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Abstract

Semiconductor quantum dots (QDs) are a promising platform for optical quantum
information processing (QIP) due to their unique optoelectronic properties, such as
their discrete energy levels and strong light-matter interactions. These properties
allow for the manipulation and control of the optical and spin states of individ-
ual QDs, making them suitable for applications such as quantum cryptography;,
quantum computing, and quantum simulation.

One of the key advantages of QDs for QIP is, aside of being embedded in a
semiconductor matrix, their small size, which allows for the confinement of carriers
within a few nanometers. This results in a discrete energy spectrum and a strong
confinement of the carrier wavefunctions, which leads to a strong light-matter
interaction. This strong interaction allows for the manipulation of the optical and
spin states of individual QDs, enabling the implementation of quantum gates and
other quantum operations.

In particular, site-controlled pyramidal QDs have emerged as a promising
candidate for optical quantum information processing, due to their unique structural
and optical properties. Pyramidal QDs are formed by patterning a semiconductor
material into a pyramid shape recesses, which results in a confinement of the
electronic and optical states in the inverted pyramid apex. This confinement allows
for a high level of control over the electronic and optical properties of the dot, such
as the energy level spacing and the optical transition dipole moment. Furthermore,
pyramidal QDs (intrinsically) could exhibit a high degree of symmetry, which makes
them well suited for implementing various quantum operations.

One of the key advantages of pyramidal QDs is their ability to achieve high
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optical quality, which is crucial for implementing high-fidelity quantum opera-
tions. In addition, pyramidal QDs can be integrated with other semiconductor
technologies, such as waveguides and electro-optic modulators, which allows for
the implementation of more complex quantum operations. This integration can
be done using various techniques such as epitaxial growth, nano-fabrication and
transfer printing or other heterogeneous integration techniques.

Overall, site-controlled pyramidal quantum dots have emerged as a promising
candidate for optical quantum information processing, due to their unique structural
and optical properties, which allow for high-fidelity quantum operations and the
integration with other semiconductor technologies. This research field is still in the
early stage and a lot of work is currently ongoing to improve the performance and
scalability of pyramidal QD devices.

In this work, we evaluate and optimize some features of this specific type of
QDs for optical quantum information processing. One of the main prominent
factor/feature, called fine structure splitting (F'SS), which is detrimental to the
quality of entanglement (essential to quantum information processing), is widely
studied and different strategies are discussed to minimize its pernicious effect in
the GaAs QD family. Resonant excitation of anti-binding InGaAs QDs, binding
GaAs QDs and charge distribution of GaAs QDs sandwiched between super-lattice

structure are other topics covered in this work.
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Chapter

Introduction

In this chapter, we provide a concise overview of fundamental concepts and termi-
nologies. Our aim is to provide the foundational information/knowledge required

to effectively understand the subsequent chapters.

1.1 Quantum Information

Classically, information is carried by “bit” (a contraction of Binary Digit), which
can be in either of two macroscopic states denoted by 0 and 1 [1]. These elements of
classical information (sometimes referred to as Shannon information) are translated
into electrical signal in traditional computers. For example, high voltage can
represent 1 and low voltage can represent 0. There are other possibilities like two
states of a flip-flop, two positions of an electrical switch, two distinct current levels
in circuit, etc. In Quantum Information, however, bits are replaced by “Qubits” (a
contraction of Quantum Bit) and in quantum computers they are translated
into two distinct states of a quantum element, e.g., the spin of an electron or the
polarization of a photon. Spin up (vertical polarization) corresponds to 1 and
spin down (horizontal polarization) refers to 0. More fundamentally speaking, the

difference between the classical and quantum information units stems from the
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difference between postulates of classical physics and quantum physics. In classical
world the states are defined with absolute certainty. The logic state is either in 1 or
0. But in contrast to the classical world, quantum physics allows for and actually,
in general, implies the superposition of all possible states that a system can take.
In the case of binary digits, the two level information carrier system (electron,
photon,...) is simultaneously in states 0 and 1, or better said, in a superposition of

0 and 1 (with specific weighting of each contribution).

In order to express the quantum logic states, we can use the Dirac notation.
We denote a state |1)) as the quantum state of a qubit being in the superposition

of states |0) and |1).
[¥) = a|0) + 1) (1.1)

where o and [ are imaginary probability amplitudes giving a norm equal to 1.
o + 18" =1 (1.2)

A possible visual representation for a qubit is the Bloch sphere representation. It
stems from the possibility of writing [2] the probability amplitudes a and g in the

following form:

|¢>:cvs(g)|0>+3M1(g>ew|D (1.3)

where 6 and ¢ are specific angles in the Bloch sphere with the simple states |0)
and |1) at the poles of the sphere. See Figure 1.1,

In the case of two qubits, the generic basis state for the combined system is given
by the tensor product of the basis states of the individual qubits, resulting in a
four basis state |00) ,[01),|10) and [11). e.g. b)) = «|00) + 5 ]01) 4+~ [10) + & |11).

In some specific cases, for qubits A and B, one can write the quantum state as
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10)

Figure 1.1: Block sphere, a graphical representation of a single state
for two-level quantum system.

follows:
0 ) 0 i
|t) = cos 3 10) 4 |1)g + sin 5 e (1), 10)g (1.4)
or in short

|v) = cos <g) 01) + sin (g) e'? [10) (1.5)

There is an even more special case in which the probability and phase coefficients

are reduced to:

[¥). = == (I01) £[10)) (1.6)

N

or in other combination:

1

9) = =5 (100} = 1)) (1.7)

The states in Equation 1.6 and Equation 1.7 are so-called Bell’s states after John
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Bell provided an experimentally verifiable “path” to entanglement interpretation in
his paper “On the Einestein-Podolsky-Rosen Paradox” [3]. Depending on the system
being studied, the Bell state will be written in various forms/degrees of freedom.
For example for two photons one can have %(|RL> + [LR)) or \%(\RR> + [LL)),
R and L being right- and left-handed circular polarization respectively.

We limit ourselves to the photon case and from now on we will consider photons
as the carriers of quantum information. There are various sources of photons
available. They can either emit single photons (emitting light as single particles
and in a discrete time interval in contradiction to thermal or coherent light sources)

or entangled photon pairs. In the following we briefly discuss some of these sources.

1.2 Single Photon and Entangled Photon Pair

Sources

Ideally, we would require a photon source to emit on demand, with high collection
efficiency (bright), high repetition rate (GHz), preferably at room temperature
with definite polarization. These sources could be triggered either optically or
electrically. We expect high quantum yield (ideally 100%) meaning that each
trigger leads to a photon (or entangled photon pair) generation. We also expect
that each photon wave-packet should be created identical to the predecessor and
successor meaning the spectra, polarization and spatial distribution are identical.
This is called indistinguishability and is crucial to photon interference required for
quantum information processing [4]. Single photon or entangled photon sources can
emit light in a probabilistic (e.g. spontaneous parametric down conversion (SPDC)
or four-wave mixing in nonlinear crystals or deterministic (on-demand e.g. in single
neutral atoms, single ions, single molecules, semiconductor quantum dots (QDs))

mode [5]. They can operate at room temperatures or cryogenic temperatures.
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[ Momentum Conservation ]

Idler

A

Signal wp

Figure 1.2: SPDC schematics with phase matching condition. This process
is a probabilistic photon pair/single photon generation.

There is no photon source gathering all of the above mentioned ideal features
simultaneously. Each source has its own pros and cons. We will name a few with a

short and essential discussion over their properties.

1.2.1 Probabilistic Photon Generation
Spontaneous Parametric Down Conversion (SPDC)

This process is a probabilistic photon pair/single photon generation. In this process,
a photon with higher energy (pump photon) is converted to two photons with lower
energy, namely Signal and Idler in accordance with conservation of energy and
momentum. In SPDC, a material with a x(® optical nonlinearity is illuminated with
a pump laser and two highly directional down converted signal and idler photons
are generated. Due to the change of refractive index with respect to frequency
(dispersion), only certain triplets of frequencies (wy, ws, w;) with their corresponding
momentum (ky, ks, ki) can co-exist, so-called phase matched [6,7], so that the energy

and momentum are simultaneously conserved. See FFigure 1.2. Phase matching
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condition is achieved using birefringent nonlinear materials (refractive index changes
by polarization). There are, therefore, different categories of SPDC dependant on

the polarization of pump laser, signal and idler [0].

e Type-0: Pump, signal and idler share the same polarization.

e Type-I: Signal and idler share the same polarization but orthogonal to the
pump.

e Type-II: Signal and idler have perpendicular polarization.

Referring to Figure 1.2, a type-I1 SPDC process can be used to produce polarization-
entangled photons. These photons are emitted along conical surfaces that intersect
in two directions (red highlighted points A and B in Figure 1.2). The energy and
momentum conservation laws apply to both the signal (H) and idler (V) photons,
so if one is detected along direction A, the other must be detected along direction
B and vice versa. This indistinguishability leads to the photons being polarization-
entangled. So the state function would be as follows (subscripts A and B in the
formula below denote to directions A and B at the intersection of the conic surfaces

before discussed):

) = <5 (HV)pp + ¢ VED ) (18)

Post-Selective Entanglement Generation

The way that one observes these photons, dictates the state to be entangled.
In fact, observing the photons at the intersection of signal and idler cones in
Figure 1.2 allows the superposition of two orthogonal polarizations. If the the
photon pair generation in SPDC process is of type-I, then the signal and idler cones
are fully overlapped and have the same polarization. In order to have orthogonal
entangled polarization state, one can, for example, perform a so-called post-selective

polarization entanglement generation with the help of a rotator and non-polarizing
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Pump laser
E—) i

Figure 1.3: Post-selective entanglement generation with type-I
photon pair generation

beam splitter (NPB) as depicted in Figure 1.3 [8,9]. When photons with different
polarizations hit the beam splitter, the states afterwards would be \% (JH) ,+i|H)p)
and (|V), +i|V)p), i being the 7 phase shift due to reflection from the BS. The
two photon final state would be a tensor product of the photon sub-states. The
eventual state therefor is (here the subscripts A and B denote to output ports A

and B of the beam splitter as in Figure 1.3):

1

V2

The final state is a product state and can be separated to two states of the

) <|HAVB> — [VaHg) + i [HAVa) + |HBVB>) (1.9)

composing subsystems (photons), thus they are not entangled. However, with an
appropriate post-selection procedure it is possible to select detection events that
indicate polarization-entangled state. Typically such scheme is realised by selecting

photons that only simultaneously are detected at separate output ports A and B.
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The two-photon polarization state is then:

1

V2

Good to mention that photons are bosons meaning that their state function should

V) (’HAVB> — !VAHB>> (1.10)

be symmetric. Although equation 1.10 is antisymmetric, the position degree of
freedom of the two-photon state is antisymmetric as well as ensuring the overall
state function, which is the multiplication of polarization and position degrees
of freedom remains symmetric [10]. This is a room temperature process which
is advantageous to its counterparts like semiconductor QDs requiring cryogenic
temperature. On the other hand, due to its probabilistic nature, the photon
generation is not on demand meaning that the photon pair it is not precisely
generated when ever required (or also that there is always a non null probability of

multiple events).

There are also other probabilistic photon pair generation methods like four-wave
mixing in which two pump photons are converted into two correlated photons in
a centro-symmetric material such as glass that do not allow y® nonlinearity but
the x®. Although the x® is small for glass, in optical fibers with long interaction
length, experiments have demonstrated creation of correlated photon pairs in a

single spatial mode with four-wave mixing in single-mode optical fibers [11-17].

1.2.2 On-Demand Photon Generation

As mentioned above, there are some other sources implementing two- or three-level
systems to create an on-demand single photon or an entangled photon pair. In the

following we review some of these sources.
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Single Neutral Atoms

The first experimental realization of particle entanglement was achieved with single
atoms [18-20]. A Calcium atom was used to generate entangled photon pairs. In
Aspect et al. work [20] a single atom in a nonlinear two-photon absorption process
was selectively excited from its ground state 4s? 'Sy to the excited state 4p?'S,.
(Reminder: spectroscopic notation 25*!L; where S is the total spin number of
electrons, L is total orbital angular momentum (L = 0, 1, 2, 3,... with corresponding
Symbol= S, P, D, F.... ) an J is total angular momentum. In this case for both
ground and excited states J=0). According to selection rules, J=0<+0 (meaning
that a transition from a state with total angular momentum 0 to an other state
with total angular momentum 0 is forbidden). The single photon excitation process
that is normally not allowed due to selection rules can be achieved through the
use of nonlinear excitation with two lasers with different wavelengths (406nm and
581nm). The excited state involves two electrons in a 4p subshell, and is a singlet
state with opposite spins, as indicated by the term symbol 'Sy. This means that
the same energy level is occupied by two electrons that have opposite spins, but
are otherwise indistinguishable. This is an indistinguishable two-body system
suggesting entangled spin states. With the very same logic of J=00, the excited
state 4p? 'Sy can not decay to 4s% 'S, as emission of a single photon requires change
in angular momenta of +1. The relaxation, however, can take place through an
intermediate state 4s'4p! 'P; (J=1) by emitting two consecutive photons having the
total angular momenta equal to 0 (conservation of momentum). If the photons are
emitted along the quantization axis (e.g. z), two degenerate states with magnetic
quantum numbers m = +1 and m = -1 exist (see Figure 1.4). The polarization
of photons could be determined based on the constriction of the total angular
momentum of photons emitted in the recombination cascade: the first circularly

polarized (either left- or right-hand) photon is followed by a photon of the same
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4D?1S))  e—
L1 < 551.3nm —p R1

m=-1 m=0 m=+1 ,

4-p14-51 1P0 I 1
S
L R c
2 <« 422.7nm —p 2 8
<
452180 ----- -——

Figure 1.4: Polarization-entangled photon emission from a
single atom via recombination cascade

polarization, provided that their emission direction is opposite (to maintain J=0).
In summary the scenario is as follows. The two-electron spin states are entangled.
The first photon is emitted via the decay to the intermediate state. Photon and
atom stay entangled until the second electron is decayed to the ground state. The
entanglement is then fully transferred to the polarization state of photons. The

entangled states is:

1

V2

Realization of such a system with alkali atoms such as Cs and Rb have been

1) (\R1R2> + !L1L2>> (1.11)

demonstrated as well [21-26]. There are other systems like Single Molecules [27, 28]
and Single Tons (which recently became of a great interest) [29-33] that are used

to generate single and entangled photon pairs.

