bias voltage equal
to 4.2 V. The studied QD (QD B) is denoted by the red arrow and
is detuned from the mode by 24 nm. ¢) Comparison of the measured
RF signal from QD A (bulk, blue data points) and from the QD B
(cavity, red data points) for powers below, at and above saturation.
d) Lifetime measurements of 4 QDs in the bulk (blue data points)
and 6 QDs in the H3 photonic crystal cavity (red data points). The
ratio of the averages is 2.2. The red data point indicated by the circle

corresponds to QD B. . . . ...

Comparison of the detection efficiency of photons from the spin state
of a singly charged QD inside and outside the photonic crystal. a)
Energy level diagram for a QD charged with a single electron at finite
external magnetic field. b) Detection efficiency of photons for QD in
bulk (QD A, blue data points), in the H3 PhC cavity (QD B, red
data points) and in the case of a QD located in the PBG exhibiting
10 times longer lifetime (green data points). For the latter case, the
estimated detection efficiency exceeds 1, which enables a single shot

Spin measurement. . . .. ..o Lo Lo oL L

Schematic of the cascaded system analyzed in the text. The source
atom on the left, generates a single-photon pulse upon excitation by
a coherent laser field. The generated single photon is focused on the
target atom to ensure maximum overlap with the target’s atom dipole
emission pattern. The Faraday rotator (F) ensures unidirectional

coupling. . . . . . .

Fg) / Fg) dependance of the probability of single photon absorption,
defined as the steady state expectation value of the desired state
([9;) = [1s, 27)) population (g = limy o (0 (1))). Here, TS = 1,
Fé‘? = 101“%?, fyg) =0, Q(t) = Qoexp(—(t —19)*/7%), Q = 1,

T=10,10=20. . . o

Overlap parameter n dependance of the probability of single photon
absorption. The parameters used in the simulation are the same as

the ones used in Fig. 6.2.. . . . . ... ... ...
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6.4. Schematic of a free-space coupling scheme that achieves entangle-
ment of distant spin qubits. Following laser excitation, the source
atom emits a single photon whose polarization degree of freedom is
entangled with the final source atom state. Upon absorption of the
single photon by the target, the two atoms are projected onto a ’spin-
entangled’ state. . . . . .. ..o 116