Color Centers

A nitrogen-vacancy (NV) color center is a point defect in the diamond lattice. It

consists the nearest-neighbour pair of nitrogen atom which substitutes for a carbon
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Bulk Quantum well (QW) Quantum Wire (QWr) Quantum Dot (QD)

> [~ p >

I

Density of States
Density of States
Density of States
Density of States

Energy Energy Energy Energy

Figure 1.5: Energy of an electron in different confinements. From left to right:
In bulk material, quantum well, quantum wire and quantum dot respectively.

atom and a lattice vacancy [34,35]. The optical transition of NV centers can be
modeled by a three-level energy system. The ground state is denoted as |g) and
excited state as |e), where |e) is also thermally coupled to a meta stable state
called |s) [5]. The excited state |e) can decay to the ground state |g) and emit
a single photon. Thermally coupling between the meta stable |s) and |e) is also
possible. This state is usually referred to as a “shelving” state, because while in
that state, the |e) to |g) emission terminates. The long lifetime of this shelving
state |s) results in a decrease in the single-photon emission rate and also causes
photon bunching when looking at time intervals longer than the color center’s main
transition lifetime. For the nitrogen-vacancy center the emission line is at 637nm

with a spectrum broader than 100nm.

Semiconductor Quantum Dots (QDs)

Before jumping into QDs as single photon sources, it is good to address a small

summary of quantum confinement types. When the electron (or electron-hole pair
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as a quasi-particle) is confined in a potential with dimensions near the De Broglie
wavelength of the electron (for an electron with KE = 1eV and rest mass energy
0.511MeV, the associated De Broglie wavelength is 1.23nm), the energy profile that
an electron can occupy contains discrete levels rather than a continuum of levels as
for electron in free space or bulk material (and e.g. effective masses are not the
same as the free electron mass). This confinement could be in one, two or three

dimension. See Figure 1.5.

e 1D confinement: A Quantum Well (QW) in which the electron is free to

move in a 2D plane.

e 2D confinement: A Quantum Wire (QWr) in which the electron is free to

move in 1 dimension only.

e 3D confinement: A Quantum Dot (QD) in which the energy of the electron
or electron-hole is discrete in all three dimensions. QDs are referred as

artificial atoms.

In the case of semiconductors, one can sandwich a lower bandgap material like
GaAs between a higher bandgap material like AlGaAs. The geometry of this
confinement could tell what structure (QW, QWr or QD) we are looking at. For
QDs, there are different methods to create such a confinement. But before we start
discussing the QD growth, we first review the physics of QDs and challenges arising

with this semiconductor structure.

1.3 QD growth

The emergence of “small” semiconductor confined structures has generated signif-
icant interest due to their unique physical properties and potential applications.

This interest was closely linked to the technological advancements that made it
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possible to actually construct such structures [36]. The concept of discrete energy
levels in confined structures was well-established in quantum mechanics, but it
wasn’t until the 1960s and 1970s that there was significant literature on the im-
portance of quantum confinement generally referred as quantum size effects (QSE)
in applications. One notable result was the invention of the quantum well (QW)
laser [37-40]. However, specific quantum-mechanical problems still needed to be

addressed in the 1970s, such as the simple harmonic oscillator confined in a box [41].

It is worth noting that even though one-dimensional confined structures were
quickly labeled as quantum wells, it took until the 1990s for there to be an agreed-
upon labeling system for lower dimensionality structures. The development of
applications for confined structures was made possible by relevant advances in
semiconductor technologies. Molecular beam epitaxy (MBE) and metalorganic
vapour phase epitaxy (coming with different names such as MOVPE, MOCVD,
OMVPE, OMCVD, CVD) were consecrated during the 1970s and became available
to research groups as industrial products during the early 1980s [42-47]. These
techniques replaced less versatile “growth” techniques. The invention of the atomic
force microscope (AFM) [48], following the Scanning Tunneling microscope (STM),
was not industrially available to several research groups until the early 1990s.
Early publications in the field relied mainly on electron microscopy in the form of
Tunneling Electron Microscopy (TEM) and Scanning Elecotron Microscopy (SEM)
for structural feedback, along with in-situ diffraction techniques such as low energy

electron diffraction (LEED).

Furthermore, recent advances in “quantum light” were made possible by the
broader availability of more advanced and cost-effective laser sources, such as the
(mode-locked) Ti-Sapphire laser in the late 1980s and early 1990s, and more recently,
significantly improved single-photon detectors based on various technologies. There-

fore, it is important to note that technological advancements in both semiconductor
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growth techniques and microscopy/characterization tools have played a critical role

in the development of applications for confined structures.

The 1982 manuscript by Arakawa et al [49] is considered a significant paper for
the development of quantum dot technologies. It provided a theoretical analysis
that proposed the use of quantum dot lasers for more efficient and temperature-
stable laser structures. At the time, obtaining such structures with semiconductors
was not possible in a controllable way. However, self-assembled processes used
to create quantum dot structures result in a distribution of sizes that limit their
maximum performance. The choice of terminology used in the manuscript is also
worth noting. Quantum dot structures are referred to as “3D-QW?” rather than
zero-dimensional (0D) structures, indicating that there was no agreement on how
to label nano-structures in 1982. During the 1980s and early 1990s, other notations,
such as QW wires and boxes, were also used. These notations later evolved into

quantum islands, boxes, dots, and the contemporary approach.

The above mentioned nano-structures can come in many different forms, for
example by top-down lithographic approaches. The development of nano-structures
began in the early 1980s through both top-down and bottom-up approaches. The
scientific community initially focused on top-down approaches, such as patterning
semiconductors, to achieve low-dimensional structures in the micron or nanometer
range. However, researchers seeking optical effects quickly realized that these
methods could result in distributed defects that affected the optical properties,
uniformity, and control of the structures [50-58]. This led to a shift towards
bottom-up “self-assembled” structures, which showed greater promise and had

already been explored in the early 1980s.

It is worth noting that self-assembled structures were sometimes discovered
by chance, such as the case with quantum dots. Quantum dots were initially

discovered as a byproduct of the research on heteroepitaxy, and their unique optical
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properties were quickly recognized. Although the formation of quantum dots comes
with a distribution of sizes due to the self-assembly process, they offer a better

temperature response and have become a commercial reality.

Stranski-Krastanov

The concept of semiconductor self-assembly is not a new one, as surface scientists
have been exploring the growth processes of deposited monolayers (MLs) of material
A on crystalline material B since the 1960s. This research initially focused on
metal on metal and metals on semiconductors, and later expanded to include more
exotic compounds. The interpretation of this research often relied on photoemission
spectroscopy and interference technologies, such as LEED.

The growth modes of epitaxial growth were discussed in a theoretical classifi-
cation as early as 1958 [59,60] This classification identified three different growth
mechanisms, including growth atom-layer by atom-layer through surface nucleation
(FRANK-VAN DER MERWE mechanism) for growth on material of the same
composition, and the growth on a different material occurring through the original
formation of a mono- or poly-molecular layer without nucleation, which then leads
to the formation of three-dimensional nuclei (STRANSKI-KRASTANOV mecha-
nism), or through the formation of three-dimensional nuclei directly on the foreign
substrate (VOLMER-WEBER mechanism).

Some of the original manuscript discussing the growth modes was mostly
written in German and appeared as early as in the 1920s and 1930s. Initially, the
classification did not have widespread use, but by the early 1970s, it was commonly
utilized by the growing surface science community. By the late 1970s, it had become
the dominant description used in publications.

The Stranski-Krastanov (SK) classification is particularly interesting as it is

almost exclusively used in relation to quantum dots today. Volmer-Weber quantum
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dots are possible, but the success story of quantum dots is primarily linked to SK
dots. The original SK growth mode description deviates significantly from the
current utilization. The original proposal related to a layer by layer growth which
would then turn 3D due to impurities or dislocations, forming islands as a form of
energy minimization. The breach of crystal perfection was nearly intrinsic to the
original description.

Currently, a few-layer growth followed by 3D growth is labeled as SK, regardless
of the specific driving mechanism. It is important to note that defect-induced
3D nucleation is today not generally described as a Stranski-Krastanov process,
unless it is useful for future developments. Today, 3D formation in semiconductor
quantum dots is mainly associated with a specific energy minimization mechanism.
The increase in surface energy of the system is outweighed by the reduction in
strain energy due to lateral relaxation during 3D growth.

In summary, the growth modes of epitaxial growth have been studied by surface
scientists for many years. The theoretical classification from the late 1950s is still
widely used today. The Stranski-Krastanov classification is interesting because it
is primarily associated with quantum dots. The current usage of SK nomenclature
primarily relates to a specific energy minimization mechanism, which reduces strain

energy during 3D growth.

Droplet Epitaxy

Droplet epitaxy (DE) [61] is an other method used to grow QDs by depositing
group IIT elements (such as Ga, In, or Al) onto a substrate at a temperature
above their melting point. This causes the elements to segregate into droplets of
nanometer-sized dimensions. The droplets are then exposed to a flux of group V
elements, leading to the crystallization of the droplets into III-V QDs. This growth
method can be used to produce both strain-free QDs (such as GaAs/AlGaAs) and
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strained QDs (such as InAs/GaAs).

Local Droplet Etch Epitaxy

Defects can have subtle effects on the properties of QDs, such as causing the
spectral diffusion of QD exciton states [62], which is detrimental to quantum
applications. These effects are typically more pronounced in DE QDs compared
to “strain-induced” SK QDs. However, a recent development called local droplet

etching (LDE) [61,63] has been successful in overcoming this limitation in DE QDs.

1.4 Physics of QD

So far, we have reviewed some candidates of single photon and entangled photon
pairs. We leave more details regarding the epitaxial growth, features appearing
and the general structure of QDs for now and we’ll come back to it later. We first
review the general physics behind QDs, which is not dependent on the way they
are grown or their specific structure. As mentioned above, QDs are often called
“artificial atoms” because they have properties similar to those of individual atoms
(discrete energy levels) and they exhibit similar optical effects. Therefore, it could
be expected that the basic concept of generating polarization-entangled photons
with quantum dots is similar to the approach used with single atoms [64]. The
specific details of generating entangled photons with quantum dots, along with a

general introduction to these structures, will be discussed in more detail later on.

1.4.1 Excitonic complexes

An exciton is a pair consisting of an electron and a hole that are attracted to
each other by the Coulomb force [65]. An other important factor for this binding

between electron and hole is strong confinement when 3D confined structures are



Page 18 | Chapter.1

Exciton (X) Biexciton (XX) Positive Trion (X™)

+ " -

—_ XS X

Negative Trion (X7) XX+ XX~

+* - w?

Qe QQ'@ SOlen

Figure 1.6: Name and structure of different excitonic complexes forming
inside the QD.

considered. These quasi-particles could be generated from the vicinity of the QD
and injected into it or could be directly generated inside the QD. If there are
multiple electrons or holes, various excitonic complexes may form. Figure 1.6 shows
the name and structure of few excitonic complexes. Ideally, a QD is excited from
its ground state to the excited state, then spontaneously decays to the ground state
(electron and hole recombine) and emits a single photon. Then the system could be
reinitialized to the excited state and the process repeats. This ensures the single
photon emission. Statistically speaking, photons are emitted with a sub-Poissonian
distribution at variance to coherent laser light with a Poissonian, or thermal light
with a super-Poissonian distribution [66]. If two electrons recombine with holes

consecutively, we would have a recombination cascade.

1.4.2 Fine-Structure of the Exciton

Each of the excitonic energy levels is made up of a group of states corresponding

to different spin configurations of the carriers. This multiplet exhibits a fine
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structure splitting that is caused by two factors. I. The “exchange interaction”

which couples the spins of electron and hole. II. The Zeeman interaction routing
from an interaction with an external or internal magnetic field. We limit our study
to the case of exchange interaction. In its general form, the exchange energy has

the following integral form [67]:

\I]* .« = , —= \I] e = R —
Hmch(mge “ﬂ X(I‘ ry,I'n rz) X X(I‘ e, I'p I‘1) d3r1d3r2 (1‘12)

ry — 1o

where Wy is the exciton wave function with rep being the electron and hole
coordinates respectively. When calculating the exchange, the integral separates
into two parts in real space called short- and long-ranged. The short-ranged is
when e-h pair are in the same Wigner-Seitz unit cell and long-ranged is when each
falls into a separate cell (a Wigner—Seitz cell is an example of a primitive cell,
which is a unit cell containing exactly one lattice point). Here, we focus on the
short-ranged interaction. The full picture should also consider the long-ranged and
interaction of carrier spins with the spins of the lattice nuclei known as Overhauser
shift of the exciton energy [68]. In the short-ranged regime, the general form of e-h

spin interaction with the electron spin S, and hole spin Jj is [69]:

Hexch(znge = - Z (aiJh,iSe,i + biJ}?,iSe,i) (113>

=2y,
where a; and b; are spin-spin coupling constants. As we will later see, our QDs are
self-assembled QDs ensuring the heavy and light hole energies are well separated
by orders of meV’s due to the existing strain. This splitting is considerably
larger than the fine-structure interaction energies and can be safely neglected.
The heavy-hole spin is therefore J, = 3/2, J, , = £3/2 and the electron spin is
Se =1/2, S, = +1/2. Given this, there could be 4 possible spin configurations.
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Figure 1.7: The schematics of “standard” exciton fine structure. The panel
1 shows neglecting the heavy and light hole splitting. Panel 2 showing the
presence of splitting of heavy and light holes due to strain in self-assembled
QDs. And panel 3 indicating the presence of fine structure splitting.

(1+2) +1-2))

We summarize these spin configurations/states as M = J,, + S. .. If we omit
the exchange interaction and adopt a simple picture, these states are four fold
degenerate. Otherwise we would label each state by their spin configuration as |+1),
|—1), |[4+2) and |—2) respectively. By writing the exchange interaction Hamiltonian

1.13 on the basis of these states, the matrix representation would be:

+6p +01 0 0
+01 +dp O 0
Hemchange = ' ’ (].].4)
0 0 —dp 09

0 0 402 —do

The following abbreviations have been introduced: §y = 1.5(a, + 2.25b,), §; =
0.75(b; — by) and 05 = 0.75(b, + b,). The first term in equation 1.13 gives the

diagonal elements of the matrix and the second term leads to off-diagonal elements.
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Figure 1.8: Different symmetries of QDs. Cby, (C3,) symmetry has a
two-fold (three-fold) rotation axis and two (three) vertical mirror planes
containing the rotation axis. Ds; symmetry has a three-fold rotation axis,
3 two-fold rotation axes perpendicular to the first rotation axis and a
horizontal mirror plane.The figure is taken from M. A. Dupertuis et al.,
Phys. Rev. Lett. 107, 127403 (2011).

As the matrix 1.14 has a block diagram form, the bright and dark excitons do
not mix with each other and they are separated by the value of dy3. In general
and in realistic systems, due to the presence of off-diagonal matrix elements in
the relevant subblocks, the excitons with each |M| =1 and |M| = 2 are hybridized.
It means that heavy holes and light holes states are actually mixed i.e. can be
written as superposition of different bases which contain both, and not separated.
Rotational symmetry implies b, =b, so the states |[+1) and |—1) are eigenstates
of the exchange interaction. If the rotational symmetry is broken (b, # b, ), then
do # 0 so the states |[4+1) and |—1) are mixed. The eigenstates are \%(Hl} +|-1))
separated by d;. Dark excitons are always mixed (05 # 0) regardless of rotational
symmetry. The eigenstates are \%(H—Q} + |—2)) which are separated by d, with
the relative energy of \%(—(50 + d5). See Figure 1.7.

When a QD is completely asymmetric, the previous explanation is not applicable
because all four excitonic states become mixed. They are all partially allowed and
can be seen in the optical spectrum. In the case of a charged exciton, when two
particles of the same type are at the same ground level, a spin singlet state is
formed and thus there is no exchange interaction between the electron and hole.

The simplified explanation of the exciton fine-structure presented here is generally
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valid for most QDs that have been studied experimentally, which typically have
low symmetry of Cy, (Figure 1.8), resulting in fine-structure splitting and dark
states. However, the spin interaction can be significantly different in QDs with
other specific symmetries. For example, theoretical calculations based on group
theory suggest that QDs with rotational symmetry of Cj,, which is of particular
importance in the context of this work, should not have dark states [70,71]. Instead,
they should be composed of two pairs of bright degenerate states. The paucity
of experimental reports for this scenario can be explained by the fact that many
high symmetry dots tend to have Ds, symmetry. Some spin-spin interaction
characteristics of ('3, symmetry nanostructures have been experimentally revealed
with the help of a magnetic field [72,73]. It was shown that the magnetic field
3

can easily mix hole states J = +% and J = —3 resulting in significantly different

Zeeman interactions when compared to (s, systems.

1.5 Entangled Photon Pairs from QDs

As mentioned in section 1.2, there are various methods to generate entangled
photons. Researchers have achieved post-selective production of polarization-
entangled photons from single photons by QDs interfering on a beam-splitter with
high single photon purity and indistinguishability [74]. Additionally, time-bin
entanglement has been shown using exciton and biexciton transitions [75]. However,
one of the most promising ways to generate entangled photons is through the
biexciton-exciton recombination cascade. The idea, first proposed by Benson et
al. [64], is similar to methods used in single atoms. By exciting an empty QD to
the biexciton state, which is composed of two excitons, the electrons and holes
composing the biexciton have opposite spins due to the Pauli exclusion principle,

resulting in a net spin of zero. The biexciton state is a single, non-degenerate state,



Chapter.1 | Page 23

Energy (meV)
1595 1594 1593 1592 1591 1590
X X — v
1 ]
— H
2000 - P P n
m — FSS > -
g i (160 pev) i x*
o 15007 X X
o 11 1
o 1 ] ”
c 1 ]
o 1 ]
1000 |
2 i §
I 1
3 I 11
N 1 11
500} Hilx XX 4
:
ol NN el -
782.0 782.5 783.0 783.5 784.0 784.5 785.0
Wavelength (nm)

Figure 1.9: FSS phenomenology as a function of polarization. Different
polarizations are well separated energetically from each other. X* represents
a charged transition which does not show any splitting due to its singlet
spin state. The difference between counts of H and V polarizations is due
to the CCD polarization-wavelength response difference.

and it can only relax to the ground state by changing its angular momentum value
by £1 (selection rules are between p type and s type levels). The intermediate state
is a neutral exciton, with two degenerate states with M==+1, provided that the
QD is symmetric. During recombination to the state with M=-1(+41), a right-(left-
Jhand circularly polarized photon is emitted. Due to the total angular momentum
constraint, further recombination results in the emission of a left-(right-)hand
circularly polarized photon, given the emission of both successive photons are in

the same direction. The superposition of these two possible photon emission is:

1
) = EORXXLX) + !LxxRx>) (1.15)
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1.5.1 FSS and Entanglement

The proposed method for generating polarization entanglement is a scenario that is
not commonly observed in real quantum dots. The advantage of this method is that
it relies on the degeneracy of the exciton level. However, in most QD systems, the
degeneracy of the exciton level is lifted due to the electron-hole exchange interaction
we discussed, when the confinement potential symmetry is low. This symmetry
can be lowered due to various factors such as QD elongation [76,77], strain [78],
random alloy segregation [79], etc. In this case, the non-degenerate exciton levels
are separated in energy by an amount equal to the FSS. Both levels are mixed
and the optical selection rules that apply to linear polarization are valid. Thus,
in general, a pair of emitted photons is colinearly polarized. Consider now the

equations in 1.16 and 1.17 below (Jones matrix transformations).

1
H) = V) = Ry=—=1 | b =—1 . (1.16)

B = (1) =i[v) 1) = 5 (I +iv) (117
By simply using Jones matrix transformations as indicated in equations 1.16 and
1.17, one can rewrite equation 1.15 in linear basis. A phase term would appear
in the corresponding linear representation of entanglement which we will detail
in the following. Since the biexciton is a spin singlet state without electron-hole
exchange interaction, its level is a single degenerate state [80]. However, its ground
state is the exciton, so the FSS is reflected in both transitions. See Figure 1.9
and Figure 1.10. Just like in the ideal scenario without FSS, a QD is initially
populated by two particles (excitons) that create a spin singlet state, which can

then be detected through the cascaded recombination process. Despite the FSS,



Chapter.1 | Page 25

Figure 1.10: Schematics of excitonic complex of a QD energy levels with
the presence of FSS

this process maintains the entangled nature of the original state [31]. However,
the final entangled two-photon polarization state is affected by the FSS. So the
modification of the entangled state occurs as follows: initially, a stationary biexciton

state is created:

1

V2

Once the first XX photon is emitted (H or V), the system is in an entangled

W) (IXXH®XH> + |XXV®XV>) (1.18)

photon-exciton state.

W) = % <|HXX ®@ Xn) + |[Vxx ® Xv>> (1.19)

Since the non-degenerate exciton states have different energy levels, they evolve

at different rates, which results in the emergence of an evolving phase term in the
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state.

1 i.FSS.t
|\II> = E <|HXX ® XH> +e & |VXX & XV>> (1'20)

After the emission of the second photon (X), the entanglement state is fully
transferred from spin state to the photon polarization state. As the emission of
the exciton is spontaneous, the phase term continues to evolve until the exciton

photon is emitted, so we can replace t with 7« as the exciton lifetime:
i.FS

1 S.tx
|U) = E<|HXX®HX> +e n |VXX®VX>> (1.21)

Equation 1.21 is a state that has a fixed phase term but doesn’t change over time.
However, due to the varying lifetime 7x of individual excitons, the phase term
values differ in the corresponding two-photon polarization states. The problem
arising experimentally is that entanglement is ideally evaluated by using a statistical
ensemble of identically prepared particles. This implies that, in the case of non-zero
FSS, entanglement is practically evaluated for an ensemble containing a variety
of different states, which makes the overall state mixed, and thus with reduced
or absent entanglement. In other words, each recombination cascade (each two
consecutive photons) emitted is entangled, however, it is different from the previous
or next recombination. The final two-photon polarization state suggests that
entanglement can be observed when either the FSS is very small, ideally zero, or
photons for entanglement tests are selected with the same 7x. The latter method of
selecting photons with the same lifetime for entanglement tests can be used to create
different types of entangled states, like \%(\HH> —|VV)) or \%(!HH) +i[VV)),
but it comes with the cost of a less bright photon source, as a strong selection/filter
is applied. QDs with no F'SS and emitting all photons in a maximally entangled
state \%(\HH) + ]VV)) would be advantageous in any practical application.
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Figure 1.11: Inverted tetrahedral pyramidal recesses for epitaxial growth

of QDs.

Pyramidal Quantum Dots

Over the past two decades, advances in semiconductor fabrication and a greater
understanding of epitaxial growth have allowed for greater control over the epitaxial
growth of QDs. In our group (Epitaxy and Physics of Nanostructures) we work on a
specific type of self-assembled QDs. QDs are grown on a pre-patterned tetrahedral
pyramidal recesses (see Figure 1.11). This growth, in contradiction to other growth
techniques, lets the nucleation take place on arbitrarily defined sites (inverted

pyramids). The term Site-Controlled Pyramidal QDs originates from this.

The complex growth scenario of epitaxial material on non-planar substrates,
where surface kinetics and chemistry vary across different exposed crystallographic
facets, is utilized to produce site-controlled quantum dots in pyramidal recesses.
The process is driven by the so called “self-limited” growth mechanism that occurs
in V-grooves [82] and tetrahedron templates [33] and results from a balance of
two factors: (1) an anisotropic growth rate on the exposed side facets and (2)
the influence of capillarity effects. See Figure 1.12. The reason for the anisotropic
growth rate can be attributed to the varying properties of different surfaces. The
pyramid sidewalls that are exposed are aligned along (111)A (Figure 1.12), which

are terminated by Ga atoms. If the structures are grown under certain growth
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Figure 1.12: The self-limiting profile which is a balance between the
capillary effect and anistropic growth for non planar facets.

conditions, there exists a higher concentration of precursor decomposition sites
on the (111)A sidewalls. This results in a noticeable difference in the rate of
decomposition, leading to a faster growth of the crystal on the sidewalls. The
capillarity effect, in which adatoms move to reduce surface energy by making the
surface more planar, can be explained by considering the shape of a pyramidal
recess. The adatoms tend to flow to the bottom of the pyramid. If they are close
enough to the bottom, within a few hundred nanometers, they can easily reach it,
causing an increase in the growth rate at the bottom. This also tends to make the
base of the pyramid wider along the (111)B direction. As QD growth incorporates
growth of different layers of I1I-V semiconductors with different alloy compositions,
alloy segregation which stems from difference in diffusion rate of different elements
in such a tetrahedron structure is unavoidable. Thus, different features other than
the QD will form during the growth process. These features are Vertical Quantum
Wire (VQWr), Vertical Quantum Well (VQW), lateral QWr and lateral QW. VQWr
is detrimental to the quality of entanglement as it alters the symmetry of confining
potential of the QD. These features are sketched and detailed in chapter 3 as they
are more relevant to the chapter discussion.

The Growth and post-growth process (as in this thesis) flow is schematically

depicted in Figure 1.13. It is as follows:

1. The tetrahedral puramidal recess is patterned on <111>B GaAs wafer with
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Figure 1.13: The Growth and post-growth process flow. (1) Tetrahedral
pyramidal recesses are patterned on <111>B GaAs wafer. (2) The QD hetero-
structure is grown in the MOVPE reactor. (3) As-grown sample is flipped
and attached to a carrier with, for example, SU8(photoresist) for mechanical
grinding. (4) Sample is ground until ~30um of GaAs wafer is left. (5) Sample
is then immersed into etching solution until pyramid’s tips are exposed(chemical
back-etching).

phololithography process. Pyramid pitches are usually 7.5pum, 10um or
12.5pum. See Figure 1.11.

2. @QDs are grown in the MOVPE reactor. See Figure 1.14 as grown and as
grown cross section insets. The layer sequence appears similar to that of a

quantum well sample.

3. The as grown sample is attached to a carrier (typically <100> GaAs wafer)
with the help of a photoresist (SU8) hard baked at the temperature of 150°C

for 10 minutes.
4. As-grown sample is then mechanically ground (from 360um to ~30um).

5. The sample-carrier bundle is then immersed into the etching solution (NH,OH

+ Hy0, with the PH of 2.7) until the pyramids are exposed (this method is
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Figure 1.14: As grown (top view and cross-section) and back-etched
pyramids.

called Chemical Back-Etching. see Figure 1.14 Back-Etched inset).

1.6 Characterization of QDs

In this section, we will review some experimental techniques we used to charac-
terize QDs. This includes cryogenics photoluminescence, polarization resolved

spectroscopy and Time-Resolved spectroscopy.

1.6.1 Cryogenics Photoluminescence

Why cryogenic photoluminescence measurements?

Enhanced emission properties: Cooling the QDs to cryogenic temperatures,
typically below 10 Kelvin, helps to suppress non-radiative recombination channels
and enhances radiative processes. This leads to improved photon emission efficiency,
reduced background noise, and higher purity of the emitted single photons.

Reduction of phonon interactions: Cryogenic temperatures significantly
reduce the thermal energy and phonon population in the material. Phonons

can interact with the quantum dot exciton states and cause decoherence or non-
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radiative relaxation. Cooling the QDs to cryogenic temperatures minimizes phonon
interactions, enhancing the coherence properties of the quantum dot excitons and

improving the single photon emission purity.

Elimination of charge fluctuations: At room temperature, quantum dots
can experience charge fluctuations due to thermal energy and interactions with the
surrounding environment and phonons. These fluctuations can cause variations in
the emission properties and hinder the generation of single photons. By cooling
the QDs to cryogenic temperatures, the charge fluctuations (and phonons too) are
reduced, providing a more stable and well-defined emission from the quantum dot,

enabling better control over single photon generation.

Suppression of Auger recombination: Auger recombination is a non-
radiative process that can occur in quantum dots, particularly at higher temper-
atures. It involves the energy transfer from an exciton to an additional carrier,
leading to the non-radiative decay of the exciton state. Cryogenic temperatures
help to suppress Auger recombination, allowing for a higher probability of radiative

recombination and increasing the efficiency of single photon emission.

After the as grown sample is processed, it is mounted on the copper/gold stage
of our ARS closed helium cycle cryostat. The sample is cooled down to ~6 Kelvins
in about 2 hours and 30 mins. The sample temperature can be checked by the
bulk GaAs emission at low temperature (820nm). The 630nm laser is illuminated
to the sample for above band excitation to create excitonic complexes around
QD or resonantly directly inside the QD. A Long Pass (LP) filter is introduced
to the optical path to block the laser emission and send the QD emission to the
monochromator. The spectrum is then monitored by a custom made computer
software. This techniques is often called micro-photoluminescence (pPL) since it
combines photoluminescence with spatially resolved measurements at a microscale

level. It enables the investigation of the local optical properties of a material (in this
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Figure 1.15: Schematic diagram of photoluminescence optical setup.
Long pass (LP) filter, filters the laser and the QD emission is sent to the
monochromator. The BS is 10:90 (10% Reflection, 90% Transmission).

case site-controlled pyramidal QDs) with high spatial resolution. See Figure 1.15.

1.6.2 Polarization-Resolved Spectroscopy

Polarization resolved spectroscopy needed to be implemented to observe the fine
structure splitting, considering that small FSS are beyond the resolution of the
detection systems. For example, the maximum resolution of our monochromators
with 1800 grooves per millimeter grating is 20ueV, however QDs have FSS of orders
of few peV’s. As mentioned above, the FSS is reflected in the polarization of the
different transitions (see Figure 1.9). If the FSS is small enough, the observed peak
is the overlapped V and H polarizations, see Figure 1.16. In the upper inset, it
shows the overlap of V and H polarizations. By using a linear polarizer, when it

is aligned vertically, the H polarization is minimized and the overall peak shifts
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Figure 1.16: Polarization resolved spectroscopy. The upper most inset
indicates the overlapped V and H polarizations when there is no polarization
optics on the way. By introducing a linear polarizer, once it is vertically
aligned, the H polarization is suppressed and the overall peak moves toward
the vertical polarization as indicated in the middle inset. The opposite will
happen when the polarizer is horizontal (the bottom inset).

towards the vertical polarization as shown in the middle inset. The opposite effect
will occur when the polarizer is aligned horizontally. The measurement is recorded
for one complete round of the polarizer. The recorded data is then analyzed. By
tracking the displacement of the peak value of the overlapped curve (black curve), a
sinusoidal curve is made. The domain of this sinusoidal curve indicates the amount

of fine structure splitting.
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1.6.3 Time-Resolved Spectroscopy

This method implements single photon counting modules to measure the lifetime
of exciton (X) and biexciton (XX) and second order correlation function ¢ (7).
But why do we utilize this method? Time-resolved measurements are performed
in the QD community for quantum information and quantum dot applications for
several reasons:

Quantum coherence characterization: Time-resolved measurements allow
researchers to study the coherence properties of quantum dots. Coherence refers to
the ability of a quantum system to maintain and control quantum states without
excessive decoherence. By analyzing the dynamics of carrier recombination and
relaxation processes in quantum dots, researchers can assess the coherence times and
understand the factors affecting coherence, such as phonon interactions, dephasing,
and environmental effects.

Exciton and biexciton dynamics: Time-resolved measurements provide
insights into the exciton and biexciton dynamics, including exciton formation,
radiative and non-radiative decay processes, and exciton-exciton interactions. These
dynamics are crucial for understanding and manipulating the optical properties of
quantum dots, which indeed are essential for applications such as single-photon
sources and quantum information processing.

Carrier capture and relaxation: Quantum dots have discrete energy levels,
leading to efficient carrier capture and long carrier lifetimes. Time-resolved mea-
surements help in understanding the carrier capture processes, carrier relaxation
mechanisms, and carrier dynamics within the quantum dot structure. This knowl-
edge is vital for optimizing the efficiency of quantum dot-based devices, such as
lasers, detectors, and quantum dot solar cells.

In general, for quantum information applications, by investigating the lifetimes,

coherence properties, and gate operations of qubits, one can assess their suitability
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Figure 1.17: Time resolved spectroscopy. A method used to measure the
emission life time of different excitonic transitions.

for quantum information applications and identify methods for enhancing their

performance.

Life-Time

The idea is rather simple. There are two detectors, one triggers the timer to start
and the second stops the timer. The elapsed time is regarded as the lifetime of
the transition under study. For XX, the start is the laser signal and the stop
is the signal from the , e.g., APD (Avalanche Photo Diode) once it detects a
single XX photon. For X, the start would be the XX signal and the stop the X
signal. This is because the X transition will recombine after the XX transition
has taken place. Because the recombination is spontaneous, it varies with time at
each recombination. The best way to measure the average lifetime is to build a
statistics, create a histogram. Then an exponential fit will determine the lifetime.
Histogram is made by integrating the number of photons arrived in each time bin
(t;,1=1,2,3,...) after the timer has been started. By convention, after the fitting,
the time by which the peak value drops by 1/e is considered as the lifetime. See
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Second Order Correlation Fucntion ¢(7)

The second order correlation function is a figure of merit to show how good the pho-
ton source is generating single photons. Correlation measurements were conducted
in a classical Hanbury Brown and Twiss (HBT) setup (Figure 1.18). An auto-
correlation curve can be obtained by filtering an appropriate excitonic transition
using a monochromator. The filtered light is then split by a nonpolarizing 50:50
beamsplitter and detected by two avalanche photo diodes (APD), which act as
single photon detectors. One APD initiates the photon counting module, while the
other, delayed, stops it. The resulting histogram of time intervals between the start
and stop signals mimics the second order correlation function. Cross-correlations

can be measured by splitting the photoluminescence using a nonpolarizing 50:50
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beamsplitter and directing it to two different monochromators, which pass appropri-
ate excitonic transitions of different wavelengths. The resulting ¢‘®(7) can then be
measured in the same manner as in auto-correlation measurements. If polarization-
resolved measurements are required, a polarizer or polarizing beamsplitters can be
placed in front of the APDs. Our setup is equipped with four APDs, allowing for

four curves to be measured simultaneously.

1.7 Summary and Conclusion

In summary, we introduced some basic concepts necessary to understand the next
chapters. We started by the essence of quantum information, we introduced some
possible candidates as carriers of quantum information, and by picking up the
semiconductor QD, we detailed the physics and challenges arising with this system
as single photon and entangled photon pair source. Eventually, we briefed most
important characterization techniques including pPL (micro-photoluminescence),
polarization-resolved spectroscopy and time resolved spectroscopy. In the next
chapters, we will use these material and techniques to have a better understanding

of our special type of QDs called “Site-Controlled Pyramidal QDs”.
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Chapter

InGaAs QDs

2.1 The Anti-Binding Biexciton

Historically, the typical first approach to excite a QD to the biexciton state has
been of non-resonant nature (optical or electrical excitation of the QD barriers)—a
process that is incoherent, noisy, and largely inefficient due to the probabilistic
population of different types of excitonic complexes, overall degrading the properties
of quantum light emitters. Recent advancements in experimental settings marked
a paradigm change toward resonant excitation methods to maximize QD benefits,
especially valuable if combined with a QD site-control capability as in this thesis. By
exploiting resonant methods, population inversion of exciton and biexciton states
can be achieved, via for example Rabi oscillations [1,2], adiabatic rapid passage [3,4]
and, later proposed and demonstrated, robust schemes utilizing phonon dressed
states [5—7]. Irrespective of being a coherent or an incoherent phonon-assisted
process, two-photon excitation is becoming a standard initialization process for the
biexciton state in experiments and applications requiring a high quality pair of
polarization-entangled photons. Near unity initialization fidelity [8], spectral purity
[9], near perfect single photon emission [10], and others, sometimes in combination

with recent integrated photonics advancements, are all critical outcomes of these
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approaches. Experimentally, the two-photon excitation scheme can be realized
because of the non-degeneracy of the exciton and biexciton states arising from the
interplay of Coulomb interactions and “zero” dimensional geometrical constrictions
[11]. The energy difference AEp = Ex — Exx between the exciton Fx and
biexciton Fxx is generally referred to as the binding energy of the biexciton
complex. In ITI-V epitaxial QDs, the AEp value is typically within the range
of a few meV. While coherent two-photon excitation (TPE) fulfills the energy
conservation requirement 2E; .., = Ex + Exx , the laser photon energy Epqser
will be detuned from the exciton by —AFEg/2 (Figure 2.1a). Thus, picosecond
pulses satisfying the TPE condition can relatively easily address the biexciton
state without, for example, the need for cross-polarization filtering to suppress the
laser light, which would compromise the polarization state, source intensity, purity,
and deterministic initialization. Noteworthy, the majority of recent reports found
in the literature deal with the so-called binding biexciton case (AEp > 0). In a
basic picture, higher order excitonic complexes in bulk, two- and one dimensional
structures are always binding, as the binding energy is the result of Coulomb
interactions and stable complexes can appear only at lower energy [12]. On the
other hand, in zero-dimensional structures, geometrical constraints limit the space
available for the charge carriers to redistribute due to Coulomb interaction [11,13].
In specific cases, this can give rise to higher order complexes, so-called antibinding
biexcitons, with AFp < 0. Such states have been observed in a number of
cases [13-18]; however, no exhaustive experimental study concentrating on the
specifications of the antibinding state resonant initialization had been reported

before our group work.

To address an antibinding biexciton by a resonant two-photon excitation, the
laser energy has to be detuned positively from an exciton by AFg /2. As we will show

later, this can lead to very different QD population dynamics, which, unfortunately,
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Figure 2.1: Two-photon excitation schema in QDs with different types of
biexcitons (XX). (a) A binding biexciton two-photon excitation (TPE). (b)
An antibinding biexciton TPE competing with the phonon-assisted exciton (X)
population.

might not necessarily produce a favorable outcome for QDs with an antibinding
biexciton in the contest of quantum information processing. Schematically, this
population and recombination complexity is outlined in Figure 2.1b . As it can be
seen in the the figure, in parallel to the expected two-photon excitation of a biexciton,
conditions to excite an exciton state through the interaction with acoustic phonons
can occur, i.e. a single photon can give some of its energy to acoustic phonons and
utilize the rest to excite only the exciton state. A systematic experimental evidence
of this complex dynamics is detailed in the following. As a case study, we have
selected an Ingo5Gag 75As/GaAs site-controlled pyramidal QD system. All single
QDs from this QD family exceptionally possess antibinding biexcitons [19], making
them an interesting playground for fundamental research of resonant excitation
phenomena. Noteworthy, when two or more identical single Ing o5Gag 75As/GaAs
QDs are stacked with a nominal separator of < 2nm, they form interacting or
coupled-QD complexes with very different energetic structures [20]. Some of them
are single QD-like, with a binding or even degenerate biexciton [21]; however, due

to small binding energy (0.53 + 0.47meV) and higher fine structure splitting values,
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these QDs are less attractive candidates for resonant TPE experiments.

2.2 Experimetal Conditions

The QDs have been prepared by metalorganic vapor phase epitaxy (MOVPE) on
(111)B-oriented GaAs substrates pre-patterned with 7.5um tetrahedrons ensuring
site control with the precision of a few nanometers—arguably an important ad-
vantage over self-assembled QD systems. In,Ga;_ As QDs with a nominal indium
content of 0.25 were confined by GaAs. The most notable and attractive feature of
these QDs is their high symmetry. An intrinsically highly symmetric (Csy in group
theory terms) carrier confinement potential, theoretically foreseen for all (111)
direction grown QDs [22,23] ensures a record density of QDs emitting polarization-
entangled photon pairs under non-resonant optical [24] and electrical [25] excitation.
QDs have been characterized in a micro-photoluminescence setup at 8 K in a
closed-cycle helium cryocooler. Fourier transform limited 10 ps pulses have been
pulse-shaped in a 4f (f = 0.5m) configuration with a portable tunable-width slit.
The base 80 MHz 120 fs pulse width emission was from a tunable Ti:Sapphire laser.
The laser emission was filtered with a series of 3 volume Bragg gratings utilized
as narrow-band (0.3 nm) notch filters. Spectra have been taken by a CCD paired
with a 1 m length monochromator with a 950 mm groove density ruled diffraction
grating. The second-order correlation measurements [15] were taken by filtering
exciton and biexciton transitions with two identical monochromators and utilizing

single-photon avalanche photo detectors with dark counts of around 40 per second.

2.3 Experimental Results

In this section, we will describe the experimental results built upon the above

mentioned theories and experimental conditions.
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Figure 2.2: (a) The spectrum under TPE excitation with 10 ps pulses (red
curve). (b) and (c) show the second order auto-correlation curves of the exciton
(X) and biexciton (XX) transitions.

2.3.1 Two Photon Resonant Excitation (TPE)

Figure 2.2a shows a QD spectrum (AFEp=-2.5meV) obtained under two-photon
excitation tuned resonantly to the biexciton state. The observation of the biexciton
peak confirmed the possibility to excite QDs with an antibinding state resonantly.
Autocorrelation of both, an exciton and biexciton, transitions showed clear anti-
bunching in the second order (intensity) correlation curves, confirming high-quality
single-photon emission from both lines. The measured values of ¢‘¥(0) in the

representative case (Figure 2.2b and Figure 2.2¢) were rather low, i.e., 0.03 £ 0.01
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Figure 2.3: Excitation power dependence. The dashed lines are the
envelopes of the damped Rabi oscillations. The X-XX curve is the
difference between the exciton and biexciton intensity at the same
excitation power. These are photoluminescence events occurring due
to the phonon-assisted exciton population, which do not originate in
the biexciton-exciton recombination cascade.The curves are represented
not explicitly normalised to the dot population to allow an easier
comparison of the different events. In an ideal case, the biexciton
population maximum intensity would correspond to its 100 per cent
occupancy

(X) and 0.015 £ 0.015 (XX).

2.3.2 Rabi Oscillations

Interestingly, we systematically observed clear asymmetries in the intensity of X
and XX transitions, indicating substantially different population probabilities of the

two states—a rather unexpected result for a state recombining in a cascade event.
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Figure 2.4: Power dependence of the biexciton and phonon-assisted exciton
emission under different laser energy tuning conditions.

To understand the origins, we took the excitation power-dependent measurements
presented in Figure 2.3. Characteristic Rabi oscillations of the excited level (XX)
population were observed proving the coherent nature of the process. We attribute
the damping to typical dephasing mechanisms, such as dephasing due to phonons
at high excitation power. As damping processes typically stabilize the population
around 0.5, we estimate that at a m area pulse, the maximum achieved population
probability of the biexciton state is 0.65, where the remaining 0.35 population
is because of the phonon-assisted exciton initialization discussed below. Small
laser energy detuning of +0.175 meV and -0.185 meV was sufficient to eliminate
the coherent population and shift it toward a phonon assisted excitation of the
biexciton state process. As can be seen from Figure 2.4, the coherent nature of
the state initialization characterized by Rabi oscillations is compromised, and the
biexciton initialization, in analogy to the exciton case, is expected to be induced
via phonons [26,27], X-XX intensity changes can be attributed to different phonon
density distribution.

The exciton, on the other hand, showed a different dependence. While a small

oscillation correlated with the biexciton one was observed, an overall emission inten-
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sity growth was obtained in the whole power range. This can be predicted in view
of the complex mechanism expected for populating an antibinding biexciton case.
Specifically, two phenomena are contributing to the intensity of the exciton—(1)
photons coming from the biexciton recombination cascade and (2) photons coming
from the exciton state that is excited non-resonantly and incoherently [6] through
the acoustic phonon bath. The measured intensity is the integrated signal of both.
Clear antibunching in the second-order correlation curve suggests that both are
taking place during different excitation cycles. To discriminate the contribution of
each, we assume, for simplicity, that the exciton population from the cascade is
equal to the population of the biexciton. The subtracted result would represent
the phonon-assisted X population showing monotonic growth. This is in good
agreement with theoretically expected and experimentally observed results for an
exciton-only excitation [5,6]. To achieve high population values, this incoherent
population process through a phonon-dressed state requires achieving a trade-off
between the laser electric field strength and the state preparation time defined by
the laser pulse length [27]. This scheme can provide a very robust way of state
preparation once realized. The general principle applies for both, the exciton and
biexciton, states. Figure 2.5 shows the phonon-assisted population as a function of

laser detuning.

2.3.3 Auto-correlation

The second-order auto-correlation measurements evidently reveal that the two QD
excitation scenarios are competing and do not occur within the same excitation cycle
(gg)(O) = 0.03+£0.01). It is an expected result as, with a probability dependent
on the excitation conditions, a QD is excited either to the exciton or biexciton
state—the population of one state blocks the population of the other. Provided

that both processes can occur within the timescale of the laser pulse length in
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Figure 2.5: The exciton intensity dependence as a function of a laser
pulse energy detuning. The spectrum is linearly polarized in a way to
transmit photons originating from the biexciton recombination cascade
only.

general, re-excitation of a QD becomes unlikely and results in low g (0) values of
the exciton state. While such a two-channel excitation-recombination mechanism
creates deterministic state preparation issues, it does not prevent the detection
of photons originated solely during the biexciton recombination cascade. These
photons are of primary interest due to the expected polarization entanglement.
To measure polarization entanglement of these pairs of photons, the biexciton
photon was used to herald the exciton photon originated in the recombination
cascade. By correlating them, second-order cross correlation curves were obtained.
Twelve polarization-resolved measurements have been made to obtain full sets of
two-photon polarization states in linear, diagonal, and circular bases (Figure 2.6).
Every individual curve has been integrated for the same duration, i.e. 10 min, to
ensure a valid data processing procedure as the raw detection events triggered only
by the same excitation pulse have been considered (£6 ns range). Raw detection

counts (given in Figure 2.0) were used as the two-photon polarization state intensity.
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Figure 2.6: Polarization entanglement between the photons emitted during the
biexciton-exciton recombination cascade. Full measurements in linear, diagonal,
and circular polarization bases. The fine-structure splitting of the representative
QD is 0.4 £ 0.4ueV.

Figure 2.7a shows linear polarization analysis of the exciton and biexciton transition.
As we discuss in [28], exciton photons created by phonon-assisted excitation are
strongly polarized as the laser polarization state is directly mapped onto the spin
state of the exciton. Being strongly polarized, phonon-assisted events invalidate
the conventional normalization procedure to calculate the second-order correlation
function value as an intensity of the projected two-photon polarization state. For
example, Figure 2.7b shows a comparison of correlation curves between horizontally
and vertically co-polarized biexciton and exciton photons. While the g(®(0) peak is
composed of events originating only from the biexciton and exciton recombination
cascade, the side (uncorrelated) peaks arise due to contributions from all the events.
As shown, horizontally polarized exciton photons originating from phonon-assisted
excitation paths increase the side peak intensity nearly twice. Conventionally, when
the source is not polarized, the two-photon polarization state intensity is obtained
by normalizing the g (0) peak using an average value of the side peak integrated

intensity. However, this method is only valid when the source is not-polarized.
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Figure 2.7: Polarization-resolved g(® (1) (a) Linear polarization analysis of
exciton and biexciton transitions. (b) Comparison of correlation curves between
horizontally and vertically co-polarized biexciton and exciton photons.

Table 2.1
P.B.  g?0) | X n; | P.B. | g?®(0) | X n || P.B. | g2(0) | Yny
HH 1.77 | 1710 || DD 247 | 1750 | RR 0.94 622
HV 0.92 573 || DA 0.95 696 RL 1.82 | 1761
\A% 3.65 | 1811 | AA 1.89 | 1739 || LL 0.81 740
VH 0.53 453 AD 1.04 787 LR 2.22 1698
Sum | 6.87 | 4547 6.35 | 4972 5.79 | 4821

Table 2.1: Two-photon polarization state intensity: g(z)(O) VS raw
counts.

To overcome this issue, every individual curve has been integrated for the same
duration, i.e. 10 minutes, and raw detection counts of the g(®(0) peak were used
as the two-photon polarization state intensity. The comparison of the two-photon
polarization state intensity obtained by the two methods is shown in the Table 2.1.

The biexciton-exciton photon pair entanglement has been estimated by calculat-

ing the fidelity to the expected, maximally entangled Bell’s state \/Li(|HH> +|VV)):

1
f= 7 (1+8s +Su — Sz + S0 + So3) (2.1)
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where S;; are the two-photon Stokes parameters [29]. If the QD source is ideal,
non-polarized, S3g = Sp3 = 0, and Ss33,S1; and S, conventionally represent degrees
of correlation in linear, diagonal, and circular bases, respectively [30]. In our
representative case, we obtained S33 = 0.549, S1; = 0.403, Sy = 0.435, S3p = 0.004
and Sg3 = 0.049, yielding the fidelity value of f = 0.586 £ 0.004 The value exceeding
0.5 is considered a clear indicator of entanglement (f € [0, 1]), even if the absolute
fidelity value is far from some recently achieved records [31]. The fidelity threshold
f > 0.5 stems from the separability of two states. Fidelity to specific state, in
general, is defined as f = (V| p|U), U being a pure state and p being the density
matrix of a state. When comparing a given state p with a pure state (e.g. Bell
state), if the given state is separable/classical mixture (knowing the state of one
qubit gives no information about the state of the other), the fidelity won’t exceed
0.5. For example if we consider density matrix made of two separable states |HH)
and |[VV) as below described, the fidelity to the entangled state \%ﬂHH) +|VV))
will only reach 0.5.

1 1
Pra = 501+ p2) = 5 (IHE) (HH| + [VV) (VV])

(2.2)

f= %((HH| + <VV|)p(|HH> + |vv>> ~ 0.5

The main entanglement degradation reason can be attributed to the usual
cross-dephasing events that destroy the recombination cascade coherence. Indeed,
a QD with a very small fine-structure splitting (0.4 + 0.4ueV) and pure single
photon emission, ideally, should emit pairs with a higher degree of entanglement.
However, we systematically observed that these QDs under resonant excitation,
in contrast to other types of QDs, maintain a relatively slow (0.78 ns £ 0.04 ns
in this specific case) exciton lifetime (will be detailed in the following), which is

sufficient to increase a cross-dephasing probability substantially [32].
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The intrinsic lifetimes of the biexciton and exciton were extracted from the
second order correlation measurements, by correlating two APD signals (the conven-
tional Hanbury Brown-Twiss arrangement) and deconvoluting the corresponding
state population function. The extracted biexciton lifetime was found to be 0.44
ns + 0.03 ns in the representative case studied. As the state is created coherently
by the laser, we deconvoluted the measured instrument response function (IRF) —
using the autocorrelation signal of the 10 ps pulse laser — from the correlation curve
of the laser and the biexciton photons (Figure 2.8(a)). The intrinsic exciton lifetime,
on the other hand, cannot be extracted using similar correlations. While typically
a lifetime trace is defined as a histogram of correlated events between a fast electric
laser synchronisation signal (or an optical laser signal like in our case) and the
transition of interest, such measurement not necessarily can directly provide the
intrinsic lifetime of the state. In our case, the measured trace is the result of a
convolution between the biexciton decay function and the exciton decay. After
deconvoluting the biexciton state, we extracted an exciton lifetime of 0.77 ns &
0.04 ns (Figure 2.8(b)). However, in this particular case, extra care has to be taken
because, due to the presence of phonon-assisted events, the exciton population
function is either from the laser or from the biexciton decay. To rule out the con-
tribution of phonon-assisted events, the exciton lifetime can be reliably extracted
from the g (0) peak of the correlation curve obtained between the biexciton and
exciton cascade. The g(®)(0) peak is composed of correlation events originating only
from the biexciton-exciton recombination cascade events, and it is only convoluted
with the IRF (Figure 2.8(c)). After the deconvolution procedure, we obtained
the exciton lifetime of 0.78 ns, close enough to our previous result. One of the
most prominent decoherence mechanisms can be attributed to processing-induced
defect states within the bandgap, which can be excited even with the laser tuned

to the TPE resonance. The presence of such charge trapping states and destructive
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Figure 2.8: Lifetime extraction. (a) The biexciton-laser correla-
tion; 7Tyx = 0.44ns = 0.03ns. (b) Correlations with the laser signal;

Tx = 0.77ns + 0.04ns. (c¢) Exciton lifetime from the biexciton-exciton recombi-
nation cascade, i.e. the g(z)(O) peak; 7 = 0.78ns £ 0.04ns.

effects on optical properties of QDs from the same sample have been demonstrated
previously [19]. In agreement with this, a significant linewidth broadening— by
spectral wandering—of the exciton (160ueV) and biexciton (117xeV) in the here
discussed representative case even under TPE proves the existence of a dynamically
charged QD environment. Moreover, and in general, under non-resonant excitation
conditions, these trapping states are also the main reason for poor single photon
emission, linewidth broadening, and QD charging. Thus, results obtained under
non-resonant excitation appeared of little interest in the context of this work, and

they were not taken for comparison.

Systematic polarization-resolved measurements revealed that the polarization
states of photons emitted due to direct phonon-assisted excitation are strongly
dependent on the polarization state of the laser. While being the matter of a broader
dedicated study in the future, our preliminary observations suggest that the laser
polarization state can be mapped on the polarization state of the exciton photon
depending on the QD’s energetic structure. A demonstration of the phenomenon

using the same representative QD as it is shown in Figure 2.9. TPE is typically
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performed using a linearly polarized laser to overcome Pauli exclusion principle
(in the following, we show that the biexciton excitation channel can be effectively
suppressed, as expected, with circularly co-polarized photons). Such excitation
can efficiently excite the conventional biexciton state, which then recombines in a
cascade. The XX curve in Figure 2.9 represents these events. The distribution of
linear polarization components here has been analyzed by rotating a half-waveplate
placed in front of a fixed polarizer at the entrance of the monochromator. Small
modulation in the XX intensity is characteristic of this QD and is in good agreement
with the two-photon Stokes parameters’ measurements, showing that this QD source
is slightly polarized. We tentatively attribute this polarization dependence to a weak
mixing of heavy and light holes [33], which can vary in different QDs. The intensity
of X events exceeding XX can be assigned to the phonon-assisted initialization
of the exciton state (which will refer to as X-XX, i.e., X minus XX). In the case
depicted in Figure 2.9, these events are fully linearly polarized. The analysed laser
intensity is also plotted to show that the polarization state of X-XX photons is
nearly identical to the laser’s one. The second-order auto-correlation measurement
of the X transition [the antibunching g(®(7) curve shown in the inset of Figure 2.9]
clearly confirmed that the source is fully described by a subPoissonian statistics,
and it is not laser-related. By rotating the laser polarization by 45 (not shown),
the X-XX maximum also shifted, with a just slightly different phase offset from the
one visible in Figure 2.9, confirming the existence of a correlation function between
the polarization states of the laser and X photons created by phonon-assisted

excitation.

We checked also another issue — the suppression of the biexciton recombination
cascade which should be achieved utilising circularly polarized excitation light
(Figure 2.10b). Because of transition selection rules (which are similar to atomistic

ones between P and S states), TPE processes of the biexciton by circularly co-
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Figure 2.9: Linear polarization analysis of the detected
light originating from the laser, exciton, and biexciton.The
inset shows an antibunching curve collected from the exciton
transition.

polarized photons are fundamentally forbidden. We indeed observe a strong
suppression of the biexciton state. The experimentally observed weak signal from
the biexciton in Figure 2.10b can be attributed to a non-perfect preparation of the
laser polarization state. Otherwise, in an ideal case, the laser light couples only
to the exciton state. As the electron-phonon interaction is spin independent, the
polarization state of the laser is initially mapped on the Bloch sphere of the exciton,
which, in the presence of a fine-structure splitting, starts to precess. Figure 2.10a
shows linear polarization behaviour for the exciton photons. The non-uniform
distribution of linear polarization components indicates that the polarization state
of the ensemble of photons is not purely circularly polarized due to the FSS of a
few peV in that specific dot.

While it might seem that an antibinding biexciton is a fundamental limitation

in the resonant TPE approach, as true deterministic generation of non-classical
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Figure 2.10: (a) QD photoluminescence under circularly polarized TPE
showing strong suppression of the biexciton recombination cascade. Here a
different QD was used than the one discussed in the main text. (b) Comparison
of non-polarized spectra obtained under circularly and linearly polarized laser
light tuned to the TPE resonance (7 pulse area for the biexciton transition).

light becomes compromised, it is worth pointing to a single reported case in the
literature [34], which suggests that under certain conditions, the TPE process
actually can be the only excitation phenomenon (no phonon-assisted excitons)
despite an antibinding biexciton. It is possible indeed that the TPE process is
strongly affected by QD coupling to a cavity or it is highly dependent on the
excitation conditions; as in Ref [34], the authors do not discuss nor observe any
issue with the excitonic configuration. A known phenomenon of a strongly reduced
excitation power needed to populate cavity-coupled QDs has been observed in the
same type of device (200 times reduction in comparison to QDs in a slab) [35]. It
is possible that a weak laser field strength, which, in general, is driving an exciton
coupling to the acoustic phonon bath and is not sufficient to populate the exciton
state efficiently during the few picoseconds of the excitation. To achieve a significant
phonon-assisted exciton state population with a weak laser field, long preparation
times (pulse duration), far exceeding the demonstrated very short lifetime (66 ps)

of the biexciton, would be required [27,36]. That kind of microcavity-based device
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driven by short (a few ps) pulses, in principle, is expected to be robust against
phonon-assisted excitation under TPE conditions. Experimental evidence, even
though with a binding biexciton, shows that a reduced laser pulse length (from
13ps to 7ps) does not affect the state population by resonant TPE; however, short
pulses are less efficient in the phonon-induced biexciton state population [37]. We,
unfortunately, could not reliably verify this in our experiment due to a rather small
binding energy (2 meV) and the high excitation powers needed, which were causing

problems due to stray laser light.

2.4 Summary and Conclusions

In summary, we have demonstrated the population of site-controlled pyramidal QD
biexciton states by two-photon excitation. High-quality single photon emission and
good polarization entanglement between the photons emitted through the biexciton
recombination cascade were measured. In all the presented cases, we have been
dealing with antibinding biexcitons. We showed that this specific fine-structure
QD configuration leads to a complex excitation recombination scenario. It was
found that the laser tuned close to a two-photon resonance could populate the
exciton state through the acoustic phonon side band. The latter excitation is less
significant at low excitation powers, specifically at the exact resonance condition
with a 7 area pulse. However, as the two phenomena are competing, the true
deterministic photon emission is compromised, at least in our Ingo5Gag75As QD
system. On the other hand, there is no obvious reason why this phenomenon
should not be observed in the other types of epitaxial QDs under similar and
thus at the moment typical, excitation conditions. The scientific community
members aiming to utilize QDs with antibinding biexcitons should be taking into

account the findings presented in this work. To exploit the full potential of our
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highly symmetric site-controlled QDs, a different resonant excitation approach
or conditions might be needed. Among possible candidates are phonon-assisted
two-photon excitation energetically tuned above the biexciton transition [27] (the
feasibility of this experiment is shown in Figure 2.5) and a variation of dichromatic
wavelength excitation [38]. Also, a comprehensive study of different excitation
conditions, such as the pulse length, pulse area, and effect of a microcavity, could
provide the solution to the compromised deterministic biexciton initialization. A
here highlighted case presented by Wang et al. [34] is in agreement with the theory
of phonon-assisted state preparation both suggesting that the phonon-induced
population can be suppressed or minimized by designing devices that can be driven
by low power and short (a few picoseconds) pulses. Finally, we observed strong
correlations between polarization states of the laser and the exciton populated
directly with phonon assistance. Our preliminary findings show that the laser state

can be mapped on the exciton photon and will be the subject of further studies.
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Chapter

GaAs QDs

3.1 The Binding Biexciton

In the previous chapter we discussed the anti-binding XX in which the XX energy
(Exx) is higher than X energy (Ex). We showed that in this condition the TPE is
not efficient due to the competing phonon assisted excitation of X state, a least
for dots which are not inserted into cavities. This, however, is not the case in
GaAs QDs, as we will detail in the following. They posses a binding (Ex > Exx)
excitonic complex, see Figure 3.1a, which makes the TPE more efficient [1,2].
Historically GaAs QDs were among the first few configurations to be studied in
the context of research in quantum technologies using semiconductor QDs. Due
to a complex emission profile stemming from the above band excitation scheme
(the only available scheme at the time), the XX-X transitions were embedded
in a complex pattern as shown in Figure 3.1b. This made it hard to pinpoint
XX-X transitions among many others. Later, thanks to the development of new
excitation schemes, in particular TPE, and availability of better detectors (and
marginally the associated better resolution ), the GaAs QDs came back in interest

as they are brighter (the carrier lifetime in GaAs quantum dots can be shorter,

resulting in a faster radiative recombination that enhances the brightness under
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Figure 3.1: (a) A schematic diagram showing that binding biexciton,
due to absence of phonon assisted exciton state excitation, is more
efficient than antibinding biexciton (b) A typical GaAs QD spectrum.
The XX transition is embedded among many other transitions once
none-resonantly excited.

non-resonant pumping conditions), shorter in life time, less broad and, once
resonantly pumped, a clear X-XX transition can be observed. For instance, the
recently developed GaAs droplet epitaxy-based GaAs dots show similar excitonic
patterns when above barrier excitation is exploited but have shown very clear
excitonic patterns and short lifetimes when resonantly excited [3,4]. These features,
combined with the high structural symmetry of droplet etched dots, have led to
the recent demonstrations of on-demand quantum teleportation and entanglement
swapping with quantum emitters [5,6]. Along with the interest back to the GaAs
QD family, pure [7], one-demand, indistinguishable [8], entangled [9] and bright [10]

GaAs QD photon sources were reported.

In general, different growth techniques have been devised for QDs including
Stranski-Krastanov, droplet epitaxy and recently developed local droplet etching
mostly relying on molecular beam epitaxy (MBE) method. And also generally
speaking, none of the above mentioned state-of-the-art QD structures can easily

and simultaneously check all requirements for quantum information processing and



Chapter.3 | Page 73

integration with photonic chips. Site-control and spectral uniformity are often
left untackled, for one. Effectively, also both the exciton and biexciton uniformity
would be of paramount importance in an advanced quantum information device
design with multiple sources of entangled photons [11]. In the case of In,Ga;_As
site-controlled pyramidal QDs, although a remarkable uniformity of neutral exciton
states was observed, it is largely unmatched with the internal spectral uniformity of
individual QDs [12] (we will compare and discuss with GaAs QDs in the following
text to clarify better). These points motivated us to revamp the (pyramidal) GaAs
QD system and provide a new generation of site-controlled pyramidal QDs. In our
survey, we studied different dot configurations. We changed the QD and barrier
thicknesses, alloy composition of barriers and different barrier designs (monolayer
and superlattice structure). In the following, we will dissect each step of our survey.
In section two, we first start with the growth considerations, different nanostructures
appearing during the growth and their effect on the optical properties of QDs. This
will help to justify each design strategy and eventually in section three we will

discuss the corresponding experimental results of each design.

3.2 Growth

3.2.1 Growth Model

As guidance, we provide a summary of epitaxial growth on non-planar surfaces,
and specifically, tetrahedral recesses. Growth on non-planar surfaces has several
consequences. Among the most prominent ones are the formation of a self-limiting
profile (a base for a quantum dot (QD) seeding), and alloy segregation effects.
They define QD’s geometry and confinement conditions, and can be substantially
different than the nominal values defined for (100) planar surfaces. The model

estimating the effective GaAs QD and Al,Ga;_,As confinement barrier properties
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has been published elsewhere [13] and it is summarized below.

The model uses an inverted truncated cone retaining the essence of pattern
that is the different growth rate at lateral facets and base reaching the so called
“self-limiting” profile. A GaAs QD forms on this Al,Ga;_,As profile. In Figure 3.2a,
the values of base diameter as a function of Aluminum (Al) content are shown
in both experimental (red squares) and theoretical (solid blue line). Ga adatoms
diffuse over longer distances than Al, so a higher Ga concentration can be expected
to diffuse from the sidewalls toward the basal plane, whereupon the atoms can be
promptly incorporated. This leads to an increased growth rate on the bottom facet,
which is accompanied by a widening of the self-limiting profile as shown in the
inset of Figure 3.2a. In part (b) of Figure 3.2 the effective and nominal Al content
at the bottom of the pyramid are shown. This area is Ga enriched and forms the
region called a vertical quantum wire (VQWr). This alloy contributes mostly to
the confinement of a QD and so altering the symmetry and FSS. In Figure 3.2¢
there is an experimental evidence of the growth model showing that an increase in
Al content can cause narrowing of the base and the marked VQWrs are formed
along the vertical axis of the pyramid during the decomposition of Al,Ga;_,As

due to Ga segregation for x= 0.2, 0.4 and 0.65 in layers 2a, 3a and 4a respectively.
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Figure 3.2: Growth model used to calculate the effect of Al content in self-
limiting profile width during epitaxial growth over inverted tetrahedral pyramidal
recesses. Images (a) and (c) are reproduced from V. Dimastrodonato et al, Phys.
Rev. Lett. 2012, 108, 256102 with the permission of the American Physical

Society Publishing

3.2.2 Sample Fabrication and Growth Configurations

QDs were grown by MOVPE on (111)B oriented GaAs substrates pre-patterned
with either 7.5um or 10um pitch tetrahedrons. A general QD formation scheme is
shown in Figure 3.3. A stack of epitaxial layers with a different functionality was
grown. The key functional layers defining the QD properties are the confinement
barriers and the active QD layer. Based on the barriers’ composition and structure,
two different approaches have been studied. In the first one, the barriers are
composed of 10-100 nm thickness Al,Ga;_,As, where the nominal Aluminum
content has been set between 0.45 and 1, i.e. pure AlAs. In the second one, a
superlattice composed of 25 (0.2 nm period) or 50 (0.1 nm period) AlAs/GaAs
pairs was grown. We highlight that effective growth rates are known to be very
different from nominal ones, a few times higher, as a function of recess and growth
parameters. At this stage, we cannot provide exact structural measurements
due to the complexity of microscopy studies in this system [14]. It should be
highlighted that the growth on non-planar substrates is driven by anisotropic

precursor decomposition (higher decomposition on (111)A facets than on (111)B
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Figure 3.3: Schematics of the QD structure design. The sketch presents a
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designs for the confinement barriers: AlyGa;_xAs and Ga/Al digital alloy
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and consequential group III deposition anisotropies) which, together with mass-
transfer effects, cause the formation of a complex ensemble of structures within the
pyramidal recesses . Schematically these structures are sketched in Figure 3.3. Due
to a longer Gallium diffusion length during AlGaAs deposition, several Gallium
enriched regions develop: Three vertical quantum wells (VQW) and a vertical
quantum wire (VQWr) along the central axis of the pyramid. The VQWr has the
strongest effect on a QD confinement potential as the structure with the dominant
contact area. The real Al concentration in a VQWr can be calculated from growth
modeling as described above and summarized in Table 3.1b. The deposition of the
GaAs QD active layer forms 3 different types of structures: 3 lateral quantum wells
(LQWSs), 3 lateral quantum wires (LQWr) and the QD located at the bottom of
the recess. The nominal thickness of this layer has been set between 0.07 and Inm
for different samples.

We now give a short summary of growth configuration for different samples
studied in this research. In Table 3.1a, the typical structure of multilayer epitaxial
growth of GaAs/AlGaAs QDs is shown and the highlighted parameters are those

being tuned in order to investigate the corresponding effect on emission profile.
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Table 3.1a (GaAs/Al,Ga;_xAs)

# Layer Material | Al Concentration (%) | Thickness (nm)

1 Buffer GaAs 160

2 || Etch Stop AlAs 60

3 Contact GaAs 50

4 Barrierl | Al,Ga;_4As X 100

5 QD GaAs h —\
6 Barrier2 | Al,Ga;_4As X 70

7 Cap GaAs 70

Table 3.1b (GaAs/Al,Ga;_xAs)
Sample No 1] 2 3 | 4 5 6
QD nominal thickness h(nm) 1 105]05]03]0.15|0.07 l«—~
“—— Nominal Al concentration x(%) || 45 | 70 | 60 | 70 | 70 | 70
VQWr Al concentration x(%) || 8 | 21 | 14 | 21 | 21 | 21

Table 3.1: A typical structure of multilayer epitaxial growth of GaAs/AlGaAs
QDs. The colored parameters, are sumarized in Table 3.1b.A summary of
different values of highlighted parameters of Table 3.1a for different samples

The growth direction is from Buffer (first epitaxially grown on pyramidal recesses)
to Cap ( the last layer grown). In Table 3.1b, there is a summary of different values

of highlighted parameters of Table 3.1a for different samples.

As previously mentioned, different strategies were implemented to correct the
F'SS and also monitor the corresponding effects of tunings on the PL spectra. To this,
we also grew GaAs/superlattice (GaAs/AlAs) and GaAs/AlAs structure. Generally,
FSS stems from symmetry breaking of confinement potential of QD. As mentioned
before, the VQWr has the dominant contact area with the QD and so alters the

symmetry of confinement potential. VQWr is formed due to Ga segregation during
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Table 3.2a (GaAs/superlattice)

# Layer Material | Al Concentration (%) | Thickness (nm)
1 Buffer GaAs 60
2 Etch Stop AlAs 40
3 Contact GaAs 100
4 Barrierl Al Ga;_4As 55 70
5 Barrier2 Al Ga;_4As 45 90
6 || Superlattice | GaAs/AlAs 10
7 QD GaAs h
8 || Superlattice | GaAs/AlAs 10
9 Barrierl Al Ga;_,As 45 60
10 Barrier2 Al Ga;_ As 55 90
11 Cap GaAs 1
Table 3.2b (GaAs/superlattice)
Sample No 1 2 3 4

QD nominal thickness h(nm) 0.65 0.85 0.65 0.85

Superlattice properties 25% 25x 25x 25%

T=0.2nm | T=0.2nm | T=0.1nm | T=0.1nm

Table 3.2: The multilayer structure of GaAs/Superlattice (GaAs/AlAs) QD.
The highlighted parameters are summarized in Table 3.2b.A summary of different
values of highlighted parameters of Table 3.2a for different samples.

the AlGaAs deposition. To avoid such a segregation, we replace the ternary AlGaAs

barrier with binary materials such as GaAs/AlAs superlattice or pure AlAs. In

Table 3.2a, the multilayer structure of GaAs/Superlattice (GaAs/AlAs) QD is

shown and the corresponding values of highlighted parameters are summarized

in Table 3.2b for different samples. The last sample studied in this article is

GaAs/AlAs QD with the epitaxial growth structure summarized in Table 3.3.
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Table 3.3 GaAs/AlAs

# Layer Material | Al Concentration (%) | Thickness (nm)
1 Buffer GaAs 60
2 || Etch Stop AlAs 40
3 Contact GaAs 100
4 Barrierl | Al,Ga;_,As 55 70
5 Barrier2 | Al,Ga;_,As 45 90
6 AlAs AlAs 10
7 QD GaAs 1
8 AlAs AlAs 10
9 Barrierl | Al,Ga;_4As 45 60
10 || Barrier2 | Al,Ga;_As 55 70
11 Cap GaAs 1

Table 3.3: The multilayer structure of GaAs/AlAs QD.

3.3 Experimental Conditions

The micro-photoluminescence spectra were recorded at cryogenic temperatures ~
10K in a helium closed cycle cryostat under 635nm continuous-wave laser excitation.
The QD was excited using a NA=0.42 microscope objective. The emission was in
general collected in a backscattering configuration. The resonant TPE has been
performed using a 0.81 NA objective and a tunable pulsed Ti:sapphire laser with
80 MHz repetition rate and a spectral width reduced to approximately 0.1nm
by means of a 4f pulse shaper. The laser light reflected by the sample was
removed using two volume Bragg grating notch filters with a bandwidth of 0.4nm.
Intensity autocorrelation measurements were collected in a Hanbury Brown—Twiss
setup equipped with a pair of single photon counting detectors with 65% nominal
efficiency and a time resolution of approximately 400ps. Instead, for time-resolved

photoluminescence, a silicon avalanche photodiode with a time jittering slightly
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below 200ps was employed.

As the emission intensity of as-grown GaAs QD is weak due to multiple internal
reflections impeding light extraction, a standard post-growth processing (wet back-
etching) was applied to boost the light extraction efficiency. Depending on a sample,
a typical light collection efficiency of a few percent at the first lens of the set-up
was obtained.

The FSS was obtained with the optical setup configuration as described in
subsection 1.4.2. Polarization resolved spectroscopy was done for a series of = 30
QDs on each sample and averages were taken over the collected data with standard

deviations indicated in plots in subsection 3.4.2.

3.4 Experimental Results

In this section, we will discuss the experimental results we achieved for spec-
tral uniformity of excitonic complex, FSS correction, polarization-entanglement

distribution and two-photon resonant excitation (TPE) respectively.

3.4.1 Spectral Uniformity of Excitonic Complex

As summarized in Table 3.1-Table 3.3, different samples with different configurations
were studied. The statistics build upon these are summarized in the following. In
Figure 3.4a the distribution of binding energy AFExx for different QD thicknesses
and Al content in Al,Ga;_,As barrier is plotted vs exciton energy. By observing this
plot, a clear uniformity in the binding energy of different samples is indicated. As
an other indication, in Figure 3.4b, the X vs XX energy is showing a linear relation
between the exciton and biexciton transitions indicating a relatively constant value
for binding energy for individual samples (we caution the reader that scatter points

are not actually sitting perfectly on a line; they appear so rather as an artefact
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Figure 3.4: Distribution of Binding Energy for different samples. In plot legends
the numbers are QD thickness and Al content in the Al,Ga;_xAs barrier.(a)
The scatter distribution of Binding energy for selected different QD thicknesses
and Al contents.(b) the XX vs X transitions in selected cases showing a well
linear relation

from scaling when plotting X energy vs XX ). As it can be seen from both plots,
the QD emission energy (wavelength) is increased (blue shifted) by decreasing the

QD nominal thickness and increasing the AL content in Al,Ga;_,As barrier. By
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Figure 3.5: Distribution of Binding Energy for different samples. In plot legend
the numbers are QD thickness and Al content in the AlyGa;_xAs barrier.(a)
Distribution of averaged binding energy for different QD thicknesses and Al con-
tents.(b) Distribution of binding InyGa;_xAs QDs counterpart. By comparing
the standard deviations, GaAs are more uniform than InGaAs QDs.

increasing the Al, one moves from GaAs to AlAs which makes a higher bandgap
energy. This is in agreement with the observation of QD blue shifting. This
uniformity is in variance to their In,Ga;_,As QD counterparts where, although a
remarkable spectral uniformity of the neutral exciton state of large pitch pyramids
(7.5 to 12.5um) is observed, the biexciton binding energy fluctuates individually in
respect to the exciton emission line. The biexciton binding energy AFE,, fluctuates
independently from the excitonic line position within the values of the distribution
with a full-width half-maximum (FWHMAE,,) of 2.4meV or more. This is shown
in Figure 3.5 where the error bars are the standard deviations from the average
value of binding energy for GaAs (Figure 3.5a) and InyGa;_,As (Figure 3.5b) QDs

respectively.

3.4.2 Fine Structure Splitting Correction

As we discuss below, the QD symmetry optimization approaches are essential to

ensure high quality of entanglement. The resonant TPE scheme was effective in
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Figure 3.6: Average fine-structure splitting of GaAs QDs with different de-
signs: nominal thickness and/or confinement barrier type. See Figure 3.3 and
tables with the summary of the full epitaxial structure in Table 3.1-Table 3.3.
Percentages in the legend refer to the AlGaAs nominal barrier Al content.

a majority of tested QDs from the specific studied sample; however, in none of
the cases, we could measure polarization entanglement between the biexciton and
exciton due to a non-vanishing FSS. Such a broad distribution of large FSS values
isat odds with the generally accepted picture of (111) oriented QDs as intrinsically
highly symmetric [15]. By several different QD fabrication approaches, it was
demonstrated that (111) oriented QDs indeed have smaller FSS values [12, 16, 17]
than conventional Stranski-Krastanov QDs, but they rarely all have sufficiently
small F'SS values for an efficient bright entangled photon emission. For example, in
our state-of the-art result, samples with an average exciton FSS equal to =3 ueV,
can be recreated only in a narrow emission energy range of ~ 25 meV [18]. Several
internal and external perturbations are possibly affecting the symmetry of carrier
confinement potential. As previously mentioned, VQWr is presumably among the

most dominant one.
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As discussed in Table 3.1-Table 3.3, we used three main approaches to reduce
the FSS. First, increasing the AL content in Al,Ga;_,As barrier. QDs with pure
AlAs confinement barriers (only 10 nm thick in these samples on top of an AlGaAs
barrier) had the smallest FSS with an average value of 114+8 peV—a reduction
that we attribute to reduced alloy disorder effects. Indeed, in AlAs barriers, alloy
disorder should be absent; thus, the residual FSS is most likely caused by a different
phenomenon, while we cannot exclude that thicker AlAs layers would help more.
It is also highly possible that small structural asymmetries are more effective due
to a smaller QD base. However, without the QD morphological characterization,

this statement is speculative at this stage.

Second, we systematically altered the QD thickness (nominally 0.035-0.5nm)
confined by Aly75GagosAs barriers (= AlyosGagr4As in a VQWr). We observed
the F'SS and its distribution reduction trend within thinner QDs (Fig. 3). QDs
with a nominal thickness of 0.07nm were characterized by an average FSS of
14410 peV. A very similar trend has been observed within the Ing95Gag75As QD
counterparts, where the most symmetric QDs were the thinnest with the ground
states approaching the top of the confinement barriers. Carrier wavefunctions’
leakage to the barriers, which reduces electron-hole exchange interaction and thus
fine-structure splitting could explain the observed FSS reduction trends. We do
not show results from the thinnest 0.035nm QDs as we could not identify X and
XX transitions due to a very weak or absent intensity of the biexciton and actually

a small FSS of all the observed peaks.

Finally, we adopted a third, and the most promising, strategy—a QD confine-
ment by GaAs/AlAs superlattices. 20 periods of nominal 0.1 or 0.2 nm thickness
were grown on both sides of a QD. The aim of introducing a digital alloy superlattice
was to minimize alloy disorder effects (without expecting any zeroing obviously in

view of always present interface disorder effects) occurring within the conventional
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Al;Gay_¢As. Such a digital alloy superlattice of GaAs/AlAs is expected to act as
an effective Aly5GagsAs barrier providing confinement for a QD, however, without
alloy disorder effects. By introducing this design, we systematically could reduce
the FSS values below 15 eV, with the best average value of 6+4 peV in QDs with

0.85 nm as nominal thickness. In Figure 3.6 the resulting F'SS values are indicated.

3.4.3 Polarization-Entanglement Distribution

Quantum entanglement of the polarization states of an exciton and biexciton has
been demonstrated using a 0.85 nm thickness GaAs QD confined by 0.2 nm period
AlAs/GaAs superlattice. This sample had an average FSS value of 6+4 peV. The
spectrum of a representative QD is shown in Figure 3.7a The measured FSS value
was <1 peV as depicted in Figure 3.7b The data were collected under non-resonant
excitation conditions.

We used fidelity to the expected maximally entangled state, i.e. the Bell’s state
|v) = \%(\HH) + |VV)), as a figure of merit to evaluate the entanglement. 6
curves in total in linear, diagonal and circular bases were taken. See Figure 3.8.
Characteristic correlations between linearly co-polarized and anticorrelation between
circularly polarized photons were observed. Each curve was integrated for 10 mins.
Raw counts of g?(0) peak integrated in the range of +2.5 ns were used (given in
the graphs) to calculate the fidelity. The obtained value of 0.59+0.1 exceeds the

classical limit of 0.5 clearly indicating non-classical correlations.
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Figure 3.7: (a) The spectrum of the QD upon which the polarization entangle-
ment was measured.(b) The measured F'SS for the QD representative for entan-
glement measurements.

3.4.4 Two-Photon Resonant Excitation (TPE)

The characteristic uniform energetic order of the excitonic spectral features, specif-
ically a binding biexciton (Ex > Exx), was found to be especially advantageous. A

few meV binding energy (AExx = Exx — Ex) allowed a relatively easy implemen-
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Figure 3.8: Six curves in linear, diagonal and circular bases were taken. As we
can see, correlations between linearly co-polarized and anti-correlations between
circularly polarized photons are observed.

tation of a resonant two-photon excitation of the biexciton state. The spectrum
of a representative GaAs/Aly45Gag s5As QD under non-resonant continuous-wave
633nm excitation is shown in the top graph of Figure 3.9a. The presence of other
transitions than the exciton and biexciton and a typically low intensity of the
biexciton line are strong drawbacks degrading the performance of a deterministic
entangled photon source. Under resonant TPE excitation (Figure 3.9a, bottom
graph), the QD is effectively coherently addressed, resulting in an emission origi-
nating mostly from the biexciton recombination cascade. A low intensity transition
close to XX is attributed to one of the charged complexes—as a result of a random
QD charging from the vicinity. The coherent nature of the excitation process
is well represented by Rabi oscillations of both, the exciton and biexciton, up
to a pulse area of 7w (Figure 3.9b). Figure 3.9¢ shows an autocorrelation curve
of the X transition. The calculated g (0) value of 0.028 + 0.003 (+3ns range)

confirms single photon emission. Figure 3.9d shows the obtained lifetime decays
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Figure 3.9: (a) Spectra of a GaAs/Aly45Gags5As QD under non-resonant
(top) and resonant (bottom) excitation.(b) Rabi oscillations.(c) An auto-
correlation curve of the X transition demonstrating single photon emission
with g(®(0) = 0.028 + 0.003 (£3ns range).(d) The lifetime decays of the exciton
and biexciton.

of the exciton and biexciton. The XX lifetime was found to be 220 ps. The X
kinetics was found to be more complicated—a biexponential decay with the lifetime
constants of 490ps and 2ns. Similarly, slow recombination dynamics related to
the effects of a solid-state environment that resemble a well-known QD blinking
mechanism has been observed from GaAs QDs [19]. While the origin of the slow
decay is not clear and cannot be explained at this stage by a simple on/off QD
blinking model, we would like to stress that the presented results nicely serve as

a-proof-of-principle demonstrating the possibility to populate the biexciton state
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by the resonant TPE and overcome issues arising in the counterpart Ingo5Gag 75As

QDs due to an antibinding biexciton.

3.5 Summary and Conclusions

In summary, we have presented a design and systematic study of GaAs site-
controlled pyramidal QDs possessing properties highly promising for advanced
quantum optics applications. A remarkable state-of-the-art spectral (excitonic
pattern) uniformity between individual QDs has been demonstrated as a signature of
the overall morphological uniformity. The characteristic feature, a binding biexciton,
of all GaAs QDs was found to be advantageous to overcome complications related
to an antibinding biexciton in the counterpart Ing95Gag75As QDs for resonant two-
photon excitation of the biexciton state. Such TPE ability has been demonstrated.
We presented several routes to minimize the fine-structure splitting in the QDs.
The approach based on a GaAs/AlAs digital alloy superlattice as the confinement
barrier was found to be the most promising one even if more work is needed to

further reduce the residual FSS.
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Chapter

Summary and Conclusions

5.1 Summary

In summary, in this PhD work, we studied and evaluated properties of a special
family of QDs for quantum information processing.

In the first chapter (chapter 1), we briefed basic ideas behind quantum informa-
tion, the essence of quantum information processing and it’s potential superiority
to classical information processing. Then we took photons as the candidate for
carrying quantum information. Different polarization entangled photon and single
photon sources were discussed. A special type of this sources are semiconductor
QDs. We reviewed the challenges arising during the implementation of such sources.
We finally explained the “Site-Controlled Pyramidal QDs” as a unique type of QDs
that we work on in our EPN group at Tyndall National Institute.

In the following chapters, we started evaluating specific configurations of site-

117
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controlled QDs. In chapter 2, we studied InGaAs/GaAs QDs. We showed that
resonant initialization of such sources is possible although possessing an anti-binding
biexcitonic complex. We explained the reason for the TPE not being efficient as
the anti-binding nature leads to phonon-assisted recombination of the X states.
This phenomenon limits the biexciton recombination rate. We demonstrated the

presence of entanglement in the resonantly excited QD.

In the third chapter (chapter 3), we systematically studied a new generation of
site controlled QDs that has been left untackled for a long time. In this study, the
GaAs/AlGaAs QDs were studied. The FSS is a detrimental factor to the quality
of entanglement. Different strategies was implemented to reduce the FSS. From
changing the alloy composition and QD thickness to the structure design such as
using superlattice structure to isolate the QDs from the Ga enriched structures
(VQWr) acting as the extra charge feed to the QD and breaking the symmetry
of the confining potential of QDs. We showed that due to its binding excitonic
nature, it is more responsive (compared to InGaAs anti-binding QDs) under the

TPE excitation scheme.

In chapter 4, charging of QDs was studied. The goal is to leave the QD neutral
with only two distinct transitions X and XX. Doping the vicinity of QD with iron
was selected to be the main strategy. That is because Iron historically is chosen as
a dopant making defects that act as charge traps. We showed that the iron doping
could actually enhance QD neutralization. This method was selected as growth
related strategy for charge correction. An other approach was post-growth which
the sample was put on a PMN-PT piezo crystal. An applied voltage was translated
to mechanical strain on the QD crystal structure, via the piezo crystal, which
could significantly alter the charging of the QD. As a result, we demonstrated that
in both strategies (Iron doping and external strain), by suppressing the positive

trion transition, the superlattice QD was responsive under TPE scheme. Resonant
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excitation of superlattice QDs had failed prior to any of these methods.

5.2 Future Works

Although a tremendous amount of work has been performed on site-controlled
pyramidal QDs (Sc-PQDs) over the last 20 years, there is a need to further
improve their performances, and there are many opportunities available for further
enhancement of this unique system. In general all QD systems presently investigated
are still not mature enough, as a technology, to be inserted at scale into photonic
structures capable of quantum computation. Small demonstrators exist, but we are
still far from the level of quality and reproducibility needed for practical applications.
Nevertheless progress has been impressive, and the scientific community is constantly
surprising the pessimists. Specifically for PQDs, below are some of the area for
improvement to name an important few:

Enhanced Coherence and Stability: Future research can focus on improving
the coherence and stability of SC-PQDs. This involves investigating strategies
to minimize decoherence mechanisms, such as phonon interactions and charge
fluctuations. Techniques like strain engineering, interface modifications, and en-
capsulation /surface passivation can be explored to enhance coherence times and
stability, making SC-PQDs more suitable for quantum information applications.

Scalable Fabrication Techniques: To realize large-scale quantum information
processing systems, scalable fabrication techniques for SC-PQDs are essential.
Future works can explore innovative approaches to efficiently produce arrays of SC-
PQDs with higher uniformity and controlled positioning. Techniques like advanced
lithography and advanced pattern (template)-assisted growth (e.g. where the
pattern geometry is used to influence the epitaxial outcome quality and uniformity)

can be investigated to achieve high-throughput fabrication of SC-PQD arrays.
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Integration with Photonic Structures: Integrating SC-PQDs with photonic
structures is crucial for efficient light-matter interactions and information transfer.
Future research can focus on developing techniques for precisely coupling SC-PQDs
with waveguides, microcavities, and photonic circuits. This integration will enable
enhanced photon extraction efficiency, controlled photon emission properties, and

on-chip manipulation of quantum information.

Cluster States: SC-PQDs can be integrated into a larger system to contribute
to the creation of cluster states. In general, by using SC-PQDs as individual
qubits and controlling their interactions and entanglement with neighboring qubits,
it is possible to build up the desired cluster state. The controlled positioning
of SC-PQDs allows for precise arrangement and connectivity of qubits, which is
crucial for constructing the required entanglement pattern. Moreover, PWQDs
have a unique control of QD formation, and growth and control of pure molecular
states are possible, including special designs with common excited state between
two separated dots as required by some proposals in the literature [1]. This is a
rather unique property of PQDs compared to other self-assembled systems, and

will be investigated.

It’s worth noting that the specific implementation of SC-PQDs for cluster state
quantum computing would require additional considerations and techniques to
ensure the necessary entanglement generation, gate operations, and measurements.
However, the controlled positioning and tailored properties of SC-PQDs make them
a promising candidate for contributing to the creation of cluster states in certain

quantum computing architectures.

Quantum Dot Entanglement: Future works can explore methods to create
more entangled state versions using SC-PQDs. Investigating entanglement genera-
tion between multiple SC-PQDs and exploring entanglement swapping techniques

can pave the way for scalable quantum networks and will find applications to
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quantum information processing and quantum internet. This research can lead
to the development of entangled photon sources based on SC-PQDs, enabling

long-distance quantum communication and quantum teleportation.

Quantum Dot Quantum Repeaters: Closely linked to the entanglement
swapping paragraph, quantum dot quantum repeaters hold promise for long-distance
quantum communication. Future research can explore the feasibility of using SC-
PQDs as building blocks for quantum repeater nodes. Investigating techniques to

extend the coherence and entanglement distribution over long distances

Quantum Dot Spin Qubits: Exploring the potential of SC-PQDs for spin
qubits is another exciting avenue for future research, which has been till now been
left untouched. Investigating the coherence properties and manipulation techniques
of spin states in SC-PQDs can lead to the realization of robust spin qubits. This
research can contribute to the development of solid-state spin-based quantum
computing architectures, leveraging the advantages of SC-PQDs, such as controlled

positioning and scalability.

Hybrid Quantum Systems: Integrating SC-PQDs with other quantum
systems, such as superconducting qubits or atomic systems, offers opportunities
for hybrid quantum systems. Future research could focus on exotic hybridizing
SC-PQDs with complementary quantum technologies to harness the strengths
of each system. This can lead to enhanced quantum coherence, novel quantum

operations, and the exploration of new quantum phenomena.

Error Correction and Fault-Tolerant Quantum Computing: All the
mentioned development will go in parallel to other technological developments
linked to full operating systems. Future works can address the challenges of error
correction and fault-tolerant quantum computing when SC-PQDs are involved.
Investigating error detection and correction codes specifically tailored for SC-PQDs

can improve the reliability and fault tolerance of quantum information processing
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systems. Developing robust error mitigation techniques, such as quantum error
correction protocols and error-protected gates, will be crucial for realizing fault-

tolerant quantum computing with SC-PQDs.
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